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PREFACE
Rabies is an ancient disease that unfortunately remains an important
public health problem in humans. There have been many important
research advances extending from our understanding of how rabies
virus replicates and assembles to how the disease can be prevented and
treated in humans and how rabies can be controlled in wildlife hosts. The
vaccination of JosephMeister by Louis Pasteur and colleagues in 1885 was
just one of many important landmarks of our advances against a truly
diabolical virus that infects the brain of its vectors and alters behavior,
resulting in transmission by biting at a time when the deadly virus is
secreted in the saliva. There has been much progress in many different
areas, but many challenges remain involving our understanding of rabies
virus infection. Only further basic research will give us a better under-
standing of mechanisms involved in all aspects of the infection, including
at the level of the cell and of the host and also in human and animal
populations. This knowledge is needed to develop strategies to better
combat all aspects of the disease. In addition, rabies virus is now recog-
nized as the best available tool for the study of neuronal circuits in the
nervous system and neuroscientists will certainly use it much more in the
future.

I would like to express my appreciation to the series editors, Karl
Maramorosch and Frederick Murphy, and to Lisa Tickner at Elsevier for
givingme the opportunity of putting together a research volume on rabies
and to our many contributors, who are all experts in their fields, for their
hard work in preparing insightful and up-to-date chapters that summa-
rize our current state of knowledge in diverse aspects of this very inter-
esting and important viral disease.

ALAN C. JACKSON

Winnipeg, Manitoba, Canada
December 2010
xvii
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2 Aurélie A. V. Albertini et al.
viral RNA-dependent RNA polymerase (L) and its cofactor, the

phosphoprotein (P). We present molecular, structural, and cellular

aspects of RABV transcription and replication. We first summarize

the characteristics and molecular biology of both RNA synthesis

processes. We then discuss biochemical and structural data on the

viral proteins (N, P, and L) and their interactions with regard to their

role in viral transcription and replication. Finally, we review evi-

dence that rabies viral transcription and replication take place in

cytoplasmic inclusion bodies formed in RABV-infected cells and

discuss the role of this cellular compartmentalization.
I. INTRODUCTION

Rabiesvirus (RABV)andrabies-relatedvirusesbelong to theLyssavirusgenus
of the Rhabdoviridae family, which also includes the Vesiculovirus genus with
theprototypevesicular stomatitis virus (VSV).However, thenaturalhistories
of RABV and VSV are very different. RABV is a prototype neurotropic virus
that causes fatal disease in humans and animals, whereas VSV is an arthro-
pod-borne virus that primarily affects rodents, cattle, swine, and horses and
can cause mild symptoms upon infection of humans and other species.
Rhabdoviridae are part of the Mononegavirales order, which includes other
virus families suchas theParamyxoviridae, theFiloviridae, and theBornaviridae.

RNA transcription and replication of rhabdoviruses require an intri-
cate interplay of the nucleoprotein N, the RNA-dependent RNA polymer-
ase (RdRp) L, a nonenzymatic polymerase cofactor P, and the RNA
genome enwrapped by N, also called the nucleocapsid. During RNA
synthesis, P binds L to the N–RNA template through an N–P interaction
that involves two adjacent N proteins in the nucleocapsid. L–P binding to
the N–RNA probably triggers conformational changes that allow access of
the polymerase to the RNA.
II. MOLECULAR ASPECTS OF VIRAL TRANSCRIPTION
AND REPLICATION

A. Virion structure

Rabies virions have a bullet-like shape, with a diameter of 75 nm and a
length of 100–300 nm depending on the strain (Matsumoto, 1962; Tordo
and Poch, 1988b). One end is conical, and the other end is flat (Fig. 1). The
viral RNA is encapsidated by the nucleoprotein N (450 amino acids (aa)) to
form a helical nucleocapsid in which each N protomer binds to nine
nucleotides like for VSV (Iseni et al., 1998; Thomas et al., 1985). The nucleo-
capsid is associatedwith a significant amount of phosphoprotein P (297 aa),
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FIGURE 1 Schematic representation of the rabies virus particle. Viral proteins (N for

nucleoprotein, P for phosphoprotein, M for matrix protein, G for glycoprotein, and L

for large protein) and their length in amino acids are indicated. The viral membrane is

covered by the glycoprotein G, and M is located beneath the membrane. N is bound

to the genomic RNA and together with P and L forms the ribonucleoprotein that

constitutes the active viral replication unit.
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some of which carry copies of the RdRp (L for large protein 2130 aa). The
RNA plus N, P, and L form the ribonucleoprotein (RNP), which is the
component that is active in transcription and replication. The RNP is
enwrapped by a lipid bilayer derived from the host cell plasma membrane
during the budding process. The matrix protein M (202 aa) and the glyco-
protein G (505 aa) are membrane-associated proteins. M protein is located
beneath the viral membrane and bridges the nucleocapsid and the lipid
bilayer. G protein is an integral transmembrane protein that is involved in
viral entry. In the case of VSV, the organization of the compacted nucleo-
capsid and its mode of interaction with M in the bullet-shaped virion have
recently been determined by cryo-electron microscopy (Ge et al., 2010).
B. Genome organization

The Lyssavirus genome consists of a single negative-stranded RNA
molecule of about 12 kb that encodes the five viral proteins in the order
of 30-N-P-M-G-L-50 (Fig. 2). The N, M, and L proteins are similar in
structure and length among all lyssavirus species and strains, whereas
the length of P and cytoplasmic domain of G are variable (LeMercier et al.,
1997; Marston et al., 2007).
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1. Genome signals and intergenic sequences
Each gene is composed of an internal coding region flanked by noncoding
regions (NCRs) that are bordered by transcription initiation signals (TISs)
and transcription termination polyadenylation (TTP) signals (Fig. 2).
These signals are composed of about 10 nucleotides that are closely
related to those of VSV (Tordo et al., 1986). The TIS consensus sequence
(30-U-U-G-U-R-R-n-GA-50) is strictly conserved in all Lyssavirus genomes.
The TTP consensus sequence (30-A/U-C-U-U-U-U-U-U-U-G-50) contains
a sequence of seven uridine residues, which are reiteratively copied
by the RNA polymerase to produce the polyadenylated tail of each
mRNA before reinitiating at the next start signal. In some RABV strains,
there are two consecutive TTPs for the M and G cistrons (Tordo and
Poch, 1988a). These sequences modulate the activity of the polymerase
during transcription but are ignored or inactive during the replication
process.

The genes are usually separated by conserved nontranscribed inter-
genic regions (IGRs; Fig. 2). The IGRs are short (2–6 nucleotides) except
for the M-G IGR in Mokola virus and Lagos bat (16 nucleotides) and
for G/L IGRs in all lyssaviruses (19–28 nucleotides) (Tordo et al., 1986).
In the case of VSV, the four IGRs consist of the same GA dinucleotide
(Rose, 1980).
2. Signals at the genome termini
The five genes are flanked by two short NCRs at the 30- and 50–ends: the
30 leader (le) and 50 trailer (tr) (Fig. 2). These sequences, respectively,
initiate and terminate genome transcription and replication. The leader
and trailer are very rich in U and A nucleotides. The leader region is
strictly conserved in length (58 nucleotides) and the first nine nucleo-
tides are identical in all lyssaviruses. The length and sequence of the
trailer region are more variable (around 70 nucleotides). The sequences
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of the 30- and 50-ends of the genome are inversely complementary
(Bourhy et al., 1989; Conzelmann and Schnell, 1994; Tordo et al., 1988).
This complementarity is another classical feature of the Mononegavirales.
Reverse genetic experiments have shown that the termini contain essen-
tial promoter sequences for transcription and replication and also sig-
nals for encapsidation of newly made viral RNAs (Conzelmann and
Schnell, 1994).
C. Viral cycle

The viral cycle is cytoplasmic (Fig. 3A). After receptor binding, the vir-
us enters the cell via the endocytic pathway. The acidic environment of
the endosome induces a change in the conformation of the glycoprotein
G that mediates fusion of the viral envelope with the cellular membrane.
The negative-sense RNP is then released in the cytoplasm and constitutes
the template for viral gene expression and replication by the viral
RNA polymerase (the L–P polymerase complex). It has been recently
shown that RABV transcription and replication take place within
Negri bodies (NBs) that are inclusion bodies (IBs) formed during viral
infection (see Section IV). During transcription, a positive-stranded leader
RNA and five capped and polyadenylated mRNAs are synthesized
(Fig. 3B). The replication process yields nucleocapsids containing full-
length antigenome-sense RNA, which in turn serve as templates for
the synthesis of genome-sense RNA. During their synthesis, both the
nascent antigenome and the genome are encapsidated by N protein.
The neo-synthesized genomic RNP either serves as a template for second-
ary transcription or is transported to the cell membrane and assembles
with the M and G proteins for the budding of neo-synthesized virions
(Fig. 3A).
D. Viral transcription and replication

In many aspects, transcription and replication of the single-stranded,
negative-sense RNA viruses are similar and much of the understanding
of RABV transcription and replication comes from studies on VSV
(Banerjee, 1987; Emerson, 1987; Wagner, 1991). The template for viral
transcription and replication is a helical complex consisting of the viral
RNA and the nucleoprotein (N) (Arnheiter et al., 1985). Figure 4A shows a
negative stain electron micrograph of the helical N–RNA structure
in which the individual N-protomers can easily be distinguished.
The RNA is protected and hidden inside this helical structure.
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1. Transcription
The polymerase complex gains access to the vRNA in a, as yet, poorly
understood manner (Fig. 4B). It is thought to recognize a specific promoter
at the 30-end of the genome and progress toward the 50-end by a stop–start
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mechanism, producing six consecutive transcripts: first, the leader RNA
and then the five successive mRNAs coding for the N, P, M, G, and L
proteins (Fig. 3B). The leader RNA is uncapped and nonpolyadenylated,
while all mRNAs are capped and polyadenylated by the polymerase com-
plex. The 30-poly-A tail is synthesized by the polymerase through slippage
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on the short poly-U stretch in the TTP (Barr et al., 1997). To control the
sequential progression of the synthesis of the mRNAs, the polymerase
complex recognizes transcription initiation, transcription termination, and
polyadenylation signals flanking the cistrons (described in the Section II.
B.1). The complex is thought to dissociate from the template at each stop
signal and to reinitiate poorly at the next start signal. The process continues
until the enzyme reaches the end of the L gene and results in a concentra-
tion gradient of the amount of each mRNA depending on its order and its
distance from the 30-end: leader > N > P > M > G > L (Fig. 3B).

Results obtained during the past 10 years indicate that (i) the VSV
RNA polymerase can initiate transcription directly at the N gene start and
not exclusively at the 30-end of the genome (Whelan and Wertz, 2002); (ii)
two RNA polymerase complexes isolated from VSV-infected cells are
separately responsible for transcription and replication in infected cells:
a transcriptase containing P–L and the EF1 host factor initiating at the N
gene start and a replicase containing N–P–L initiating at the 30-end of the
genome (Qanungo et al., 2004). Although the stop–start model of viral
transcription and replication is admitted, these results raise discussions
about the detailed mechanisms of RNA synthesis (Curran and
Kolakofsky, 2008; Whelan, 2008). New approaches are required to under-
stand the precise mechanisms of these processes.

2. Replication
Unlike transcription, replication requires ongoing protein synthesis to pro-
vide a source of soluble N protein (N0) necessary to encapsidate the nascent
RNA; the activity of the polymerase P–L complex switches from transcrip-
tion to replication to produce a full-length positive RNA strand complemen-
tary to the complete genome (Figs. 3B and 4C). Replication is asymmetric,
producing an up to 50-fold excess of genomes over antigenomes for RABV
(Finke and Conzelmann, 1997). These positive-stranded RNAs are also
encapsidated by the N protein, bind the L–P complex, and are used as
template to amplify negative-stranded genomes for the progeny virions. It
is thought that apromoter for encapsidation exists near their 50-end to initiate
the concomitant encapsidation of the nascent RNA. Newly synthesized N0

protein binds tonascent leaderRNAandprevents recognitionof termination
signals (Fig. 4C). This association of N protein to the viral genome or anti-
genome is regulated by the P protein, which plays the role of chaperone in
the form of an N0–P complex, preventing the N protein from binding to
cellular RNA and from aggregating (Fig. 4C; Peluso and Moyer, 1988).

3. Regulation of viral RNA synthesis and gene expression
Accurate regulation of viral gene expression is required for successful RABV
infection. Indeed, RABV gene expression and genome replication differ in
some respects from those ofVSV.Whereas thehighly cytopathicVSVshould
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replicate very fast, RABV regulates viral gene expression to produce viral
components in sufficient amounts for viral spread, but low enough to
maintain host cell survival and to escape from antiviral host cell responses.
RABV has evolved different mechanisms to regulate viral gene expression.

a. Alternative termination of M and G cistrons A typical feature of tran-
scription of the RABV genome is the phenomenon of alternative termina-
tion due to the presence of two consecutive TTPs for the M and G cistrons
separated from each other by around 400 nucleotides (Conzelmann et al.,
1990; Tordo and Poch, 1988a). This alternative synthesis of mRNAs with
longer or shorter 30-NCRs may influence the efficiency of transcription of
the distal gene by modifying the size of the IGRs. The fact that the ratio
between the large and the small messengers varies during the course of
infection and is different in fibroblast and neuronal cells suggests that
alternative termination is a mechanism for regulating the expression of
the rabies genome. Interestingly, alternative termination is only observed
with some laboratory strains (SAD, PV, ERA) and not in most of the other
strains for which only the distal TTP is used (Bourhy et al., 1993; Kuzmin
et al., 2008; Marston et al., 2007; Sacramento et al., 1992).

b. Role of IGRs in differential gene expression Sequential synthesis of
mRNA according to the stop–start model is a common feature of all
negative-stranded RNA viruses and provides means to differentially
express individual genes. The major determinant is the relative distance
of a gene from the 30-promoter. The other determinant is the attenuation at
gene borders. In the case of VSV, the genes are usually separated by a
conserved IGR consisting of theGAdinucleotide (Rose, 1980).At eachgene
border of VSV, around one-third of the polymerases that terminate an
upstream mRNA fail to initiate transcription of the downstream gene,
resulting in a transcription gradient. The IGRs of the RABV genome
(described in Section II.B.1) that increase in length along the genome result
in a severe attenuation at the G/L border and, consequently, to a drastic
downregulation of L synthesis (Finke et al., 2000). Interestingly, the switch
of the IGRs in a recombinant rabies genome alters the mRNA and protein
levels of the downstream genes indicating that the length of the IGRs plays
an important role in regulating gene expression (Finke et al., 2000).

c. Role of the matrix protein in the regulation of the balance between
transcription and replication The RABV matrix protein is a multifunc-

tional protein that plays an essential role in viral assembly and budding,
M is responsible for recruiting RNPs to the cell membrane, their conden-
sation into tight helical structures and for the budding of virus (Mebatsion
et al., 1999). The M proteins of Rhabdoviridae have also been shown
to play a regulatory role in the balance of virus transcription and
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replication (Finke and Conzelmann, 2003; Finke et al., 2003); M protein
inhibits viral transcription and stimulates viral replication.
III. STRUCTURAL ASPECT OF RABV TRANSCRIPTION
AND REPLICATION; PROTEINS INVOLVED IN
TRANSCRIPTION AND REPLICATION

A. Nucleoprotein

Viral nucleocapsids are very flexible structures, and in order to determine
the structure of N, a regular form or complex had to be found. When N is
expressed by itself in bacterial or eukaryotic cells, it binds to cellular RNA
and forms long helical N–RNA complexes or closedN–RNA rings, depend-
ing on the length of the encapsidated RNA (Iseni et al., 1998). After separa-
tion of these rings in distinct size classes, they could be crystallized and their
atomic structure determined (Albertini et al., 2006, 2007). This artificial way
of obtaining regularN–RNA structureswas also successful for the structure
determination of the N–RNAs of VSV and RSV (Green et al., 2006; Tawar
et al., 2009). The structure of the N–RNA ring is shown in Fig. 5A.

N is a two-domain protein with a positively charged cleft between the
two domains (Fig. 5C–E). Both domains have extensions that reach over to
the backs of the neighboring N-protomers to strengthen and rigidify the
N–RNA structure. Part of the C-terminal extension is flexible and not
visible in the structure (dots in Fig. 5D). The very C-terminus of the
protein comes back to its own protomer to complete the C-terminal
domain. The RNA follows a wavy path, indicated in black, at the inside
of the ring. In Fig. 5B, the ring is cut open to show the RNA. Each N-
protomer binds exactly nine ribonucleotides that are completely enclosed
by the protein (Fig. 5C and D). The RNA is recognized through its sugar-
phosphate backbone through electrostatic interactions between positively
charged amino acid side chains with the phosphates and the 20 oxygen of
the ribose, without any nucleotide base specificity. The manner in which
the RNA is bound to N suggests that this structure represents an RNA
storage state in which the RNA is hidden from cellular RNAses and
factors that recognize foreign nucleic acids in order to start interferon
production. The L protein cannot have access to the RNA in this state and
a conformational change in N will be necessary in order to make the RNA
available for transcription or replication.
B. Phosphoprotein

The phosphoproteins of RABV and VSV form elongated dimers (Gerard
et al., 2007) that contain three ordered and functional domains separated
by two intrinsically disordered regions (Gerard et al., 2009; Fig. 6A and B).
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Such unfolded regions are often involved in transient interactions with
partner proteins and may fold upon binding to these partners (Dyson and
Wright, 2002). In the case of rabies P, part of the N-terminal unfolded
region interacts with L (Castel et al., 2009; Chenik et al., 1998) and a
domain in the C-terminal unfolded region interacts with the cytoplasmic
dynein light chain, LC8 ( Jacob et al., 2000; Raux et al., 2000). Folding upon
bindingmay allow high specificity without very tight binding, which may
be important for dynamic processes.

The N-terminal functional domain is predicted to be folded into a pair
of a-helices but is not very structured when expressed on its own (Gerard
et al., 2009). The first 40 amino acids are involved in forming the N0–P
complex (Castel et al., 2009; Mavrakis et al., 2006). In this complex, in
which one molecule of N0 binds a dimer of P (Mavrakis et al., 2003), P
has a chaperone function and binds to N that is not yet bound to viral
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RNA in order to keep it from binding nonspecifically to cellular RNA
(Masters and Banerjee, 1988a,b) and to prevent it from oligomerizing with
other molecules of N0 (Fig. 4C). Although no structural information has
yet been published on the N0–P complex, the highly acidic nature of this
domain of P suggests that it may bind in the RNA binding groove on N
and perhaps also interfere with the two extensions on N that are involved
in interprotomer contacts in the N–RNA structure. A mutant of the
nucleoprotein of VSV that is incapable of binding RNA is, however, still
capable to oligomerize (Zhang et al., 2008), suggesting that these two
activities are independent and that both will have to be inhibited in the
N0–P complex. Expression or transfection of a peptide containing the
first 57 residues of P leads to significant inhibition of virus infection,
probably by out-competing the viral phosphoprotein in binding to N0

(Castel et al., 2009).
Themiddle domain of P is the dimerization domain (Gerard et al., 2009).

Both P proteins from VSV and RABV form dimers, but the structures of the
dimerization domains are quite different. For VSV, the domain consists of
two parallel helices flanked by b-sheets on both sides but with the N- and
C-terminal unfolded regions coming out of this domain at opposite sides
(Ding et al., 2006). For RABV, the domain consists of two helical hairpins
that stick together and are stabilized by extensive hydrophobic contacts
(Ivanov et al., 2010). In this case, the N- and C-terminal unfolded regions
come out at the same side of the domain (Fig. 6B), which may be necessary
for the close opposition of the two unfolded regions or for the interaction of
binding partners on both regions. The biological role for dimerization is not
known since amutant ofMokola virus P that lacks this domain is still active
in transcription ( Jacob et al., 2001).

The C-terminal domain of P binds to the viral N–RNA and, as such,
attaches the polymerase complex to its template (Gerard et al., 2009;
Mavrakis et al., 2004). This highly structured domain has the shape of a
lengthwise cut pear with a large number of charged amino acid residues
on both the round and the flat sides that are involved in binding to the N–
RNA ( Jacob et al., 2001; Mavrakis et al., 2004). The corresponding domain
of the VSV phosphoprotein is clearly homologous in structure but misses
a number of helices making it considerably smaller (Ribeiro et al., 2008).
Early proteolysis experiments on N–RNA showed that removal of the
C-terminal domain of N (residue 377 up to the C-terminal residue 450)
prevented binding of P to N–RNA, suggesting that the C-terminal exten-
sion of N and, in particular, its unfolded part (dots in Fig. 5D) is involved
in binding to P (Schoehn et al., 2001). It was not possible to crystallize the
recombinant RABV N–RNA rings with bound phosphoprotein or with a
bound C-terminal domain of P. However, probably due to the smaller size
of the N–RNA binding domain of VSV P, it was possible to do so for VSV
and it was observed that the C-terminal domain of VSV P binds to the tip
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of the C-terminal domain of N and is enclosed by two C-terminal loops of
the same N-protomer and that of the neighboring protomer that have now
become ordered in this complex (Green and Luo, 2009). In parallel,
performing small angle X-ray scattering experiments on the RABV
N–RNA–P complex, combined with biochemical characterization and
model building, the equivalent position for RABV P on the N–RNA com-
plex was identified (Ribeiro et al., 2009; Fig. 6C). The contacts between the
C-terminal domain of P and the C-terminal loops of N andN � 1 (Fig. 4C)
aremore extensive than forVSV, anddue to the larger size of the P-domain,
the loops are significantlydistorted andwill not allow the binding of P onto
the neighboringN.Atmost, onemonomer of P can bindper twoprotomers
of N or one dimer of P per four protomers of N, which is very close to the
estimated N–P ratio of 1.9 in the virus particle (Flamand et al., 1993). The
charged residues in P that were identified to be involved in binding to N
( Jacob et al., 2001) are involved in salt bridgeswith residues on theN loops.
In the infected cell, binding of P to N–RNA is accompanied by phosphory-
lation of N at Ser389, which enhances the affinity of P for N (Toriumi and
Kawai, 2004). In the structure, the phosphates on two subsequent N loops
were modeled and these made new interactions with positively charged
residues on both faces of the P domain (Ribeiro et al., 2009). Finally, the
manner in which this domain of P becomes enveloped by the C-terminal
loops of two consecutive N-protomers in an N–RNA structure also
excludes that this domain can bind to soluble N0. Although the effect of P
binding to long, noncircular N–RNA complexes, similar to N–RNA com-
plexes isolated from virus, has not yet been tested, the specific binding of P
to two subsequentN-protomers is likely to impose aparticular curvature to
the N–RNA, which may be necessary for the accessibility of the RNA to L.
The P protein is phosphorylated at multiple serine residues by protein
kinase-C and another cellular kinase (Gupta et al., 2000). Phosphorylation
of P is not required for its oligomerization (Gigant et al., 2000), and no
effects of the phosphorylation of Ponviral transcription and replication are
known to date.
C. Large protein

The large protein (L) is the enzymatic component of the L–P polymerase
complex and is responsible for nucleotide addition to the neosynthesized
RNA chain (RdRp activity) and for the synthesis of the cap-structure for
the viral mRNAs. Apart from sequence analyses, very little is known
about the large protein of RABV because no easy system exists for
reconstituting in vitro transcription or replication. Hence, mutational ana-
lyses, such as have been done for the polymerases of VSV and
the paramyxovirus Sendai virus, have not been possible for rabies
L. Sequence analysis of L showed that it contains the same six conserved
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regions as other nonsegmented negative-stranded RNA virus poly-
merases (Poch et al., 1990; Fig. 7A). For VSV, regions I–IV are supposed
to fold into the RdRp, domain V is involved in placing a GDP onto the 50-
end of monophosphorylated mRNA (Li et al., 2008; Ogino et al., 2010), and
domain VI is active inmethylating the N7G and the 20O of the cap (Li et al.,
2005). As has been described for the capping enzyme of bluetongue virus,
a rotavirus (Sutton et al., 2007), it is likely that the domains involved in the
capping reactions are arranged in a sequential manner so that the newly
made mRNA first receives the G(50)PPP(50)N on domain V and is subse-
quently methylated on domain VI. Such a process would most likely slow
down the early steps in the transcription process. Studies on L–P interac-
tion have shown that domain VI located in the C-terminus part of L is
involved in the binding to P (Chenik et al., 1998). Although it is likely that
the transcription active L–P complex has other posttranslational modifi-
cations or binds to other host factors than the replication active complex,
for RABV nothing is known yet. Recently, Whelan and coworkers pro-
duced new insights into the structure of VSV L (Rahmeh et al., 2010). They
expressed and purified a full-length active VSV L protein from insect cells
and visualized it by electron microscopy. Their results show that L is
organized in several structural domains: a ring-shaped domain that har-
bors the RNA polymerase activity and a set of three globular domains
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carrying the capping machinery (Fig. 7B). Electron microscopy images of
purified L–P complexes indicate that, upon binding of P, VSV L under-
goes an important structural rearrangement. L needs to be associated with
the phosphoprotein to be active for RNA synthesis; thus, these conforma-
tional changes may reflect an optimal positioning of the domains of L for
RNA synthesis.
IV. CELLULAR ASPECT OF RABIES TRANSCRIPTION
AND REPLICATION: IBS FORMED IN INFECTED CELLS
ARE THE SITES OF VIRAL RNA SYNTHESIS

RABV infection induces the formation of cytoplasmic IBs termed NBs
(Negri, 1903). As these structures are typical of RABV infection of the
brain, they have a diagnostic value and have been used as definite histo-
logical proof of such infection. These spherical structures having a diame-
ter of a few micrometers (2–10 mm) are found in the cytoplasm of infected
nerve cells. IBs are also present in nonneuronal cells (Lahaye et al., 2009;
Menager et al., 2009). Consistent with the known properties of NBs, these
inclusions could be stained with the Seller’s solution containing the
dye, basic fushin (Lahaye et al., 2009). Thus, the staining characteristics,
the size, and the shape of the IBs formed in infected cells indicate that these
structures can be considered as Negri body-like structures (NBLs). NBLs
are full of N (Fig. 8A) and P (Fig. 8D) and contain also the polymerase L
(Finke et al., 2004), but M and G are excluded. Electron microscopic
observations indicate that NBLs progressively associate with a double
membrane that could be derived from the RER (16-h postinfection,
Fig. 8B). NBLs have been considered for a long time as side products of
the infectious process due to the passive accumulation of large quantities
of proteins produced in excess during infection. It has now been demon-
strated that NBLs are functional structures where viral transcription and
replication take place (Lahaye et al., 2009). Specifically, in situ fluorescent
hybridization (FISH) techniques reveal that all viral mRNAs plus genome
and antigenome are located inside the IBs (Fig. 8C). Interestingly, viral
RNAs synthesized inside the NBLs appear to be surrounded by a cage
formed by N that may protect them from degradation. Although the FISH
method does not allow a precise quantification, it clearly indicated that N
mRNA ismore abundant than LmRNA, in agreement with the gradient of
decreasing mRNAs concentration that reflects the gene order (data not
shown). In addition, short-term RNA labeling in the presence of Bromo
UTP (BrUTP) indicates that the RABV polymerase incorporates BrUTP
into RNA that is actively synthesized within the NBLs (Fig. 8D). This
provides evidence that the NBs are not RNA storage compartments, but
active sites of viral transcription and replication. Similar results have
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recently been reported for VSV forwhich the viral replicationmachinery is
also localized in cytoplasmic inclusions (Heinrich et al., 2010). However,
the confinement of VSVRNA to inclusions appears to be dependent on the
time of the viral cycle. Primary RNA synthesis seems to occur throughout
the cytoplasm and then protein expression induces the formation of inclu-
sions to which RNA synthesis is redirected. This could also be the case for
RABV, but such early events have not been analyzed. Compartmentaliza-
tion of the viral replication machinery, a common property of many
positive-stranded RNA viruses, might also be generalized among viruses
of theMononegavirales order. Until now the functional significance of such
compartments has not been elucidated; it is not knownwhether they serve
to concentrate host and viral components in one place to facilitate viral
replication and/or to immobilize and inactivate proteins that would oth-
erwise inhibit infection, or whether they reflect a cellular response to
infection. Further studies on the characterization of NBLs, such as the
identification of cellular factors associated with these structures, should
provide a better knowledge of their function. Interestingly, this cellular
confinement with the recruitment of cellular factors may explain the
failure to perform in vitro transcription with RNPs purified from RABV
or from infected cells. Electron microscopy and tomography will help to
obtain structural information on the organization of thesemacromolecular
complexes and their communication with organelles.
V. CONCLUDING REMARKS

Important progress has beenmade in understanding viral transcription and
replication of the Mononegavirales. Molecular biology and reverse genetics
approaches have allowed a more detailed analysis of the regulatory
mechanisms of these RNA synthesis processes. Structural studies have
increased the knowledge of the structural dynamics of the transcription/
replication machinery. The atomic structure of the intact L protein of the
Mononegavirales or of functional domains of L that aremissing today should
reveal newmechanistic insights into polymerase function. Advances in the
identification of host factors recruited for the polymerase activity will pro-
vide a complete structure–function analysis of the polymerase complex.
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Abstract Rabies virus (RABV) and other negative-strand RNA viruses are the
causes of serious diseases in humans and animalsworldwide. Assembly

andbuddingare important lateevents in the replicationcyclesof these

negative-strand RNA viruses that have received much attention in the

past decade. Indeed, important insights into the molecular mechan-

isms by which rhabdoviral proteins usurp and/or interact with host

proteins to promote efficient virion assembly and egress has greatly

enhanced our understanding of the budding process. Assembly/bud-

ding of rhabdoviruses is driven largely by thematrix (M) protein. RABV

M protein contains a late budding domain that mediates the recruit-

ment of host proteins linked to the vacuolar protein sorting pathway

of the cell to facilitate virus–cell separation. This chapter summarizes

our current knowledge of the roles that both RABV M protein and

interacting host proteins play during the budding process.
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I. INTRODUCTION

Rabies virus (RABV) is a nonsegmented, negative-stranded RNA virus
within the Rhabdoviridae family. The prototypic member of the Lyssavirus
genus is RABV, whereas the prototypic member of the Vesiculovirus genus
is vesicular stomatitis virus (VSV). Both RABV and VSV are enveloped,
bullet-shaped virions averaging approximately 180 nm in length and
80 nm in width. RABV encodes five subgenomic mRNAs that are trans-
lated to yield five proteins, all of which are components of the mature
virion. The viral proteins include (i) the nucleoprotein (N), which encap-
sidates the genomic and antigenomic RNA to form the ribonucleoprotein
(RNP) complex; (ii) the phosphoprotein (P), which is the noncatalytic
subunit of the RNA polymerase complex; (iii) the viral polymerase pro-
tein (L), which transcribes and replicates the RNA genome; (iv) the
transmembrane glycoprotein (G), which is the surface spike protein
involved in attachment to host cells; and (v) the matrix protein (M),
which is the major structural protein involved in virion assembly and
egress. As with many other negative-stranded RNA viruses, the viral
matrix protein plays a key role in virus budding and is thought to recruit
host proteins to facilitate efficient virion egress. Compared to our
in-depth understanding of VSV M protein structure and function,
our knowledge of RABV M protein structure and function is less
complete. Nevertheless, recent findings on the role of both viral and
interacting host proteins in the process of RABV budding have been
reported and will be the focus of this chapter.
II. RABIES VIRUS M PROTEIN

The RABV M protein is small (20–25 kDa; 202 amino acids), yet plays a
number of roles during the replication cycle of RABV. For example, RABV
M is an important structural component of rabies virions and plays a role
in RNP condensation. RABV M is thought to form a layer between the
glycoprotein (G) within the virion envelope and the helical nucleocapsid
core composed of the RNA genome and the N, L, and P proteins
(Lenard and Vanderoef, 1990; Mebatsion et al., 1999; Zakowski and
Wagner, 1980). In addition, RABV M modulates genome replication and
transcription (Finke and Conzelmann, 2003; Finke et al., 2003), and has
been shown recently to activate host cell caspases and induce apoptosis
(Larrous et al., 2010). Lastly, RABV M is known to be a determinant of
pathogenicity and may also contribute to host tropism (Faber et al., 2004;
Finke et al., 2010; Pulmanausahakul et al., 2008).
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III. THE CENTRAL ROLE OF M AND SUPPORTING
ROLE OF G IN RABV BUDDING

One of the first studies to provide direct evidence that RABVM protein is
important for virus assembly and budding was reported by Mebatsion
et al., who used reverse genetics (Schnell et al., 1994) to recover an M-
deficient mutant of RABV (Mebatsion et al., 1999). Strikingly, removal of
RABV M from the RABV genome reduced budding of this mutant by
500,000-fold compared to that of wild-type virus (Mebatsion et al., 1999).
Studies to evaluate virion production and budding efficiency of this M-
deficient mutant as well as those of a G-deficient mutant revealed that the
M protein was the main contributor to virus budding and virion morpho-
genesis, whereas the G protein plays more of a supportive role in these
processes (Mebatsion et al., 1996, 1999). Indeed, a model for rhabdovirus
assembly was proposed in which M protein is the major determinant for
budding and G protein supports this process by contributing to the
formation of an M protein lattice, which promotes membrane curvature
to form the bud site (Garoff et al., 1998; Schnell et al., 1998). Expression of
the RABV G protein was shown to enhance the efficiency of virion
budding by approximately 10- to 30-fold for both RABV and VSV
(Mebatsion et al., 1996; Robison and Whitt, 2000), suggesting that G also
possesses an autonomous exocytic activity. These findings were sup-
ported by data from a study using Semliki Forest Virus (SFV) replicons
encoding VSV G protein in which high-level expression of G protein from
the SFV vector resulted in the release of G-containing vesicles (Rolls et al.,
1994). Therefore it appears that the exocytic activity of G protein creates a
‘‘pull’’ effect from the outside of the membrane to aid the ‘‘push’’ function
of M protein from the inside of the membrane (Cadd et al., 1997;
Mebatsion et al., 1996). In sum, these models emphasize the concerted
contributions of both M and G proteins in RABV assembly and egress.
IV. FEATURES OF M PROTEIN IMPORTANT FOR BUDDING

As the rhabdoviral M protein plays a central role in virion assembly and
egress, it is of interest to determine the mechanism of M-mediated bud-
ding. Early studies on the VSVM protein revealed that M was able to bud
from mammalian cells in the form of virus-like particles (VLPs) in the
absence of any other viral protein ( Justice et al., 1995; Li et al., 1993). These
studies indicated that essentially all of the information necessary for virus
budding was contained within the M protein alone. Results from more
recent studies (Harty et al., 2001; Irie et al., 2004a; Wirblich et al., 2008)
demonstrate that RABV M protein shares this autonomous budding
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property with VSV M and with a growing number of functionally homol-
ogous proteins from other RNA viruses, including the Gag protein of
retroviruses and the VP40 protein of filoviruses (for review, see Chen and
Lamb, 2008). At least three features shared by all of these viral matrix
proteins are important for efficient budding including (i) the ability
to interact with lipid bilayers at the site of budding (e.g., plasma mem-
brane), (ii) the ability to self-assemble into homo-oligomers, and (iii)
the presence of one or more domains referred to as ‘‘late’’ budding
domains (L-domains) to mediate efficient virus–cell separation (Chen
and Lamb, 2008).

The functional significance of the viral L-domains in mediating
budding has received much attention since the L-domains were
shown to promote virus budding by interacting with host proteins,
most of which are components of the vacuolar protein sorting (vps)
or endosomal sorting complex required for transport (ESCRT) path-
ways (Chen and Lamb, 2008; Jayakar et al., 2004). As the name implies,
the L-domain functions at a late step in virus–cell separation. Indeed,
mutations that disrupt the L-domain sequences result in budding defec-
tive virions or VLPs, many of which remain tethered to the plasma
membrane and are unable to ‘‘pinch-off’’ from the host cell. Intrigu-
ingly, the viral L-domains are believed to function in budding by
hijacking host cell proteins that help to facilitate the budding process
(described below). Four L-domain core motifs have been identified thus
far (PPxY, PT/SAP, YxxL, and FPIV, where x can be any amino acid),
and each of these L-domains interacts with a specific host protein
(Chen and Lamb, 2008). For RABV M protein, the L-domain motif is
composed of a PPEY core and is located at the N-terminus of the
protein at amino acids 35–38 (Harty et al., 1999; Wirblich et al., 2008).
The RABV L-domain motif is similar in location and sequence to that
present in the M protein of VSV (PPPY motif at amino acids 24–27).
Interestingly, a second potential L-domain motif (YxxL) is also present
in the RABV M protein and is organized in an overlapping fashion
(PPxYxxL), similar to that described for the VP40 matrix protein of
Ebola virus (Harty et al., 2000; Licata et al., 2004). However, the ability
of the YxxL motif within RABV M protein to function as a bona fide
L-domain remains to be determined.
V. VIRAL L-DOMAIN/HOST INTERACTIONS

Two of the best-characterized L-domain core motifs include the PPxY and
PT/SAP motifs. For example, the viral PPxY motif has been shown to
serve as a ligand for binding to WW-domains present within the HECT
family of E3 ubiquitin ligases, such as Nedd4 (Blot et al., 2004; Harty et al.,
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1999, 2000; Irie and Harty, 2005; Longnecker et al., 2000; Martin-Serrano
et al., 2005; Sakurai et al., 2004; Strack et al., 2000; Timmins et al., 2003;
Yasuda et al., 2003). The PT/SAP motif is known to interact directly with
host protein Tsg101, a component of the ESCRT-I complex and the MVB
sorting pathway within mammalian cells (Bouamr et al., 2003; Garrus
et al., 2001; Irie and Harty, 2005; Irie et al., 2005; Licata et al., 2003;
Martin-Serrano et al., 2001; Myers and Allen, 2002; Pornillos et al.,
2002a,b; VerPlank et al., 2001). Both Nedd4 and Tsg101 contribute to the
function of the ESCRT pathway in sorting ubiquitinated target proteins
into inwardly budding vesicles that form the multivesicular body (MVB)
in mammalian cells. The inward invagination of these vesicles away from
the cytoplasm is topologically identical to that of a virus particle budding
from the plasma membrane (Fig. 1). Results from early studies suggested
that host protein Vps4 and the ESCRT pathway may not be important for
budding of rhabdoviruses (Chen and Lamb, 2008; Irie et al., 2004b);
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however, subsequent studies using stable cell lines expressing Vps4 sug-
gest that there is a role for the ESCRT machinery in rhabdoviral egress
(Taylor et al., 2007). Thus, by interacting with components of the host
ESCRT pathway, the viral L-domains are thought to recruit and relocalize
the ESCRT pathway to the site of virus budding where this machinery can
then facilitate virion egress (Fig. 1).
VI. UBIQUITINATION AND RABV BUDDING

Specifically for RABV, the PPEY L-domain motif within the M protein
was first shown to interact with WW-domains of host proteins, including
Nedd4, by using GST fusion proteins and far-Western blotting (Harty
et al., 1999). A single point mutation that changed the PPEYmotif to PPEA
abolished the ability of RABV M protein to interact with host WW-
domains (Harty et al., 1999). In subsequent studies, host protein-mediated
ubiquitination of rhabdoviral M proteins was postulated to play a role in
the efficient egress of both RABV and VSV (Harty et al., 2001). For exam-
ple, the VSV M protein was shown to interact both physically and func-
tionally with E3 ubiquitin ligase Rsp5 (the yeast homolog of Nedd4) in an
in vitro ubiquitination assay (Harty et al., 2001). Indeed, wild-type VSV M
protein was ubiquitinated in vitro in the presence of Rsp5; however, a
PPxY mutant of VSV M was not ubiquitinated (Harty et al., 2001). To
further prove that host-mediated ubiquitination is important for rhabdo-
virus budding, RABV- or VSV-infected cells were treated with the protea-
some inhibitor, MG132, to decrease the cellular levels of free ubiquitin.
Viral titers fromMG132-treated cells were found to be 10- to 20-fold lower
than those measured from untreated control cells (Harty et al., 2001).
These findings were confirmed in a later study (Taylor et al., 2007) and
together provide strong evidence that cellular ubiquitination and rhabdo-
viral L-domain-mediated interactions with host ubiquitin ligases are
important for efficient budding of RABV and VSV. In addition to rhabdo-
viral budding, ubiquitination and the Nedd4 family of E3 ubiquitin
ligases have been implicated in facilitating egress of retroviruses and
filoviruses as well (for review, see Chen and Lamb, 2008).

Despite the findings described earlier, the biological relevance of the
PPEY L-domain motif of RABV M protein during the virus life cycle
remained to be determined. In order to address this gap in our under-
standing of M-mediated budding of RABV, Wirblich et al. generated a
series of recombinant RABVs by reverse genetics that contained muta-
tions within the PPEY motif and analyzed their effects on viral replication
and RABV pathogenicity (Wirblich et al., 2008). Results from these experi-
ments indicated that P35 was critical for viral replication, whereas muta-
tions of P36 and/or Y38 had less of an impact (Wirblich et al., 2008).
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Since there was no major impact on viral RNA synthesis, the defect in
viral replication was likely due to an inhibitory effect on virion egress. In
addition, several of the PPEY mutant viruses exhibited a cell-associated
phenotype and a reduced focus size, suggesting that the PPEY motif
played a role in RABV release (Wirblich et al., 2008). Last, the PPEY
L-domain mutants were found to be highly attenuated in mice compared
to wild-type RABV (Wirblich et al., 2008). Taken together, these findings
strongly suggested that the RABV PPEY motif possesses L-domain
activity in the context of a virus infection and may be important for the
pathogenic potential of the virus in an animal model.
VII. SUMMARY

In summary, the working model for assembly and budding of RABV is
thought to occur in the following stepwise manner: (i) The nucleocapsid
core forms as the N protein interacts with newly synthesized genomic
RNA. The polymerization of the N protein onto the RNA backbone is
facilitated by the release of N protein from N–P dimers in the cytoplasm.
The RABV M protein is also able to recognize and interact with the newly
forming RNP structures in the cytoplasm. (ii) Simultaneously with RNP
formation, the RABV G protein localizes to the plasma membrane, the site
of virion formation and budding. (iii) RABV M protein accumulates on
the cytoplasmic side of G-enriched microdomains on the plasma mem-
brane as the RNPs condense into tightly coiled structures by interacting
with M protein. (iv) The microdomains containing high levels of G protein
along with the continued condensation of M-RNP structures are thought to
facilitate outward membrane curvature and eventual virion egress.
(v) Last, the PPEY motif of RABV M engages host Nedd4 E3 ligase and
likely recruits the cellular vps machinery to the site of RABV budding to
facilitate the final step of virus–cell separation ( Jayakar et al., 2004).
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the infected neurons or by the immune response, which are major

host mechanisms for combating viral infection. RABV has devel-

oped two main mechanisms to escape the host defenses: (1) its

ability to kill protective migrating T cells and (2) its ability to sneak

into the NS without triggering apoptosis of the infected neurons

and preserving the integrity of neurites.
I. INTRODUCTION

Viruses are obligatory parasites. Successful completion of virus cycle and
subsequent transmission to a new host relies upon the evolution of strate-
gies that exploit the cellular machinery and modulate host cell signaling
pathways, in particular, that governing premature cell death and promot-
ing cell survival. Rabies virus (RABV), a neurotropic virus causing fatal
encephalitis, is transmitted by saliva of an infected animal (mainly dogs
but also bats) after bites or scratches. RABV enters the nervous system (NS)
through the neuromuscular junction via a motor neuron or through nerve
spindles via a sensory nerve. Infecting neurons almost exclusively, it
travels from one neuron to the next in the spinal cord to the brainstem,
from where it reaches the salivary glands via cranial nerves (facial and
glossopharyngeal nerves). Once RABV has reached the salivary glands, it
is excreted in saliva and can be transmitted to a new host. After the
successful completion of the virus cycle, death of the host occurs because
of exhaustion of infected neurons accompanied with structural damage
involving neuronal processes and associated severe neuronal dysfunction
( Jackson et al., 2010; Scott et al., 2008).

Intriguingly, once the RABV has entered the NS, its progression is not
interrupted either by destruction of the infected neuron or by the immune
response, the two major host mechanisms for combating viral infection.
RABV has two complementary characteristics particularly relevant to
successful invasion of the NS: (1) RABV escapes the host immune
response and (2) protects the infected neurons against apoptosis or
premature destruction of neurites.
II. EVASION FROM HOST IMMUNE RESPONSES

Most pathogenesis studies have been performed inmice using laboratory-
adapted RABV strains injected by intramuscular or intraplantar (footpad)
route to mimic natural transmission by bite. Fatal rabies encephalitis
can be reproduced in this animal model using the challenge virus stan-
dard, CVS. This virus invades the spinal cord and brain regions and
causes fatal encephalitis (Camelo et al., 2000; Park et al., 2006; Xiang
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et al., 1995). Some mutant strains of RABV with attenuated pathogenicity
cause only transient infection of the NS. This is the case, among others, of
Pasteur virus (PV) resulting in a nonfatal abortive disease characterized
by a transient and restricted infection of the NS followed by irreversible
paralysis of the limbs (Galelli et al., 2000; Hooper et al., 1998; Irwin et al.,
1999; Weiland et al., 1992; Xiang et al., 1995).
A. The killing of migratory T cells

Most of infections of the NS are controlled by infiltrating T cells. This is, for
example, observed during the course of West Nile virus brain infection,
whereCD8þ T cells attracted by the chemokines produced by inflammatory
cells in the infectedNS are a critical factor for controlling the infection (Klein
et al., 2005; Zhang et al., 2008). In rabies, sterilization of the infection byT cells
is inefficient and is specifically inactivated by the virus (Lafon, 2008). Immu-
nohistochemical studiesperformedonrabiesautopsycases revealed that the
cells undergoing death were leukocytes and not neurons (Hemachudha
et al., 2005; Tobiume et al., 2009). This observation was reproduced in mice
infected with the encephalitic RABV strain CVS. Immunocytochemistry of
brain and spinal cord slices revealed that despite a heavy loadingwith viral
antigens, infected neurons do not undergo death. In contrast, the migrating
T cells (CD3þ) were apoptotic (Baloul and Lafon, 2003; Baloul et al., 2004;
Kojima et al., 2009; Lafon, 2005;Rossiter et al., 2009).Moreover, pathogenicity
of the CVS strainwas similar in immunocompetentmice Balb/cmice and in
Nu/Nu Balb/c mice, indicating that T cells do not control the outcome of
encephalitic rabies (Lafon, 2005). In striking contrast, deprivation of T cells
transformed an abortive infection into a encephalitic rabies similar to those
caused by the encephalitic strain CVS infection, showing that T cells is a
critical factor in the restriction of the NS infection caused by an abortive
RABV strain. Indeed, when apoptosis was analyzed in the spinal cord of
immunocompetent mice infected with the abortive RABV strain PV, killing
of T cells was not observed; instead, infected neurons died (Galelli et al.,
2000). Altogether, these observations indicated that T cells have a protective
potential to control RABV infection in the NS nevertheless, their capacity to
control RABV infection is impeded with the encephalitic RABV strain. The
mechanisms by which the encephalitic RABV strain evades the host T-cell
response was further studied as described below.
B. Impeded capacity controlling the infection in the NS is not
the result of an abortive T-cell response in the periphery

The reason why T cells are protective in the case of an abortive strain of
RABV infection and not after an infection by the encephalitic strain might
simply result from differences in the level of T-cell activation in the
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periphery: strong activation of T cells after abortive RABV infection and
low activation after encephalitic RABV infection. This is an unlikely
hypothesis because, after a virus injection in the periphery, the immune
response (neutralizing antibodies, CD4þ, CD8þ T-cells response) was not
different after injection of an encephalitic RABV bat strain (silver-haired
bat rabies virus, SHBRV) or after a less pathogenic virus (CVS-F3, mutant
of CVS encoding a mutation in the G protein Roy and Hooper, 2007).

Mononuclear leukocytes, monocytes, and macrophages are able to be
recruited to the NS in pathological conditions, including infections by
neurotropic viruses (Davoust et al., 2008). Once activated, the T and B cells
and macrophages from the periphery expressing surface adhesion mole-
cules have the capacity to enter the NS (Engelhardt, 2008). This entry is
independent of blood–brain barrier (BBB) integrity that modulates entry
of solutes and not cells (Bechmann et al., 2007). The absence of T-cell
protection against an infection by the encephalitic RABV strain might be
related to a low entry of T cells into the NS. This is likely not the case
because after infection with an encephalitic RABV strain, blood T-cells
expressed markers of activation (CD69) and were highly positive for
collapsing response mediator protein 2 (CRMP2), a marker of T-cell
polarization and migration. The brain was enriched with this type of
cells, indicating they have migratory properties (Vuaillat et al., 2008).
Thus, activation and entry into the NS are not limiting factors for T-cell
protective function. The presence of T cells in the infected NS of mice was
observed in mice infected either with an abortive or an encephalitic RABV
strain (Baloul et al., 2004). As the infection of the NS progresses, the
parenchyma became invaded by infiltrating T cells. However, this
phenomenon was interrupted after a few days of infection by an enceph-
alitic strain, whereas CD3þ T-cell accumulation in PV-infected NS was
continuous. Disappearance of T cells in the CVS-infected brain and an
increase in number of apoptotic cells in the NS were concomitant events.
These observations strongly suggest that CVS strain, but not PV strain,
triggers unfavorable conditions for T-cell survival in the infected NS.
C. T-cell death is caused by the upregulation of FasL and B7-H1
in the infected NS

After their entry into the NS, migratory immune cells face unfavorable
conditions for survival. This general feature of the NS, which results of a
series of parameters controlled by neurons, seriously dampens T-cell
activity. For example, secretion of several neuropeptides and neurotrans-
mitters by neurons such as vasointestinal peptide, calcitonin-gene-related
peptide, norepinephrine, and alpha-melanocyte-stimulating hormone
downregulate the activity of T cells (Niederkorn, 2006).
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It can be surmised that RABV exploits these intrinsic features of the NS
to reduce the activity of the migratory T cells. Indeed, it has been observed
that RABV-infected brain (mainly noninfected neurons) upregulates the
expression of calcitonin-related gene peptide, somatostatin, and vasoin-
testinal peptides, three molecules known to contribute to limit T-cell
activity in the NS (Weihe et al., 2008). Nevertheless, these observations
have been obtained using an attenuated RABV strain, and whether
encephalitic RABV exacerbates the expression of these molecules to
enhance the restriction of T cells is currently unknown.

Tumors evade immune surveillance by multiple mechanisms, includ-
ing the inhibition of tumor-specific T-cell immunity. In order to escape
attack from protective T cells, tumor cells upregulate expression of certain
surface molecules such as B7-H1, FasL, and HLA-G, which triggers death
signaling in activated T cells expressing the corresponding ligands PD-1
for B7-H1, Fas for FasL, and CD8 among others for HLA-G (Dong et al.,
2002; Gratas et al., 1998; Rouas-Freiss et al., 2003). Studies evaluating
whether RABV-infected neurons upregulate immunosubversive mole-
cules to kill activated T cells following an evasive strategy similar to
that selected by tumors cells have been undertaken both in vivo and
in vitro. In vitro, RABV infection was found to upregulate the expression
of HLA-G at the surface of human neurons (Lafon et al., 2005; Megret et al.,
2007). In vivo, comparison of experimental rabies in mice caused by CVS,
which kills T cells, or by PV, which does not kill T cells, leads to the
finding that the CVS-infected NS, but not the PV-infected NS, upregulates
the expression of FasL. In mice lacking a functional FasL, there was less T-
cell apoptosis in the NS than in control mice. Remarkably, RABV morbid-
ity and mortality were reduced in these mice. In addition, RABV-infected
brain upregulates the expression of another immunosubversive molecule,
B7-H1 (Lafon et al., 2008). Whereas noninfected NS was almost devoid of
B7-H1 expression, RABV infection triggers neural B7-H1 expression that
increases as the infection progresses. Infected neurons and also nonin-
fected neural cells, including astrocyte-like cells, were found positive for
B7-H1. RABV infection of B7-H1 deficient mice resulted in a drastic
reduction in clinical signs and mortality. Reduction of RABV virulence
in B7H1�/�mice was concomitant of a reduction of CD8þ T-cell apoptosis
among the migratory T cells.

RABV drives T cells into an apoptosis pathway by upregulating the
expression of molecules such as FasL and B7-H1 in the NS (especially in
neurons); these molecules trigger the death pathway in T cells expressing
the corresponding ligands, Fas and PD-1, similar to what is observed in
tumor cells. In mice lacking functional FasL or B7-H1, virulence was
drastically attenuated indicating the critical role of this mechanism for
virus neuroinvasiveness. Thus, RABV uses immunosubversive molecules
as a protection to evade host T-cell defenses.
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D. How does RABV upregulate B7-H1 expression?

B7-H1 (also known as PD-L1 or CD274) is a B7 family member that
inhibits T-cell activation and cell-mediated toxic function of T cells. Inter-
ferons (IFNs), tumor necrosis factor alpha (TNF-alpha), and Toll-like
receptor (TLR) stimulation are potent activators of B7-H1 expression
(Lafon et al., 2008; Liu et al., 2007; Pulko et al., 2009; Schreiner et al.,
2004). Treatment of human neurons with recombinant human IFN-beta
triggers expression of B7-H1. IFN-gamma and TNF-alpha are less potent
activators (Lafon et al., 2008). Therefore, in order to express neural B7-H1
in the infected NS, the RABV-infected NS, and neurons in particular,
should require IFN to be produced during the course of RABV infection.
This may be seen as an unexpected situation, as IFN is supposed to fight
infection instead of promoting infection.

The innate immune response is the first line of defense against infec-
tious agents. The innate immune system can sense the presence of micro-
organisms through ‘‘pattern recognition receptors’’ molecules that
recognize the conserved danger pattern expressed by microbes. TLRs or
RIG-like receptors (RLRs) are important molecules for the recognition of
viral dsRNAs and ssRNAs. Resulting signal transduction cascades trigger
production of antiviral molecules such as type I IFN.

The NS parenchyma, similar to most tissues, has the capacity to sense
viral infection. The innate immune response triggered in situ by the entry
of pathogens into the brain is characterized by the production of type I
IFN (predominantly IFN-beta in the brain, no IFN-alpha, and no type III
IFN-lambda; Delhaye et al., 2006; Prehaud et al., 2005; Sommereyns et al.,
2008). Microglia, astrocytes, and recently neurons have been identified as
main innate keepers of the brain (Delhaye et al., 2006; Lafon et al., 2006;
Olson andMiller, 2004; Yang et al., 2000; Zhou et al., 2009). Cells of the NS,
mainly glial cells, express receptors such as TLR or RLR that allow them to
recognize and respond to the presence of danger signals and pathogen-
associated molecular patterns encoded by pathogens (Furr et al., 2008;
Olson and Miller, 2004). Neurons were also found to express TLRs and
RLRs (Lafon et al., 2006; Peltier et al., 2010; Tang et al., 2007, 2008) and to
mount type I IFN response after RABV infection (Prehaud et al., 2005).

RIG-I is described as the RABV innate immune sensor (Faul et al., 2010;
Hornung et al., 2006). RABV, like most viruses (Randall and Goodbourn,
2008), has developed a strategy to counteract the host IFN response and
escape this first line of host defense (Masatani et al., 2010; Rieder and
Conzelmann, 2009). Dampening the IFN response favors RABV infection
as demonstrated with the death of mice intracerebrally infected with P
protein RABV mutants lacking the capacity to reduce the host type I IFN
response (Ito et al., 2010). Nevertheless, IFN induction in the RABV-
infected NS is far from being abrogated (Lafon et al., 2008). Indeed, after
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injection of RABV into the hindlimbs, a progressive infection within the
spinal cord and the brain is accompanied by a robust innate immune
response characterized by a type I IFN response as well as chemoattractive
and inflammatory responses.Downregulation of the IFN response is indeed
noticed in vitro. For example, in RABV-infected human postmitotic neurons
(NT2-N), transcription of IFN-beta gene is seen as early as 6 h postinfection,
and IFN-beta protein is produced during the first 24-h postinfection even if
it declines thereafter (Prehaud et al., 2005). This transient type I IFN response
might be sufficient to upregulate type I IFN-dependent gene transcription
such as B7-H1 transcription, not only in neurons but also in the neighboring
noninfected cells, provided these cells express receptor for type I IFN. This
should be the case as demonstrated for human neurons and astrocytes
which are fully susceptible to an IFN-beta treatment in absence of infection
(Lafon et al., 2005).

Viral proteins control mechanisms by which RABV escapes the IFN
response. Therefore, they are functional in infected neurons only, because
these neurons express viral proteins, but they are not functional in nonin-
fected neighboring glial cells that do not express viral proteins. This
heterocellular production of IFN was found in other viral models to be
essential for host defense (Chen et al., 2010). In RABV, the virus to enhance
the expression of molecules promoting its infection could hijack this
function. Indeed, in RABV-infected mixed cultures of human neurons
and astrocytes (NT2-N/A) and also in the infected mouse brain, B7-H1
expression could be detected not only in neurons but also in nonneuronal
cells (Lafon et al., 2008). It is likely that RABV infection can take advantage
of minute amounts of IFN produced by neurons early in the infection to
establish an immunoevasive tissue environment.

In conclusion, IFN might be required to promote B7-H1-mediated
immune evasion because B7-H1 is an IFN-dependent gene. As B7-H1 is
critical for the successful immunoevasive strategy of RABV, it can be
surmised that RABV pathogenicity relies paradoxically on the protective
mechanism of IFN production, which is triggered by the host to fight the
infection.
E. Other functions that may contribute to RABV-mediated
immunoevasive strategies

Another intrinsic property of the NS is the limitation of inflammation in
the NS following NS injury or toxic insults. This results from the capacity
of neurons to reduce inflammation and regulate microglial phenotype
during infection or injury (Meuth et al., 2008). Control of local glial
inflammation occurs via the expression by neurons of receptors such as
CD47, CD22, CD200, and by their ligands on glial cells (Griffiths et al.,
2007; Hoek et al., 2000; Wright et al., 2000).
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Despite the existence of mechanisms limiting neuroinflammation,
inflammation is still triggered in the NS by most virus infections. For
example, inflammation favors West Nile virus access to the NS (Brehin
et al., 2008; Wang et al., 2004). In contrast, encephalitic RABV strains,
compared with other encephalitic virus infection such as Borna virus,
trigger only limited inflammation (Fu et al., 1993; Shankar et al., 1992).

RABV seems to minimize the inflammation in the nervous tissues it
infects. The more pathogenic the virus strain is, the less acute is the
inflammatory response (Baloul and Lafon, 2003; Hicks et al., 2009;
Laothamatas et al., 2008; Wang et al., 2005). Dogs infected with RABV
causing paralytic rabies showed longer period of illness and more intense
nuclear magnetic resonance (NMR) signals than dogs infected with
strains causing furious rabies, and the pattern of cytokines and chemo-
kines mRNAs expression was greater in paralytic than in furious rabies
(Laothamatas et al., 2008). Mice immunization with proinflammatory
myelin basic protein (MBP) prior to RABV infection improved the sur-
vival to a challenge with SHBRV and, conversely, treatment with a steroid
hormone decreasing brain inflammation and with minocycline, a tetracy-
cline derivate with anti-inflammatory properties, increased the mortality
rate ( Jackson et al., 2007; Roy and Hooper, 2007). Also, overexpression of
TNF-alpha (a proinflammatory cytokine) by a recombinant RABV attenu-
ates replication by inducing strong T-cell infiltration and microglial acti-
vation (Faber et al., 2005). These two last examples illustrate that
increasing the inflammatory response may be negative factors for RABV
neuroinvasiveness. How RABV limits neuroinflammation is not yet well
understood.

It has also been proposed that RABV pathogenicity is related to the
impermeability of the BBB, with nonpathogenic RABV strains triggering a
transient opening of the BBB, but not pathogenic strains (Phares et al.,
2006; Roy et al., 2007). Mechanisms by which pathogenic RABV strains
control the BBB impermeability, which may be linked to the low inflam-
mation triggered by pathogenic RABV strains, deserve further
investigation.

Neutralizing antibodies have been described as a critical factor for
protection against RABV (Hooper et al., 1998; Montano-Hirose et al.,
1993; Wiktor et al., 1984; Wunner et al., 1983). The entry of B cells into
the RABV-infected NS and the local secretion of antibody contribute to
the clearance of attenuated RABV from NS (Hooper et al., 2009). It is
striking to note that during the course of encephalitic RABV infection, B
cells are almost undetectable in brain (Camelo et al., 2000; Kojima et al.,
2010), suggesting that restricted entry or specific destruction of migratory
B cells could also contribute to RABV virulence.
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III. PRESERVATION OF NEURON AND NEURONAL
NETWORK INTEGRITY

Protection of axon, dendrites, and synapses is a critical factor for success-
ful infection of neurotropic viruses that spread in the NS using axonal
transport and virus transmission at synapses. Demonstration of this state-
ment was obtained in a model of NS infection with Theiler’s virus.
By using a mouse strain in which axonal degeneration is impeded
(the Wallerian degeneration slow mouse mutant, C57Bl Wlds), Ikwo
Tsunoda demonstrated that pathogenicity of Theiler’s virus was
increased when axonal degeneration was impeded (Tsunoda et al.,
2007). In the same line, axonal degeneration might be a self-defense
mechanism set up by the host limiting the infection for neurotropic
viruses using axonal transport and synapses transmission. It can be
expected that these viruses have specific mechanisms to counteract such
a host defense mechanism.

RABV propagates in the host NS by transneural transfer exclusively in
a retrograde direction. After entry at the neuromuscular junction or
passage through the synapse, RABV particles propagate in axonal vesi-
cles (Klingen et al., 2008). Virus replication occurs in the cell bodies. Viral
proteins are detected in the dendrites, but not in axons (Ugolini, 1995;
Ugolini, 2010). Dendrites are described as active sites of protein synthesis
with their rough endoplasmic reticulum and ‘‘Golgi outposts’’ in corre-
spondence to spines or within the spines, whereas axons, with smooth
reticulum endoplasm and rare polysomes, are poorly active sites for
protein synthesis (Meldolesi, 2010). According to the distinct features of
axons and dendrites, it is likely that RABV protein synthesis and viral
particle assembly occur not only in cell bodies but also in dendrites,
whereas axons are devoted to transport viral particles to the next order
neuron. Successful RABV propagation should require that neurites and
axons from the infected neuron are protected in the period necessary for
transport of virus particles up to the cell body, protein synthesis in cell
bodies and dendrites, virus particle assembly, and transmission through
synapses. Indeed, in a model of RABV infection of nonhuman primates
4 days after infection, infected motor neurons show no signs of degenera-
tion with normal size, morphology, and Nissl staining (Ugolini, 2010). In
vitro, rat spinal motoneurons never encounter death (Guigoni and
Coulon, 2002). Neuronal apoptosis is a rare event in natural rabies
( Jackson et al., 2008). Later in the infection, when the brain is already
infected, dendrites showed beading, degenerative changes are seen in
dendrites and axons, and peripheral nerve dysfunction occurs ( Jackson
et al., 2010; Juntrakul et al., 2005; Kojima et al., 2009; Rossiter et al., 2009;
Scott et al., 2008). Nerve cell destruction is characterized by accumulation
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of Nissl bodies, shrunken nuclei, cytoplasm vacuolization, and swollen
mitochondria, which is a pattern distinct from apoptosis (Baloul and
Lafon, 2003; Iwasaki et al., 1977; Jackson et al., 2008; Kojima et al., 2009;
Ugolini, 2010).

Altogether, these data lead to the conclusion that successful RABV
propagation in the NS requires that neuronal cell bodies are not damaged
by premature apoptosis and that the integrity of axons and dendrites is
preserved, at least during the period of time required for the virus to
reach the salivary glands.
A. Death or survival of RABV-infected neurons is controlled
by the RABV G protein

Suicide of viral-infected cells can be considered an early defense against
viral infection. It has been proposed that mature neurons, because they
are poorly renewable cells, would not be prone to follow this mechanism
of defense (Allsopp et al., 1998), but this is not a general feature since
poliovirus or West Nile virus kill motor neurons efficiently (Girard et al.,
1999; Schafernak and Bigio, 2006). Resistance to neuronal death and
promotion of neuronal survival during RABV infection are likely actively
controlled by RABV.

In order to analyze how RABV actively controls the fate of infected
neurons, comparison of two different types of laboratory RABV strains,
CVS-NIV and ERA-NIV, was undertaken in human neuroblastoma cell
lines (Prehaud et al., 2010). CVS-NIV causes fatal encephalitic rabies when
inoculated intramuscularly in the hindlimbs of adult mice (Camelo et al.,
2000) and engages the human neuron toward a survival-signaling pro-
gram. This survival is characterized by the stimulation of neurite elonga-
tion, acquisition of resistance against oxidative stress, and growth cone
collapsing drug (lysophosphatidic acid), and the activation of the AKT
signaling pathway (Phosphorylation of AKT, P-AKT). In contrast, ERA-
NIV is an attenuated laboratory strain identified in the search for candidate
live vaccines (Megret et al., 2005), which has lost neurotropism after intra-
muscular injection and causes apoptosis of the infected cells triggering both
caspase-dependent and caspase-independent pathways (Prehaud et al.,
2003; Thoulouze et al., 1997, 2003).

Treatment of cells with UV-inactivated ERA-NIV is not sufficient to
trigger death or proliferation. Induction of apoptosis and survival
requires virus replication. This suggests that infected neurons could
engage into one of the two competing pathways, the choice being con-
trolled by newly synthesized viral components. Transfection experiments
and analysis of recombinant gene expression of the various viral proteins
showed that apoptosis/survival decisions are largely determined by the
nature of the G protein (Prehaud et al., 2010). Another group suggested
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that protection against apoptosis might be determined by the level of
expression of the RABV G protein: the weaker the G protein expression,
the less apoptosis (Faber et al., 2002; Morimoto et al., 1999). However, in a
system of maximal expression of viral proteins, the replacement of a
proapoptotic G gene by a nonapoptotic G gene CVS-NIV was sufficient
to prevent destruction of the infected cells by apoptosis, increase the pool
of P-AKT, and trigger protection of neurites. Therefore, it is likely that
commitment to apoptosis or survival depends mainly on determinants in
the sequence of the G protein and is largely independent of the level of
transcription or replication (Prehaud et al., 2010). The molecular basis of
RABV-induced survival/apoptosis of neurons was largely unknown.
Breakthroughs in this field have been recently obtained (Prehaud et al.,
2010). At first, the cytoplasmic domain of G protein (Cyto-G) has been
identified as a critical element for the survival and apoptotic phenotypes.
Moreover, the G of CVS-NIV and ERA-NIV strains are different by only
six aa, two of which are located in the 44 aa long Cyto-G. Chimeric and
endswap G recombinant RABV mutants isolated by reverse genetics
showed without ambiguity that the control by the Cyto-G for death or
survival relies on the nature of the last COOH terminal four aa. These last
four aa form a consensus-binding site for a PDZ domain (PDZ-BS). PDZ
domains are globular structures, 80–100 amino acids long, that contain a
groove into which the C-terminal segment of a partner protein, PDZ-BS,
inserts. PDZ domains play a central role in cell signaling by favoring
spatial contacts between enzymes and their substrates, or more generally
by assembling and/or regulating protein networks (Harris and Lim, 2001;
Lee and Zheng, 2010; Sheng and Sala, 2001). Remarkably, one single
mutation (Q to E) in the PDZ-BS was sufficient to switch the fate of the
infected cell from survival to apoptosis. The nature of the PDZ-BS governs
the interaction of the viral protein with the PDZ domains of different cell
partners. High-scale two-hybrid experiments were undertaken with a
human brain bank and cellular interactors were identified. The fished
cell proteins all harbor PDZ domains. Cyto-G of both CVS-NIV and ERA-
NIV strains targeted the PDZ of the microtubule serine-threonine kinase
2, MAST2. The Q to E change increases the number of cellular partners for
PDZ-BS in the infected cells, with attenuated RABV strain G protein
interacting with the PDZ domain of the human nonreceptor tyrosine
phosphatase PTPN4. Since interaction of Cyto-G with the PDZ of
MAST2 triggers neurosurvival and not apoptosis, it is likely that interac-
tion of Cyto-G of ERA-NIV with the PDZ of PTPN4 triggering apoptosis is
a dominant trait supplanting the survival-signaling pathway governed by
the Cyto-G interaction with MAST2-PDZ.

Silencing ofMAST2 and silencing of PTPN4 showed that MAST2 is an
inhibitor of neurite outgrowth, whereas PTPN4 guards cells against apo-
ptosis (Loh et al., 2008; Prehaud et al., 2010). Disruption of the complexes
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formed by PDZ domains and their ligands can trigger profound altera-
tions in the relevant signaling pathways (Aarts et al., 2002; Hou et al., 2010;
Nourry et al., 2003; Yanagisawa et al., 1997). Comparisons with other
models of signals controlled by PDZ domains (Hou et al., 2010;
Yanagisawa et al., 1997) suggest that a peptide could trigger apoptosis
or survival by simply disrupting a crucial cellular interaction. In RABV-
infected cells, Cyto-G of ERA-NIV would interrupt crucial interaction
between the PTPN4-PDZ and the PDZ-BS of a yet unidentified endoge-
nous PTPN4 ligand. In RABV-infected neurons, Cyto-G of CVS-NIV
would interrupt crucial interactions between MAST2-PDZ and the PDZ-
BS of endogenous MAST2 ligand. In both cases, Cyto-G functions as an
inhibitor of MAST2 and PTPN4 functions. By doing so, G protein of
ERA-NIV could annihilate the antiapoptotic function of PTPN4 and
trigger cell death. In the same line, G protein of CVS-NIV could inhibit
the antisurvival function of MAST2.

In conclusion, RABV neuroinvasiveness may be favored by the capac-
ity of its G protein to promote survival-signaling in the infected neuron.
The study of the molecular basis of RABV pathogenesis illustrates how
viruses divert host cell signaling for their benefit. The additional finding
that intracellularly delivered short peptides encoding the viral PDZ-BS
mimic the virus phenotypes, triggering cell death or survival properties
according to their sequences (Prehaud et al., 2010), might open new
therapeutic applications in neurodegenerative and cancer diseases.
B. Sequestration of TLR3 into Negri bodies

Neuronal expression of TLR3 seems to play a major role in the control of
neurotropic viral infection, either decreasing viral replication in the case
of West Nile virus infections or, more surprisingly, by promoting virus
neuronal infection as shown in the case of RABV (Daffis et al., 2008;
Menager et al., 2009). TLR3 is produced by neurons, human NT2N in
culture, human neurons in autopsy cases and in motor neurons and
sensory neurons, and human neuroblastoma cell lines as well as in
peripheral nerves (Barajon et al., 2009; Goethals et al., 2010; Jackson et al.,
2006; Menager et al., 2009; Prehaud et al., 2005). The sequence of the TLR3
gene of human neurons was determined (Genbank DQ445682). It was
strictly identical to human dendritic cells TLR3 counterpart, suggesting
that TLR3 expressed by neurons is fully functional. It was observed that in
cultures of infected human neurons, RABV infection redistributed cyto-
plasmic TLR-3 localization. In the absence of infection, TLR3 molecules
are located in endosomes (late and early). Following RABV infection,
TLR3 is present not only in endosomes and multivesicular bodies but
also in detergent-resistant inclusion bodies located near the nucleus.
Besides TLR3, these inclusion bodies contain RABV proteins (N and P,
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but no G) and viral genome. The size of the inclusion bodies (3–5 mm),
their composition, and the absence of surroundedmembrane as shown by
electronic microscopy suggest that they correspond to the previously
described Negri bodies, which appear in neurons in the course of RABV
infection (Kristensson et al., 1996) and have been described as viral fac-
tories (Lahaye et al., 2009). Confocal microscopic analysis and three-
dimensional models indicate that the structure of Negri bodies is strictly
organized with a nuclear core containing TLR3 surrounded by a shell
composed of viral N and P proteins. TLR3 expression is required for
Negri body formation to occur, since in absence of TLR3, Negri bodies
do not form, suggesting that Negri bodies and TLR3 entrapping have
essential functions in RABV multiplication.

Negri bodies exhibit most of the characteristics of aggresomes. Aggre-
somes are perinuclear structures where proteins produced in excess or
misfolded proteins are stored before elimination ( Johnston et al., 1998;
Kopito, 2000). Aggresomes may also function as storage structures reg-
ulating the pool of active proteins (Kolodziejska et al., 2005). Since seques-
tration of cellular protein in aggresomes could be a mechanism of
posttranscriptional regulation of proteins, it can thus be proposed that
TLR3 sequestration in Negri bodies dampens TLR3 properties.

Besides its role in triggering innate immune response against RNA
virus nucleic acids, additional functions have been described for TLR3
(Cameron et al., 2007; Chiron et al., 2009; Lathia et al., 2008). TLR3 accu-
mulates in the growth cones at the tip end of dorsal root ganglia (DRG)
neurites and treatment of DRG with Poly:IC (an agonist of TLR3) resulted
in the inhibition of the axonal growth (Cameron et al., 2007). This effect
was not observed in TLR3�/� mice. Moreover, in the presence of IFN,
TLR3 activation triggers cell death (Chiron et al., 2009). Since protection
against apoptosis and protection of neurite integrity are main features of
the pathogenic RABV strain (see above), the hijacking of TLR3 into Negri
bodies could be an attempt of the virus to protect the infected neuron
against apoptosis and to favor the integrity of axons. Thus, besides their
role in virus multiplication, Negri bodies can also contribute to the sur-
vival strategy of RABV.
IV. CONCLUSIONS ON RABV EVASIVE STRATEGIES

RABV has selected multiple sophisticated strategies to achieve its virus
cycle into the host NS from the site of entry (bite) up to the salivary glands,
where it will be excreted to infect a new host. From the experiments listed
above, we suggest the following scheme of events (Fig. 1). After entry into
the NS, RABV promotes neuronal survival and avoids premature cell
death of the neurons it infects by triggering survival pathways.
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In addition, TLR3, a molecule described as an inhibitor of axonal elongation with

proapoptotic function, is sequestered into Negri bodies.
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The cytoplasmic portion of the G protein and the COOH terminal PDZ-BS
control this function. Sequestration in Negri bodies of molecules such as
TLR3, whichmay function as a proapoptotic protein and as an inhibitor of
axonal growth, could also contribute to the survival of infected neurons.
Early after NS infection by RABV, neuronal cells mount an innate immune
response, including RIG-I, TLR signaling, and IFN-beta production
leading to B7-H1, HLA-G, and FasL expression. These immunosubversive
molecules proteins subsequently reach the cell surface of infected neurons
or the surrounding noninfected astrocytes, where they can interact
with their corresponding receptors (Fas for FasL, PD-1 for B7-H1,
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and CD8 for HLA-G) expressed by the migratory T cells attracted by the
local modest inflammation in the NS. Interaction of these immunosubver-
sivemoleculeswith their respective ligands then triggers the exhaustion of
CD3þ/CD8þ T cells (e.g., by reducing cell expansion or by promoting
active elimination) and thus favors viral invasion of the NS. This pathway
appears to be crucial for the progression of disease in the NS because mice
eliminate the invading virusmuchmore efficiently when the immunosub-
versive molecules are not expressed (mice deficient for B7-H1 or FasL). As
a result, there is a global subversion of the host immunedefenses byRABV.
This can be seen as a successful well-tailored adaptation of RABV to the
host. Onewould expect that the host’s natural capacity to fight such awell-
adapted virus is severely restricted. For these reasons, post exposure treat-
ment has to be applied without delay. Because of the difficulty of access
to prompt post exposure treatment once the contamination has occured,
antirabies vaccination campaigns in children could be an efficient stealth
to limit the risk of post exposure treatment protection failure.
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Abstract Rabies, a neurological disease associated with replication in central
nervous system (CNS) tissues of any of a number of rabies viruses

endemic in nature, is generally fatal. Prophylactic medical interven-

tion is immune mediated and directed at preventing the spread of

the virus from a peripheral site of exposure to the CNS. While

individuals rarely develop immune responses capable of clearing

the virus from CNS tissues, a variety of laboratory-attenuated

rabies viruses are readily cleared from the CNS tissues in animal

models. By comparing immune responses to wild-type and attenu-

ated rabies viruses in these models, we have discovered that the

latter induce processes required for immune effector infiltration

into CNS tissues that are absent from lethal infections. Predomi-

nant among these are activities of cells of the neurovascular unit

(NVU) that promote an interaction with circulating immune cells. In

the absence of this interaction, the specialized barrier function of

the NVU remains intact and circulating virus-specific immune effec-

tors are largely excluded from infected CNS tissues. Studies of

mixed infections with wild-type and attenuated rabies viruses

reveal that wild-type rabies viruses fail to trigger, rather than

inhibit, the interactions between immune cells and the NVU

required for virus clearance from the CNS. These studies provide

insights into how immune effectors with the capacity to clear the

virus may be delivered into CNS tissues to contain a wild-type

rabies virus infection. However, to apply immunotherapeutic stra-

tegies beyond the initial stages of CNS infection, further insights

into the fate of the infected cells during virus clearance are needed.
I. INTRODUCTION

Phenotypic and functional characteristics of rabies virus are detailed
elsewhere in this volume; therefore, we will only briefly summarize
features pertinent to viral clearance from the central nervous system
(CNS) before reviewing the mechanisms that make this possible. It should
be noted that rabies virus infection of the CNS, whether by wild-type or
attenuated variants, is unique in avoiding the pathological CNS inflam-
mation associated with most neurotropic viral infections (Roy et al., 2007;
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Wang et al., 2006). Thus rabies virus clearance from the CNS represents an
ideal model of therapeutic CNS immunity.
II. RABIES VIRUS

Rabies is caused by CNS infection with one of a variety of rabies viruses
that are endemic in different animal species. Each animal that serves as a
natural reservoir of the virus carries a variant of rabies virus that is
genetically, if not antigenically, distinguishable from the strains carried
by other reservoir species (Baer et al., 1990). Thus, the origin of a variant of
the virus that causes rabies in humans, who are not natural reservoirs of
rabies virus, can be accurately established if virus is recovered. A lyssa-
virus, rabies virus, has an unsegmented, linear, negative sense RNA
genome that encodes five genes. The rabies virus glycoprotein (G) is the
target of virus-neutralizing antibodies (VNA) and is generally expressed
at relatively low levels in cells infected with wild-type rabies viruses (Cox
et al., 1977). The low level of G expression likely enables the virus to at
least partly escape immune recognition during an infection. Laboratory-
attenuated strains of rabies viruses express high levels of glycoprotein
and, somewhat paradoxically, are more cytotoxic. Both features likely
contribute to the generation of more effective antiviral immunity
(Morimoto et al., 1999). However, the rabies virus particle is inherently
immunogenic as the administration of several doses of inactivated virus
induces strong immune responses capable of protecting against
subsequent infection with all rabies virus variants and antigenically
cross-reactive lyssaviruses. Inactivated rabies virus is the basis of all
current human rabies vaccination.
III. ANIMAL RESERVOIRS OF THE RABIES VIRUS AND THE
THREAT OF HUMAN RABIES

A. Domestic animals

Dogs have been associated with human rabies throughout recorded his-
tory, and elimination of the virus from this natural reservoir by vaccina-
tion represents the single most important advance in controlling human
exposure in many countries (Hampson et al., 2009). Nevertheless, there
are still large areas where dogs are not vaccinated against rabies, and dog
rabies continues to be the major cause of human rabies worldwide. The
reasons for not vaccinating dogs against rabies can be complex, and it
seems unlikely that dog rabies will be controlled globally in the foresee-
able future despite the availability of relatively inexpensive vaccines.
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Consequently, human exposure to dog rabies is expected to continue at
relatively high rates in certain geographical areas. For example, there are
annually upward of 50,000 human rabies cases of dog origin in India,
where the limited availability or expense of effective reagents mitigates
against postexposure prophylaxis (PEP). In this case, the unknown risk of
developing rabies after a possible exposure may be considered to be
acceptable and PEP not sought after. Immunotherapy that could clear
the virus from the CNS when the earliest signs of rabies appear may have
potential utility in these circumstances.

While other domestic animals are not natural carriers of rabies virus,
all mammals can be infected with the virus. Thus, other animals that are
in contact with both humans and wildlife, such as cats, can transmit the
virus from a reservoir species to humans and should be considered as
potential vectors with exposures. As is the case for dog exposures, aber-
rant behavior during contact with an animal and, particularly, aggression
culminating in a bite or a scratch should emphasize the need for labora-
tory evaluation of the animal for rabies and PEP if warranted. However,
the lack of a clear exposure from a rabies reservoir species may result in
the failure to obtain PEP, necessitating rabies immunotherapy capable of
clearing the virus from CNS tissues.
B. Terrestrial wildlife

Natural reservoirs of rabies virus differ in different geographic regions.
Foxes were an important reservoir of rabies in Europe that has largely
been controlled by vaccination. In different areas of North America, rabies
is endemic in raccoons and skunks, and it was previously endemic in
coyotes. These animals usually avoid humans, and the absence of fear of
humans should raise the possibility of rabies. There is a requirement for
further investigation and PEP if transdermal or mucosal exposure to the
animal’s saliva is probable. A treatment paradigm effective after the disease
manifests would only be necessary if PEP is not administered promptly, or
if there is evidence that it failed in preventing viral spread to the CNS.
C. Bats

Rabies viruses are borne by a number of bat species in the Americas,
whereas bats in Europe and Australia can carry rabies-related lyssa-
viruses. Bat rabies represents the greatest risk of transmission to
humans without an identifiable exposure incident. Moreover, indivi-
duals who come into contact with a bat carrying the virus are often
unaware of the risk. The event that transfers the virus is certainly less
obvious than that associated with the bite of a large carnivore.
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The result is that a number of individuals die each year of rabies
due to bat rabies virus variants because they had no idea that they
were exposed and they did not seek PEP.
IV. HUMAN RABIES

A. Pathogenesis

Despite the long history of human rabies, the pathogenesis of the dis-
ease remains poorly understood. We know that in the first days after
infection, while the virus is traveling through peripheral nerve axons to
the CNS, there is no clinical evidence of the infection. Definitive signs of
disease do not appear until the virus reaches the CNS, when a wide
range of nonspecific physiological, as well as more pathognomonic signs
begin to develop. As more aggressive therapies for human rabies are
attempted,we are beginning to learnmore about the physiological changes
that occur as the disease progresses (Willoughby et al., 2005). However,
much of our understanding of rabies pathogenesis in humans has been
obtained from end-stage disease and, while much information has been
gained from studies in animal models of the disease, little is known about
the extent of neuronal involvement at earlier stages in humans.
B. Immunity

Historical data tell us that the incidence of clinical rabies in untreated
individuals bitten by rabid animals is approximately 50–60% (Baltazard
and Ghodssi, 1954). A small number of exposed individuals may have
infection without clinical disease and develop protective immunity. Nat-
urally infected humans who do not receive PEP and develop rabies
generally do not mount a strong immune response to rabies virus until
relatively late in the disease (Centers for Disease Control and Prevention,
2006, 2008a). VNA can appear in the sera and CSF, but the titers are
usually relatively low (Centers for Disease Control and Prevention,
2008a). This contrasts with animal models where strong peripheral
immune responses to wild-type rabies viruses often develop prior to a
lethal outcome (Roy and Hooper, 2007, 2008; Roy et al., 2007). Wild-type
rabies virus infection in animal models also triggers innate immune
mechanisms in the infected CNS tissues (Roy and Hooper, 2007, 2008;
Roy et al., 2007). Whether this is the case for the early stages of virus
replication in the CNS of humans is unknown. However, it is likely that
both innate and adaptive immune mechanisms were responsible for virus
clearance in the rare individuals who have survived clinical rabies
(Willoughby et al., 2005).
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V. THE CURRENT RABIES POSTEXPOSURE
TREATMENT PARADIGM

A. History

The origin of rabies PEP in the successful treatment of Joseph Meister in
1885 by Louis Pasteur based on studies with Emile Roux is well known
(Pasteur, 1885). The initial vaccination consisted of a series of inoculations
prepared from dried spinal cord tissues from rabbits that had died from
rabies, the 13th dose consisting of the most virulent preparation (Pasteur,
1885). Consequently, the vaccine series progressed from a killed or highly
attenuatedpreparation to live rabies virus. Inactivated nerve tissue vaccines
became the basis of rabiesPEPuntilHilaryKoprowski showed in 1954 that a
combination of vaccine and rabies antiserum was more effective
(Koprowski and Black, 1954). Modern PEP consists of proper wound man-
agement, the administration of inactivated rabies virus vaccine and rabies
immune globulin (Centers for Disease Control and Prevention, 2008b).
B. Efficacy

Over 20,000 individuals receive rabies PEP each year in the United States,
where there has been no reported PEP failure with approved reagents
properly administered promptly after a possible exposure (Krebs et al.,
1998). However, PEP failures have been reported elsewhere that cannot
be attributed to poor reagents or errors in administration (Wilde, 2007).
Most have been associated with bites on the face or upper extremities and
many with the relatively rapid onset of clinical rabies (Wilde, 2007). These
observations are consistent with the concept that PEP acts by preventing
rabies virus spread to the CNS and that neither passively administered
VNA nor the adaptive immune mechanisms induced by inactivated
rabies vaccine are effective if the virus reaches CNS tissues.
VI. OBSTACLES IN CLEARING WILD-TYPE RABIES VIRUS
FROM THE CNS

A. Induction of rabies virus-specific immunity

A wide variety of natural and laboratory-generated rabies virus variants
are available for comparative studies of antiviral immunity. Attenuated
strains have been derived by antibody escape mutation (Dietzschold et al.,
1983), cloned from laboratory-passaged virus (Morimoto et al., 1998), and
reverse-engineered to express attenuating products including cyto-
chrome c (Pulmanausahakul et al., 2001), TNFa (Faber et al., 2005),
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chemokines (Zhao et al., 2009), and elevated amounts of glycoprotein
(Faber et al., 2002). All induce strong rabies virus-specific VNA responses,
which are considered to be the principal antiviral immune effector
(Hooper et al., 1998). However, mouse model infections with wild-type
rabies viruses also induce substantial VNA titers that are often indistin-
guishable from attenuated rabies viruses such as glycoprotein 333 mutant
CVS-F3 (Roy and Hooper, 2007; Roy et al., 2007). In normal mice, both
attenuated and wild-type rabies viruses induce a Th1-type immune
response characterized by a predominantly IgG2a and IgG2b antibody
response (Roy et al., 2007). While there may be subtle differences between
peripheral immunity induced by infection with attenuated in comparison
with wild-type rabies viruses, adoptive transfer experiments in mice
demonstrate that immune effectors from the lymphoid organs of mice
lethally infected with a silver-haired bat rabies virus (SHBRV) can clear
attenuated CVS-F3 from T and B cell-deficient recipients (Roy et al., 2007).
Thus, wild-type rabies virus lethality in mice is unlikely to be the conse-
quence of a defect in the development of rabies virus-specific immunity.
B. Delivery of rabies virus-specific immune effectors
to the CNS

1. Blood–brain barrier integrity
With the exception ofHEP-Flury in 129/SvEvmice, all of the rabies viruses
that we have tested spread to the mouse CNS following intradermal
inoculation (Roy and Hooper, 2008). Serum antibody and VNA titers are
comparable at day 8 of infection regardless of the outcome (Roy and
Hooper, 2008). In addition, the expression of proinflammatory cytokine
and chemokine genes in the infected CNS tissues does not substantially
differ (Roy and Hooper, 2008). Nevertheless, immune effectors, including
T and B cells, appear in the CNS tissues of mice where attenuated rabies
virus has spread to the CNS, but not in animals with wild-type virus in the
CNS (Roy and Hooper, 2008). Moreover, the fluid-phase permeability
associated with immune cell infiltration into the CNS tissues of mice
infected with attenuated rabies virus is undetectable in mice infected
with wild-type rabies virus (Roy and Hooper, 2008). This suggested to us
that there may be a defect in the immune–blood–brain barrier (BBB)
interaction that is required for immune cell entry into CNS tissues (Roy
and Hooper, 2008). Under normal circumstances, the BBB limits contact
between cells and factors in the circulation and those in the CNS. During
the course of the clearance of attenuated rabies virus fromCNS tissues, the
BBB becomes permeable to fluid-phase markers, but not to larger mole-
cules (Fabis et al., 2008). This presumably allows immune cells adherent
in the neurovasculature to detect chemoattractants produced in the CNS
and move up the gradient across the BBB toward the infected tissues.
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These and other findings led us to conclude that wild-type rabies viruses
evade immune clearance from CNS tissues through the maintenance of
BBB integrity (Fabis et al., 2008; Roy and Hooper, 2007; Roy et al., 2007).

2. Mechanisms of BBB permeability
In studies with CVS-F3 in mouse adoptive transfer models, we identified
CD4 T cells as the principal effectors of the fluid-phase BBB permeability
associated with immune effector entry into the CNS and virus clearance
(Phares et al., 2007). Elevated BBB permeability correlated with IFN-g, but
notwith TNFa, mRNA levels in the surroundingCNS tissues (Phares et al.,
2007). IFN-g treatment was found to induce permeability in an in vitro BBB
model through a process dependent upon the activity of the peroxynitrite-
dependent radical NO2 (Phares et al., 2007). We had long been aware of an
association not only between the enhanced expression of NOS-2 in CNS
tissues infected with attenuated rabies virus (Akaike et al., 1995) but also
with the role of NOS-2 and its oxidative products NO, peroxynitrite, and
NO2, in pathological CNS inflammation (Hooper et al., 2000, 2001; Spitsin
et al., 2000). We therefore compared CNS tissues from CVS-F3-infected
mice and mice with the autoimmune disease experimental allergic
encephalomyelitis (EAE) and found that NOS-2 and an end-product of
the peroxynitrite-dependent pathway, nitrated tyrosine residues, are
restricted to the neurovasculature during CVS-F3 clearance as opposed
to their associationwithmore destructive invasive cells in EAE (Fabis et al.,
2008). This results in the production of radicals that can influence BBB
function being focused in the neurovasculature and not elaborated deeper
in the CNS parenchyma where their cytotoxicity would be problematic.

3. The immune–BBB interface
If functional changes in the BBB leading to immune cell infiltration of CNS
tissues are induced by CD4þ Th1 cells elaborating IFN-g, it would be
expected that there must be a close interaction between these cells and
cells of the neurovascular unit (NVU). During the course of rabies virus
infection with either attenuated or wild-type rabies viruses, neurovascular
endothelial cells express the important adhesion molecule ICAM-1 in
response to TNFa produced by CNS resident cells (Phares et al., 2006;
Roy et al., 2007). This would allow activated, LFA-1þ CD4 T cells to adhere
in the neurovasculature, but induction of IFN-g production would nor-
mally involve MHC class II-dependent antigen recognition. We therefore
examined microvessels in CNS tissues from mice clearing CVS-F3 and
found that they are indeedMHC class II-positive (Hooper et al., submitted).
This suggests the possibility that an interaction between the CD4 T cell
receptor and MHC class II, possibly containing rabies virus peptide, which
leads to IFN-g production may be required for the entry of these cells into
the CNS.While formal proof of this hypothesis in an intact animal will be a
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challenge, it should be noted that infection with wild-type SHBRV does not
induceMHC class II expression in the neurovasculature (Fig. 1) or immune
cell invasion into the CNS (Roy et al., 2007). In addition, mice lacking Th1
cells (Tbet�/�) have a deficit in the development of the capacity to clear
rabies virus from the CNS. Administration of the GAS–GAS rabies vaccine
raises a VNA response that is comparable in Tbet�/� and congenic con-
trols, yet only the latter are fully protected against intracranial challenge
with wild-type virus at 10 days after vaccination (Fig. 2). These observa-
tions support the concept that an interaction between IFN-g-producing T
cells and MHC class II-expressing cells associated with the NVUmakes an
important contribution to rabies virus clearance from the CNS.
4. CNS innate immunity
Chemoattractants produced by rabies virus-infected CNS tissues are nec-
essary to induce immune cells adherent in the neurovasculature to cross
the BBB and infiltrate the tissues. A wide variety of such cytokines and
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chemokines are induced in the CNS by rabies virus infection (Phares et al.,
2006; Roy et al., 2007). While we have not detected any clear difference
between the levels and types of factors triggered by infection with attenu-
ated versus wild-type rabies virus infection (Roy et al., 2007), subtle differ-
ences have been detected by others (Wang et al., 2005).We expect thatMHC
class II may be expressed in the neurovasculature of CVS-F3-infected mice,
but not in animals infected with SHBRV as a consequence of differences in
the innate responses to these viruses as the discrepancy is apparent in T
and B cell-deficient rag-2�/� mice (data not shown). This raises the issue as
to whether or not certain aspects of the innate response culminating in the
maintenance of BBB integrity are inhibited by wild-type rabies virus infec-
tion. We do not consider this to be the case because mixed infections with
attenuated andwild-type viruses are cleared (Hooper et al., submitted). We
speculate that, for some as yet unknown reason, infection with wild-type
rabies viruses fails to trigger this element of the innate response.
C. Antiviral immunity in the CNS

The clearance of attenuated rabies virus from the CNS is temporally
associated with the appearance of T and B cells as well as antibody
production in CNS tissues (Phares et al., 2006). Early containment of rabies
virus replication and spread may not be entirely dependent on antibody.
However, as CVS-F3 replication in the CNS of B cell-deficient JHD�/�
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mice is curtailed as T cells accumulate in the infected tissues (Fig. 3). We
speculate that IFN-g production by infiltrating T cells activates innate
antiviral mechanisms, including, for example, the production of type 1
interferons. CD8 T cells may also participate in this mechanism as CD8-
deficient mice can clear CVS-F3 from CNS tissues, but over a prolonged
time period (Hooper et al., 1998). It is unknownwhether or not CD8 T cells
contribute to rabies virus immunity in the CNS through cytotoxic
mechanisms. In fact, the fate of the infected neuron during rabies virus
clearance is unknown. Rabies virus infection is not cytolytic but causes
functional changes in neurons (Fu and Jackson, 2005). While we may
conclude that antibody and T cell functions collaborate to clear the virus
from CNS tissues, it remains unclear whether or not the virus can be
cleared without neuronal loss. This is an important question with respect
to the extent of infection that is amenable to immunotherapy.

An aspect of immunity that likely contributes to whether or not a
rabies virus can be cleared from the CNS is immune regulation. Certain
rabies viruses induce processes that interfere with their clearance.
For example, the T cells that infiltrate CNS tissues infected with a
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pathogenic CVS variant undergo apoptosis rather than contribute to
protective immunity (Baloul et al., 2004).
D. CNS immunopathology

In both humans and mice that have died of wild-type rabies virus infec-
tion, there is often little evidence of immunopathology asmay be expected
if immune cell infiltration across the BBB does not occur. Nevertheless,
there are circumstances where the immune response to a rabies virus may
be expected to cause pathology. Clearly, there would be a greater risk of
immunopathology, whether mediated by antibody or cellular mechan-
isms, when the immune response develops relatively late in the infection
and the virus has spread more extensively through the CNS. Virus strains
that spread rapidly and trigger the processes that facilitate immune cell
infiltration into CNS tissues would likely present a greater risk of immu-
nopathology. Rabies viruses that rapidly spread to the CNS but induce
immune cell infiltration across the BBB may be expected to cause some
immunopathology. For example, the spontaneous development of rabies
virus immunity was associated with the survival, with neurological
sequelae, of one-third of mice infected in the hindlimb footpad with a
fox street rabies virus ( Jackson et al., 1989). The likelihood that immuno-
pathology contributed to the neurological impairments seen in the survi-
vors is supported by evidence of acute inflammation in the brainstem and
spinal cord and neuronal degeneration in the spinal cord and dorsal roots
of the animals ( Jackson et al., 1989). We theorize that the absence of
inflammatory CNS pathology during the clearance of certain attenuated
rabies viruses is a consequence of limited virus spread in the CNS tissues
together with the nature of the immune response. In comparative studies,
we identified the infiltration of mononuclear cells expressing NOS-2 as a
key difference between autoimmune CNS inflammation and CVS-F3
clearance from the CNS (Fabis et al., 2008). Evidently, the activation of
these highly pathogenic, CNS-infiltrating cells is avoided during CVS-F3
clearance, which is unexpected for a Th1-centered immune response and
appears to be unique to protective rabies virus immunity.
VII. PROSPECTS FOR HUMAN RABIES IMMUNOTHERAPY
THROUGH VIRUS CLEARANCE FROM THE CNS

A. Rabies virus-specific immunity

Unlike the experimental situation inmice, humans do not usually mount a
strong peripheral immune response to natural wild-type rabies virus
infection until late in the infection (Baltazard and Ghodssi, 1954; Centers



TABLE I Comparison of antibody response in C57BL/6 mice after immunization with

live or inactivated rabies virus vaccinea

IgG1 IgG2a IgG2b

Live virus � þþ þþþ
UV-inactivated virus þþþ þ þþþ

Serum samples with an absorbance over half the maximum are denoted byþþþ, between one-third to half of
the maximum by þþ, and significantly higher than background (normal sera) but less than one-third of the
maximum by þ. A level that is not significantly higher than background is denoted by �.
a Isotype of rabies virus-specific antibody in sera was determined by ELISA using isotype-specific secondary
antibodies as previously described (Wang et al., 2005).
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for Disease Control and Prevention, 2006). The rapid induction of rabies
virus-specific immune effectors is the primary objective of PEP, with the
initial aim of preventing spread of the virus to the CNS. For this purpose, a
Th2 response may be adequate, as vaccinated Tbet�/� mice are protected
against a peripheral challenge (Li andHooper, unpublished observations).
To clear virus from the CNS, however, a Th1 response is more appropriate
(Hooper et al., 1998; Phares et al., 2007). Thus a vaccine that rapidly induces
a Th1 response to rabies viral antigens is a first requirement. However, in
mice, inactivated rabies vaccines primarily induce IgG1 and IgG2b anti-
bodies (Table I) suggesting that a Th2 response has been induced. The Th
bias of the immune response to current human rabies vaccines has not
been extensively studied.
B. Targeting effectors to the CNS

Introduction of wild-type virus into a highly innervated site or a delay in
seeking treatment increases the chance that the virus might reach the CNS
where it is inaccessible to the response generated by conventional PEP.
Accumulated experience with PEP failures in individuals with facial and
upper extremity dog bites in dog rabies endemic areas attests to this possi-
bility (Wilde, 2007). Whether or not inactivated vaccines can be modified to
generate a strong Th1 response with a single dosemay be amoot point, as it
is unlikely that the effectorswould cross theBBBandenterCNS tissues in the
absence of an innate response due to CNS infection. Ideally, wild-type virus
replicationwould be limited in theCNS tissueswhenvirus-specific immune
effectors arrive, which would necessitate some means of triggering func-
tional changes in the BBB and proinflammatory cytokine and chemokine
production by CNS tissues. In the mouse model, postexposure administra-
tion of inactivated vaccine is ineffective, but modern, live-attenuated vac-
cines can protect up to several days after administration of a lethal dose of
wild-type rabies virus (Faber et al., 2009). Based on what we know about
rabies virus clearance from the CNS, this is not unexpected. Regardless of
whether or not the killed vaccine is as immunogenic as its attenuated
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counterpart, the peripheral immune response to wild-type rabies virus
infection is strong in mice (Roy and Hooper, 2008) and unlikely to be
substantially altered by the delayed administration of vaccine. However,
wild-type rabies virus infection fails to induce the functional changes in the
neurovasculature necessary to promote immune cell extravasation into the
CNS tissues (Roy and Hooper, 2008; Roy et al., 2007). Inactivated virus
applied to the periphery is very unlikely to induce such changes, which
appear to be a consequence of the innate response of CNS resident cells to
attenuated rabies virus infection. In fact, direct intracranial inoculation of the
live-attenuated Triple-GAS virus into the CNS is effective in promoting
postexposure survival fromwild-type rabies virus infection for several days
longer than with administration of this vaccine strain in the gastrocnemius
(Faber et al., 2009). This provides additional support for the hypothesis that
rapid targeting of innateCNS immunity is an important element ofwild-type
rabies virus clearance from the CNS. At present, the only means of accom-
plishing this is through the spread of attenuated rabies virus to the CNS.

Currently, passive administration of rabies virus VNA is an integral
part of PEP. VNA probably limit spread of the virus from the periphery to
the CNS but are unlikely to be effective after the virus has reached CNS
tissues. This is well illustrated by the fact that mice immunized with
inactivated rabies vaccine have high levels of circulating VNA but are
poorly protected against an intracranial challenge with a virus that has
little effect when given intramuscularly (Fig. 4). If attenuated rabies virus
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FIGURE 4 Live-attenuated, but not inactivated rabies virus vaccine, protects mice

against intracranial challenge. Groups of Swiss Webster mice (n ¼ 10) were immunized

with 105 FFU of live or 108 FFU of UV-inactivated CVS-F3 in the gastrocnemius with 10

mice being left untreated. Twenty-one days later, the mice were challenged i.c. with 103

FFU of SHBRV-17 and survival was monitored.
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is used to target the CNS mechanisms that promote immune effector
delivery to the CNS, passive antibody administration would be contra-
indicated. We speculate that the best approach to clearing rabies virus
from the human CNS may be to administer live-attenuated and inacti-
vated vaccine simultaneously. This may raise a strong immune response
as well as target it to the CNS. The outcome would then depend on the
extent of wild-type rabies virus infection in the CNS tissues and whether
or not immune clearance causes substantial neuronal loss.
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by infection with laboratory-adapted, but not street, rabies viruses

(RABVs), and it has been hypothesized that expression of chemo-

kines is one of the mechanisms by which RABV is attenuated. To

further define the role of chemokines in rabies pathogenesis and

protection, chemokine genes such as MIP-1a, RANTES, IP-10, and
macrophage-derived chemokine (MDC) have been cloned into

RABV genome. It has been found that recombinant RABVs expres-

sing RANTES or IP-10 induce high and persistent expression of these

chemokines, resulting in massive infiltration of inflammatory cells

into the central nervous system (CNS) and development of diseases

and death in the mouse model. However, recombinant RABVs

expressing MIP-1a, MDC, as well as GM-CSF further attenuate

RABV by inducing a transient expression of chemokines, infiltration

of inflammatory cells, enhancement of blood–brain barrier

(BBB) permeability. Yet, these recombinant RABVs show increased

adaptive immune responses by recruiting/activating dendritic cells,

T and B cells in the periphery as well as in the CNS. Further, direct

administration of these recombinant RABVs into the CNS can

prevent mice from developing rabies days after infection with

street RABV. All these studies together suggest that chemokines

are both protective and pathogenic in RABV infections. Those with

protective roles could be exploited for development of future

RABV vaccines or therapeutic agents.
I. INTRODUCTION

Rabies continues to present a serious burden for both public health and
the global economy. It causes more than 55,000 human deaths, and more
than 10 million people undergo postexposure prophylaxis (PEP) every
year around the globe (Martinez, 2000; Meslin et al., 1994). Most human
cases occur in the developing countries of Asia and Africa, where canine
rabies is endemic and resources are limited (Fu, 1997). In more developed
countries, human rabies has dramatically declined during the past 60
years as a direct consequence of routine vaccination of pet animals
(Lackay et al., 2008). However, wildlife rabies has emerged as a major
threat (Morimoto et al., 1996). Despite extensive investigation over more
than 100 years, the pathogenetic mechanisms by which infection of street
rabies virus (RABV) results in neurological diseases and death in humans
are not well understood. Neuronal pathology or damage in the central
nervous system (CNS) is limited in rabies patients with only mild inflam-
mation (Miyamoto and Matsumoto, 1967; Murphy, 1977). However, labo-
ratory-attenuated RABV induces extensive inflammation and neuronal
degeneration in experimental animals (Miyamoto and Matsumoto, 1967;
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Yan et al., 2001). It is only recently that the roles of chemokines in rabies
pathogenesis and protection have been investigated. This chapter will
summarize recent research activities in this area.
II. CHEMOKINES

Chemokines are a family of structurally related proteins that are expressed
by almost all types of nucleated cells and mediate leukocyte activation
and/or chemotactic activities (Zlotnik and Yoshie, 2000). The majority of
chemokines have molecular masses of 8–14 kDa and share approximately
20–50% sequence homology among each other at the protein level (Gale
and McColl, 1999; Zlotnik and Yoshie, 2000). Chemokine proteins also
share common gene sequences and tertiary structures, and all chemokines
possess a number of conserved cysteine residues involved in intramolecu-
lar disulfide bond formation. Chemokines can be divided into four major
subfamilies based on cysteine signaturemotifs: the C, CC, CXC, and CX3C
families (Table I) (Gale and McColl, 1999; Zlotnik and Yoshie, 2000).
Chemokines in which the C1 and C2 cysteine residues are adjacent are
called CC chemokines and include RANTES, MCP-1, TARC, and eotaxin.
Many CC chemokines exert their effects on monocytes and macrophages,
but CC chemokines have been shown to be important for dendritic cell
(DC) chemotaxis and some CC chemokines appear to act preferentially on
Th2-type T cells (Gale and McColl, 1999; Zlotnik and Yoshie, 2000). Che-
mokines inwhich the C1 andC2 cysteine residues are separated by a single
amino acid are called CXC chemokines and include IL-8, IP-10, I-TAC, and
SDF-1. CXC chemokines act as chemoattractants for neutrophils and have
been shown to be importantmediators of T- and B-lymphocyte chemotaxis
(Gale and McColl, 1999; Zlotnik and Yoshie, 2000). The C subfamily
chemokine, lymphotactin, is a potent T-lymphocyte chemoattractant,
and fractalkine is the only member of CX3C chemokine subfamily,
which may chemoattract mononuclear leukocytes (Glabinski and
Ransohoff, 1999). Chemokines are highly basic proteins and contain at
least four cysteine residues that form two disulfide bonds (Ubogu et al.,
2006). This property may help mediate stable gradient formation by pro-
moting interactions of chemokines with sulfated proteins and proteogly-
cans (Cyster, 1999). Chemokines may also be divided into inflammatory
chemokines and homeostatic chemokines in terms of biological features
and cellular distribution of chemokine receptors (Moser and Loetscher,
2001). The former are secreted by resident and infiltrated cells on inflam-
matory stimuli or contacting with pathogenic agents. These chemokines
are responsible for recruiting cells related to inflammatory reactions



TABLE I Chemokines and chemokine receptors

Systematic

name Human/mouse ligand Chemokine receptor

C family Lymphotactin XCR1

CC family CCL1 I-309 CCR8

CCL2 MCP-1 CCR2, CCR4
CCL3 MIP-1a CCR1, CCR5

CCL4 MIP-1b CCR5

CCL5 RANTES CCR1, CCR3, CCR5

CCL6 C10, MRP-1 CCR1

CCL7 MCP-3 CCR1, CCR2, CCR3

CCL8 MCP-2 CCR1, CCR2B, CCR5

CCL9 MRP-2, MIP-1g CCR1

CCL11 eotaxin-1 CCR2, CCR3, CCR5
CCL12 MCP-5 CCR2

CCL13 MCP-4 CCR2, CCR3, CCR5

CCL14 HCC-1 CCR1

CCL15 HCC-2 CCR1, CCR3

CCL16 HCC-4 CCR1, CCR2, CCR5,

CCR8

CCL17 TARC CCR4

CCL18 PARC Unknown
CCL19 MIP-3b CCR7

CCL20 LARC, MIP-3a CCR6

CCL21 6Ckine, SLC,

exodus-2

CCR7

CCL22 MDC CCR4

CCL23 MPIF-1 CCR1

CCL24 MPIF-2, eotaxin-2 CCR3

CCL25 TECK CCR9
CCL26 Eotaxin-3 CCR3

CCL27 ILC, CTACK CCR10

CCL28 MEC CCR3, CCR10

CXC

family

CXCL1 GROa, MSGA-a CXCR2

CXCL2 GROb, MSGA-b CXCR2

CXCL3 GROg, MSGA-g CXCR2

CXCL4 PF4 CXCR3

CXCL5 ENA-78 CXCR2
CXCL6 GCP-2 CXCR1, CXCR2

CXCL7 NAP-2 CXCR2

CXCL8 IL-8 CXCR1, CXCR2

CXCL9 Mig CXCR3
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TABLE I (continued )

Systematic

name Human/mouse ligand Chemokine receptor

CXCL10 IP-10 CXCR3
CXCL11 I-TAC, IP-9 CXCR3

CXCL12 SDF-2 CXCR4

CXCL13 BLC CXCR5

CXCL14 BRAK Unknown

CXCL15 Lungkine Unknown

CX3C CX3CL1 Fractalkine CX3CR1
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(Holman et al., 2010). However, homeostatic chemokines are involved in
maintaining trafficking and positioning of immune cells involved in adap-
tive immunity and antigen presentation in secondary lymphoid organs
(Moser and Loetscher, 2001; Sallusto et al., 1999).

Chemokines mediate their effects by binding to the seven transmem-
brane G-protein-coupled cell-surface receptors (Table I) (Rossi and
Zlotnik, 2000; Zlotnik and Yoshie, 2000). Upon binding, the chemokine
receptors initiate cellular signaling through changes in intracellular con-
centrations of calcium and cAMP. Many cellular chemokine receptors can
bind more than one chemokine with similar affinities. For example, the
chemokine receptors CCR1 and CCR5 may bind RANTES, MIP-1a, and
MIP-1b, whereas the chemokine receptors CXCR1 and CXCR2 may bind
IL-8 (Gale and McColl, 1999; Zlotnik and Yoshie, 2000). Based on the
chemokine subfamilies, chemokine receptors have been named CCR1-9,
CXCR1-5, XCR1, and CX3R1 (Zlotnik and Yoshie, 2000). Several chemo-
kines can bind to one receptor, and one ligand can bind to more than one
receptor (Ubogu et al., 2006). These intricate complex interactions can
provide adequate host defenses against infection with pathogens. How-
ever, viruses may mimic chemokine receptors to evade host defense
mechanisms (Glabinski and Ransohoff, 1999).
III. THE ROLE OF CHEMOKINES IN THE CNS WHEN
INFECTED BY VIRUSES

A recent review has provided an elegant illustration of the roles of
chemokines in the CNS after viral infections (Hosking and Lane, 2010).
Viral infections of the CNS can result in a temporal expression of several
chemokines and chemokine receptors by CNS resident cells (astrocytes,
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microglia, as well as neurons) and by inflammatory cells infiltrated into
the CNS (Hosking and Lane, 2010; Nakamichi et al., 2005; Prehaud et al.,
2005). Astrocytes and microglia are the dominant source of chemokines
following infection with neurotropic viruses (Hosking and Lane, 2010).
Robust expression of numerous CC chemokines such as CCL2, CCL3,
CCL4, and CCL5 (Zlotnik and Yoshie, 2000) was observed following
infection with measles virus (Patterson et al., 2003), mouse hepatitis
virus (MHV) (Kim and Perlman, 2005), and human coronavirus (Chen
et al., 2010). Infection of rat astrocytes and microglia with paramyxo-
viruses resulted in rapid expression of mRNA transcripts for CCL5 and
CXCL10 (Fisher et al., 1995; Vanguri and Farber, 1994). In some virus
infections, chemokine expression was found in a particular cell type. For
example, CXCL10 was exclusively secreted by astrocytes in the neural
parenchyma, but not by microglia in the brain or recruited bone marrow-
derived cell types after infection with lymphocytic choriomeningitis virus
(LCMV) (Christensen et al., 2009). Induction of chemokine gene expres-
sion is promoted by toll-like receptors (TLRs) when recognizing viral
DNA or RNA (Gibson et al., 2002; So and Kim, 2009). For example, TLR2
and TLR3 cooperation leads to the expression of macrophage chemoat-
tractants CCL2 and CCL5 during infection with Theiler’s murine enceph-
alitis virus (TMEV) (So and Kim, 2009). However, TLR2 and TLR9
mediate chemokine expression during HSV-1 infection (Aravalli et al.,
2008; Lima et al., 2010).

The major activity of chemokines is modulating leukocyte trafficking
into the CNS (Hosking and Lane, 2010). Both neuroprotective and neuro-
pathologic effects of chemokine expression in the CNS have been reported,
and these are largely due to attracting T lymphocytes and macrophages
(Dorries, 2001; Lin et al., 2009). On one hand, infiltration and antiviral
activity of T lymphocytes are requisite for viral clearance and survival.
For example, CXCL10 expressed in the CNS after infection with neuro-
tropic viruses attracts activated T lymphocytes bearing the receptor
CXCR3 (Zhang et al., 2008). It has been reported that in many virus infec-
tions such as herpes simplex virus (HSV), MHV, and West Nile virus
(WNV), ablation of CXCL10 expression by either depletion with neutrali-
zation antibodies or genetic knockout dramatically reduces infiltration of
T cell into the CNS, which results in inefficient viral control and severe
disease (Stiles et al., 2009; Thapa and Carr, 2008; Zhang et al., 2008).
Another chemokine CCL5 and its receptors, CCR5, have also been found
to promote leukocyte trafficking into the CNS and control of HSV and
WNV infections (Glass et al., 2005; Thapa et al., 2007). CCR5 knockout
showed an increased risk for symptomatic WNV infection (Glass et al.,
2006). On the other hand, excessive chemokine secretion and accumula-
tion of leukocytes within the CNS lead to the development of neuropa-
thology. It iswell known that fatalmeningoencephalitis induced by LCMV
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infection is mediated by infiltration of virus-specific cytotoxic T lympho-
cytes (CTLs) (Fung-Leung et al., 1991; Kim et al., 2009). Genetic silencing of
CXCL10 or its receptor CXCR3 reduces the infiltration of CD8þ T cells,
conferring either partial or near complete protection from immunopathol-
ogy and death (Christensen et al., 2006; Hofer et al., 2008). Demyelinating
disease during MHV infection is largely due to sustained CXCL10 and
CCL5 expression, and abrogation of expression of either these chemokine
reduces infiltration of immune cells, disease severity, and demyelination
(Glass et al., 2004; Liu et al., 2001). There are numerous examples of
neuroprotective and neuropathologic activities associated with the
expression of chemokines during viral infections (Hosking and Lane,
2010).
IV. INDUCTION OF CHEMOKINE EXPRESSION IN RABV
INFECTIONS

RABV induces a fatal neurological disease in humans and animals, and
the roles of chemokines in rabies are just beginning to emerge. Using
oligonucleotide microarray, we reported that chemokines were upregu-
lated in the mouse brain after infection with laboratory-attenuated, but
not with street virus (Wang et al., 2005). This includes both the CC and
CXC subfamilies of proinflammatory chemokines. Among these chemo-
kines, MIP-1a, RANTES, and IP-10 were increased more than 50- to 100-
fold in infected versus sham-infected mice (Kuang et al., 2009; Wang et al.,
2005). Further, the protein level of chemokines CXCL10 and CCL5 was
dramatically upregulated in neuroblastoma cells after infection with lab-
oratory-attenuated RABV (Masatani et al., 2010). It has also been reported
that chemokine CXCL-10 and cytokines (IL-6, IFN-g) were upregulated at
the time of clinical disease in the CNS of mice infected with European bat
lyssaviruses (EBLV) types 1 and 2 (Mansfield et al., 2008). Interestingly, a
lower but significant increase of CXCL10 was also observed in the sali-
vary glands (Mansfield et al., 2008). CXCL10 has also been reported to be
activated by macrophages and microglia infected with RABV (Nakamichi
et al., 2004, 2005).

The increased expression of chemokines in RABV infection in the CNS
resulted in infiltration of inflammatory cells, induction of apoptosis, and
enhancement of blood–brain barrier (BBB) permeability in mice infected
with fixed (or laboratory-attenuated) RABV (Fabis et al., 2008; Kuang et al.,
2009; Sarmento et al., 2005; Wang et al., 2005; Zhao et al., 2009). As a
consequence, fixed RABV could be cleared from the CNS of mice when
infected with low doses (Hooper et al., 2009; Sarmento et al., 2005). It is,
therefore, hypothesized that induction of innate immunity, particularly
with chemokines and IFN, is one of the mechanisms for RABV
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attenuation. However, mice infected with high dose of fixed RABV die
with excessive inflammation in the CNS (Sarmento et al., 2005; Wang et al.,
2005). Therefore, the pathogenetic mechanisms by which street and fixed
RABV induce disease are different. In animals infectedwith a high dose of
fixed RABV, it is the expression of chemokines and other innate immune
molecules that results in the enhancement of BBB permeability and infil-
tration of inflammatory cells into the CNS, which is ultimately responsible
for the demise of the infected animals (Kuang et al., 2009;Wang et al., 2005).
On the contrary, street RABV invades the CNS without stimulating the
innate immune responses. Although the exactmechanisms bywhich street
RABV causes rabies are not known, it has been hypothesized that RABV
induces CNS dysfunction (Dietzschold et al., 2001). Recently, we have
observed that infection of street RABV inhibits the expression of proteins
involved in the fusion between neurotransmitter vesicle membrane and
the presynaptic membrane, resulting in massive accumulation of neuro-
transmitter vesicles in presynapses (Dhingra et al., 2007). These observa-
tions may also explain why very little neuronal pathology or damage is
observed in the CNS of rabies patients (Miyamoto and Matsumoto, 1967;
Murphy, 1977), whereas laboratory-attenuated RABV induces extensive
inflammation and neuronal degeneration in experimentally infected ani-
mals (Miyamoto and Matsumoto, 1967; Yan et al., 2001).
V. OVEREXPRESSION OF CHEMOKINES CAN BENEFIT THE
HOST IF THE EXPRESSION IS TRANSIENTWHILE IT HARMS
THE HOST IF THE EXPRESSION IS PERSISTENT DURING
RABV INFECTIONS

To further explore the role of chemokines in RABV infections, chemokines
MIP-1a, RANTES, or IP-10 were individually expressed in the genome of
RABV HEP-Flurry strain (Zhao et al., 2009, 2010). It was found that
although the expression of MIP-1a further reduced RABV pathogenicity,
expression of RANTES or IP-10 enhanced RABV pathogenicity in the
mouse model. The differences in pathogenicity induced by these recom-
binant RABVs are not due to the rate of virus replication, but rather due to
the level and the duration of the expression of chemokines (Zhao et al.,
2009). HEP-MIP1a induced the expression of MIP-1a in the mouse model
but subsided quickly. In addition, only low to moderate levels of other
chemokines were induced. Likewise, only low and transient infiltration of
inflammatory cells (macrophages, neutrophils, and T cells) was observed
in the infected mice. In contrast, HEP-RANTES and particularly HEP-IP10
induced not only high and persistent expression of the intended chemo-
kines but also high expression of other chemokines. High and persistent
infiltration of inflammatory cells was also observed in the CNS, which
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could produce neurotoxins, free radicals, and proinflammatory cytokines,
causing CNS destruction (Hooper et al., 2009; Zhao et al., 2009). HEP-
MIP1a enhanced the BBB permeability temporarily, while HEP-RANTES
and HEP-IP10 induced more extensive and prolonged enhancement of
BBB permeability. Further, HEP-IP10 induced BBB permeability to the
extent that allowed large molecules (10 kDa) to enter the CNS. Although
the consequence is not entirely clear, this may have allowed more inflam-
matory cells or other toxic substances enter into the CNS. Thus, these
studies indicate that transient expression of chemokines may help atten-
uate RABV, whereas high and persistent expression of these chemokines,
particularly IP-10, may be harmful to the host during RABV infections.
VI. CHEMOKINES EXPRESSION CORRELATES WITH THE
ACTIVATION OF DENDRITIC CELLS AND ENHANCEMENT
OF ADAPTIVE IMMUNITY

As chemokines play roles as attractants of naı̈ve and effector T cells
(Moser and Loetscher, 2001), these recombinant RABV expressing che-
mokines were tested for their ability to enhance adaptive immunity (Zhao
et al., 2009, 2010). Although overexpression of MIP-1a further attenuated
RABV (Zhao et al., 2010), it enhanced the adaptive immune responses by
stimulating the production of high levels of virus-neutralizing antibodies
(VNA). As MIP-1a is one of the major chemoattractants for monocytes,
especially immature DCs and macrophages (Barouch et al., 2003; Maurer
and von Stebut, 2004; McKay et al., 2004), it is possible that expression of
MIP-1a recruits/activates DCs. Indeed, it was found that overexpression
of MIP-1a resulted in the induction of a strong innate immune response at
the local site and recruitment/activation of DCs as well as B cells in the
draining lymph nodes and the peripheral blood, leading to the produc-
tion of high levels of VNA (Zhao et al., 2010). DCs are the most potent
antigen presenting cells (APCs) (Clark, 1997), which process antigen,
migrate to the T cell zone and stimulate the activation of antigen-specific
naı̈ve T cells. Activated T cells stimulate the proliferation and differentia-
tion of antigen-specific naı̈ve B cells into antibody-producing plasma cells
(Dubois et al., 1999).

To confirm that recruitment/activation of DCs is the major step in the
induction of VNA in RABV immunization, DC-recruitment/activation
molecules such as macrophage-derived chemokine (MDC) and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), in addition to
MIP-1a, were individually expressed in the RABV LBNSE strain (Wen
et al., 2011). MDC is known to preferentially attract Th2 cells and regu-
latory T cells via CCR4 (Iellem et al., 2001; Imai et al., 1999; Yoshie et al.,
2001). It is also a potent chemoattractant for additional cell types
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including DCs (Chantry et al., 1999; Godiska et al., 1997). MDC produced
by DCs attracts CCR4-bearing activated (or memory) T cells to enhance
immune responses and increase effector functions (Wu et al., 2001), and it
may allow for T–B cell interaction with subsequent formation of germinal
centers (Schaniel et al., 1998). GM-CSF regulates the production and
functional activation of hemopoietic cells such as monocyte/macro-
phages and all granulocytes (Metcalf, 2008) and is a cytokine responsible
for the recruitment, activation, and maturation of APC (Hamilton and
Anderson, 2004). Each of these recombinant viruses stimulated more
maturation/activation of murine bone marrow-derived DCs in vitro and
more recruitment and/or activation of DCs, mature B cells as well as T
cells in the periphery than the parent virus, which leads to higher levels of
VNA and better protection (Wen et al., 2011). Thus, our data suggest that
the expression of chemokines can result in recruitment/activation of DCs,
thus enhancing RABV immunogenicity and protection. Chemokines have
been used as an adjuvant by incorporating into vaccine preparations to
stimulate innate and adaptive immune responses (Han et al., 2009; Kutzler
et al., 2010). Coadministration of chemokine and DNA encoding viral
protective antigens increases trafficking of mature DCs into the secondary
lymphoid tissues, presenting processed viral antigen to naı̈ve T cells and
provides protective immunity against virus challenge. RANTES, MCP-1,
MIP-1b, and TRANCE have been used together with a truncated secreted
version of the RABV glycoprotein in plasmid expression DNA vaccine to
enhance immune responses (Pinto et al., 2003). Together, these observa-
tions suggest that recombinant RABV expressing chemokines could be
developed as potential vaccine candidates.
VII. RECOMBINANT RABV EXPRESSING CHEMOKINES/
CYTOKINES CAN BE USED EFFECTIVELY TO PREVENT
THE DEVELOPMENT OF RABIES

These recombinant RABV expressing chemokines/cytokines were also
tested to determine whether they have the ability to prevent animals
from developing rabies. Adult mice were infected with a lethal dose of
street RABV and then treated with recombinant RABV at different time
points after infection (Wang and Fu, unpublished data). As shown in
Fig. 1, 60–70% of the mice intracerebrally treated with recombinant
RABV expressing MDC, IP-10, MIP-1a, or GM-CSF at day 4 after infection
with street RABV (a Mexican dog virus, DRV) were protected from
developing rabies. The protection rate in mice treated with live recombi-
nant RABV was significantly higher than that in sham-treated mice (20%).
In contrast, treatment with UV-inactivated RABV did not provide signifi-
cantly better protection than sham-treated mice despite the fact that VNAs
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FIGURE 1 Recombinant RABVs expressing chemokines/cytokines prevent the devel-

opment of rabies in the mouse model. ICR mice (4–6 weeks of age) were infected

intramuscularly with street DRV and treated intracranially 4 days later with various

recombinant RABVs or medium. Mice were observed daily for 2 weeks, and the

survivorship was calculated and analyzed statistically.
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were induced in these mice. Surprisingly, recombinant RABV expressing
RANTES did not protect mice from developing rabies in these mice. Treat-
ment with recombinant RABV by other routes (intramuscular, intradermal,
or intranasal) was less effective (Wang and Fu, unpublished data). It was
found that intracerebral treatment of mice with these recombinant RABVs
induced significantly higher levels of chemokine/cytokine expression in
the CNS and in the periphery, infiltration of inflammatory and immune
cells into the CNS, and enhancement of BBB permeability than sham-
treated mice or mice treated with UV-inactivated RABV. These studies
indicate that there are two important factors for protection: VNA in the
periphery and enhanced BBB permeability. To demonstrate this is the case,
mice were treated with a chemokine (chemoattractant protein-1, MCP-1)
with a dose known to enhance BBB permeability. Indeed, this treatment
increased the protective efficacy of UV-inactivated RABV, but not in
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sham-treated mice. These data confirm that chemokines can induce infil-
tration of inflammatory cells in the CNS and thus enhance the BBB perme-
ability, which allows immune effectors (VNA) enter into the CNS to clear
the virus and prevent the development of rabies.

BBB is a separation of circulating blood and CSF in the CNS and
protects the CNS tissues from circulating cells and factors (Pachter et al.,
2003). The enhancement of BBB permeability and inflammatory cells
infiltration is often associated with pathological changes in the CNS.
However, transiently increased BBB permeability has been found to be
helpful in clearance of the attenuated RABV from the CNS (Phares et al.,
2006). Highly pathogenic RABV is correlated with the inability of infected
animals to enhance BBB permeability and deliver immune effectors into
the CNS (Roy et al., 2007). Further studies have shown that lethal infection
with pathogenic RABV could be prevented by increasing BBB permeabil-
ity in infected animals through the induction of an autoimmune CNS
inflammatory response that facilitates immune effectors entry into the
CNS tissue and promotes virus clearance (Roy and Hooper, 2007). Che-
mokines can help enhance the BBB permeability by inducing inflamma-
tory responses in the CNS, thus aiding immune effectors enter into and
clear the virus from the CNS. One of the questions that remains unan-
swered in these studies is whether the immune effectors (in this case,
VNA) need to be produced in the CNS as has been proposed (Hooper
et al., 1998, 2009) or whether VNA produced in the periphery and trans-
ported to the CNS is just as effective. Future studies should be directed to
address this issue.
VIII. SUMMARY

This chapter summarizes recent studies on the role of chemokines in
rabies pathogenesis and protection. It has been found that laboratory-
adapted RABV is capable of inducing chemokine expression as part of
innate immune responses, which is beneficial to the host by initiating
infiltration of inflammatory cells into the CNS, enhancing the BBB perme-
ability, and clearing the virus from the CNS (Kuang et al., 2009; Sarmento
et al., 2005; Wang et al., 2005). This is especially important when animals
are infected with low doses of laboratory-adapted RABV. However, street
RABV fails to induce the expression of chemokines and other innate
immune molecules, leading to unblocked invasion of the virus into the
CNS (Kuang et al., 2009; Sarmento et al., 2005; Wang et al., 2005). However,
excessive expression of chemokines and other innate immune molecules
could induce neurological diseases by inducing extensive inflammation
in the CNS when animals are infected with high doses of fixed RABV
(Kuang et al., 2009; Sarmento et al., 2005; Wang et al., 2005). Thus,
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expression of chemokines has both protective and pathogenetic roles in
RABV infections. This contention has been further confirmed by over-
expression of some of the chemokines (Zhao et al., 2009). Overexpression
of MIP-1a further attenuates RABV, while overexpression of RANTES
and IP-10 increases RABV pathogenicity (Zhao et al., 2009). However,
overexpression of MIP-1a enhances the immunogenicity of RABV, and
the recruitment/activation of DCs is the possible mechanism for the
enhanced immunogenicity (Zhao et al., 2010). Indeed, overexpression of
chemokines or cytokines with the ability to activate DCs increased RABV
immunogenicity and provided better protection (Wen et al., 2011; Zhao
et al., 2010). Further, recombinant RABV expressing chemokines/cyto-
kines can be used to prevent the development of rabies in the mouse
model (Wang and Fu, unpublished data). Therefore, recombinant RBAVs
expressing chemokines/cytokines could have the potential to be used not
only for pre- and postexposure immunization but also for therapy in
clinical rabies.
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Abstract Rabies is among the longest known and most dangerous and feared
infectious diseases for humans and animals and still is responsible

for tenth of thousands of human deaths per year. The rabies virus

(RABV) is a rather atypical member of the Rhabdoviridae family as it

has completely adapted during evolution to warm-blooded hosts

and is directly transmitted between them, whereas most other

rhabdoviruses are transmitted by insect vectors. The virus is also

unique with respect to its extremely broad host species range and a

very narrow host organ range, namely its strict neurotropism. It is

becoming increasingly clear that the host innate immune system,

particularly the type I interferon system, and the viral counter-

actions profoundly shape this virus–host relationship. In the past

few years, exciting new insight was obtained on how viruses are

sensed by innate immune receptors, how the downstream signaling
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networks for activation of interferon are working, and how viruses

can interfere with the system. While RABV 50-triphosphate RNAs

were identified as the major pathogen-associated molecular pat-

tern sensed by cytoplasmic RIG-I-like receptors (RLR), the RABV

phosphoprotein (P) has emerged as a potent multifunctional antag-

onist able to counteract the signaling cascades leading to transcrip-

tional activation of interferon genes as well as interferon signaling

pathways, thereby limiting expression of antiviral and immune-

stimulatory genes.
I. INTRODUCTION

Rabies is a zoonotic disease known to mankind since more than 4 millen-
niums (Steele and Fernandez, 1991; Theodorides, 1986). The main causa-
tive agent is rabies virus (RABV), the prototype of the Lyssavirus genus in
the Rhabdoviridae family (Fu, 2005), which is transmitted mainly by carni-
vores. RABV is highly immunogenic, and efficient inactivated virus vac-
cines for humans and live-attenuated vaccines for wildlife have enabled
control of rabies in developed countries. Still, however, rabies encephali-
tis causes tens of thousands of human deaths each year in developing
countries (Knobel et al., 2005; Warrell and Warrell, 2004).

The Rhabdoviridae family belongs to the order of Mononegavirales, also
known as nonsegmented negative-strand RNA viruses (NNSV), which
also comprises the Paramyxoviridae, Filoviridae, and Bornaviridae families.
The virions of Mononegavirales are made up of a highly stable, helical
nucleocapsid, or ribonucleoprotein (RNP), comprising the negative
sense genome RNA. The RNP is enwrapped with a lipid envelope con-
taining glycoproteins that mediate entry into host cells by membrane
fusion. The Rhabdoviridae [rhabdos; greek: rod] are further characterized
by a typical rod- or bullet-shaped morphology (Ge et al., 2010) and
comprise viruses infecting a broad host range, including plants, insects,
fish, and other vertebrates (Fu, 2005). Rhabdoviruses of mammals include
economically important livestock pathogens such as vesicular stomatitis
virus (VSV; Vesiculovirus genus). In general, mammalian rhabdoviruses
are transmitted by insect vectors and for a long time were not thought to
cause human disease, but sporadic outbreaks of encephalitis were
recently caused by the sandfly-transmitted VSV-like Chandipura virus
(Basak et al., 2007). The outstanding exception is the Lyssavirus genus,
which is probably the only mammalian rhabdovirus group that lacks an
insect vector for transmission, and which represents a constant human
threat. However, in terms of virus structure and shape, genome organiza-
tion, expression strategy, and an exclusive cytoplasmic life cycle, RABV
remains a typical member of vertebrate rhabdoviruses (Albertini et al.,
2008; Luo et al., 2007; Whelan et al., 2004).
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A. RABV life cycle

RABV entry into cells involves receptor-mediated endocytosis, mem-
brane fusion at acidic pH, and release of the virus RNP into the cytoplasm,
involving its transition from a supercoiled state to a relaxed form which
can serve as a template for the associated polymerase. The viral RNA
appears to be completely shielded by the N protein and not accessible to
small cellular compounds, including RNA-binding proteins like RNases
or small (interfering) RNAs (Albertini et al., 2006, 2008). The 12-kb nega-
tive-strand RNA has unmodified 50-triphosphate (50-ppp) and 30-
hydroxyl ends and comprises five genes in the conserved order 30-N-P-
M-G-L-50 encoding (1) the nucleoprotein (N), which encloses the RNA; (2)
the phosphoprotein (P), which is a cofactor for the RNA polymerase and a
chaperone for soluble N protein (N0); (3) the matrix protein (M), which is
critical for virus assembly and budding; (4) the transmembrane spike
glycoprotein (G) responsible for attachment to target cells and membrane
fusion; and (5) the ‘‘large’’ protein (L), which is the catalytic subunit of the
viral RNA polymerase.

The tight N-RNA clamping appears to open exclusively and tran-
siently during transcription and replication to grant specific access of
the polymerase complex (L/P) to the RNA template (Albertini et al.,
2008), such that immune-stimulatory long dsRNAs are not typically pro-
duced (Weber et al., 2006). Transcription of the genome RNA (RNP) starts
exclusively at the 30-end and, according to the widely acknowledged
stop–restart mechanism ofMononegavirales, gives rise to a declining gradi-
ent of subgenomic, monocistronic mRNAs with a 50-cap and 30-poly(A)
tail (Li et al., 2006; Ogino and Banerjee, 2007), and which in this respect
look like typical cellular mRNAs (see Whelan et al., 2004 and Chapter 1 for
details).

Replication of full-length RNPs critically involves concurrent elonga-
tion and encapsidation of the nascent RNA into N-RNA and can, there-
fore, occur only upon prior accumulation of high N protein levels. The
synthesis of abundant amounts of a short 50-ppp leader RNA from the 30-
end of the genome (Leppert et al., 1979), which is partially found in
complexes with N (Blumberg et al., 1983), may represent abortive replica-
tion due to insufficient amounts of N protein for encapsidation. In this
case, product control may cause the polymerase to release the leader RNA
product and to switch to the transcription mode at the leader/N gene
junction (Vidal and Kolakofsky, 1989). Leader RNA synthesis was origi-
nally thought to be required for transcription of the downstream genes,
but recent data from several virus systems argue in favor of independent
transcription initiation mechanisms (Banerjee, 2008; Curran and
Kolakofsky, 2008; Whelan, 2008). The full-length antigenome RNP is
exclusively a template for replicative amplification of genome RNPs,
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which may serve for secondary transcription or assembly of novel virions
at the plasma membrane.

While in vitro RABV is able to enter virtually any cell type, including
nonneuronal cells, infection in vivo is characterized by a high neurotrop-
ism. Infection of neurons is in fact essential for the virus to gain access to
the CNS. The long-range retrograde transport involves microtubule-
mediated passage of membrane vesicles containing complete, enveloped
virus particles, and the selection of the type of vesicle to take (as a taxi)
appears to largely depend on the G protein (Klingen et al., 2008). After
membrane fusion and virus replication in the cell body, new viruses are
formed which are transmitted exclusively via synaptic connections to
presynaptic neurons (Astic et al., 1993; Ugolini, 1995). In this respect,
RABV is unique among all viruses. Both natural and recombinant RABV
tracers, therefore, represent unique tools for mapping synaptic connec-
tions and neuronal circuits (Ugolini, 2008; Wickersham et al., 2007a,b).

The ability to reach the CNS from a peripheral infection site, referred
to as ‘‘neuroinvasiveness,’’ largely determines the virulence of the virus.
A key strategy of the virus must therefore be to avoid direct cytotoxicity,
innate immunity, and inflammation to conserve the integrity of the neu-
ronal network and to gain time to reach the CNS (Dietzschold et al., 2008;
Finke and Conzelmann, 2005; Lafon, 2008; Nadin-Davis and Fehlner-
Gardiner, 2008; Schnell et al., 2010) (see also Chapter 3). Indeed, compared
to other viral encephalitides, little inflammation is observed in rabies and
symptoms appear to arise from neuronal dysfunction rather than damage
(Fu and Jackson, 2005). Multiple viral genes are critical in this respect.
Mutations in any of the genes were shown to affect virulence and neu-
roinvasiveness. Particularly, the G proteins from different RABV strains
and isolates differ in sequence and receptor use (Dietzschold et al., 2008),
induction of cellular apoptosis (Lafon, 2008), and neuroprotective activ-
ities (Prehaud et al., 2010).
B. The interferon system

Host defense against viruses relies on the recognition of ‘‘nonself’’ struc-
tures, so-called pathogen-associated molecular patterns (PAMPs), by pat-
tern recognition receptors (PRRs; Janeway and Medzhitov, 2002), which
induce the production of the potent antiviral type I interferons (IFN-a/b),
type III IFNs (IFN-l), and proinflammatory cytokines like TNF and IL12
(Kawai and Akira, 2010; Pichlmair and Reis e Sousa, 2007; Yoneyama and
Fujita, 2010). Type I IFNs, including the single IFN-b and the IFN-a family
comprising a dozen of partially homologous proteins (Calam, 1980), are
long known as antiviral cytokines (Isaacs and Lindenmann, 1957). How-
ever, type I IFNs also stimulate adaptive immunity by induction of
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immune-modulatory genes, supporting activation of dendritic cells
(DCs), stimulating macrophages, increasing major histocompatibility
complex class-I expression, stimulating antibody secretion, and thereby
support a Th1-biased immune response, thus integrating innate and
adaptive immunity (Goodbourn et al., 2000; Le and Tough, 2002;
Theofilopoulos et al., 2005). IFN-a/b can be expressed almost ubiqui-
tously and acts in an auto- and paracrine fashion by binding to the also
ubiquitously expressed IFN-a receptor (IFNAR). Binding triggers the
canonical JAK/STAT signal transduction pathways, which activate
hundreds of interferon-stimulated genes (ISG), several of which have
direct antiviral and antiproliferative activities that contribute to the estab-
lishment of an antiviral state. Importantly, many components of the IFN-
inducing pathways are ISGs, hence providing a positive feedback loop
and increasing the magnitude of virus sensing and IFN response. The
more recently described type III IFNs (IFN-l1,2,3) also have antiviral and
immune-modulatory functions, but expression of the specific IFN-l
receptors is restricted to certain cell types, including epithelial cells and
plasmacytoid DCs. The activation pathways inducing IFN-l transcription
seem to parallel those of IFN-a/b (Li et al., 2009a). Type II IFN (IFN-g)
is not induced by virus infection itself but is produced by activated
immune cells.

Although dsRNA, and synthetic dsRNA analogs like poly(I:C) are
long known as potent inducers of type I IFN (Field et al., 1967; Kerr
et al., 1974), details on the identity of the PRRs that can trigger an IFN
response upon virus infection, the exact nature of their ligands, the
signaling cascades activated, and the transcription factors involved
have been revealed only during the past 10 years. The major viral
PAMPs are indeed nucleic acids, and two PRRs families have been iden-
tified which specifically recognize nonself viral RNA. These include the
endosomal transmembrane Toll-like receptors (TLRs) 3 and 7/8, and the
cytoplasmic retinoic acid inducible gene I-(RIG-I)-like helicases (RLR)
RIG-I and MDA5 (melanoma differentiation-associated gene 5; for
review, see Kawai and Akira, 2010; Yoneyama and Fujita, 2010). In com-
mon, these receptors activate both IFN and proinflammatory cytokines,
although different signaling cascades are triggered by TLR and RLR.
The pathways for IFN induction merge in the activation of interferon
regulatory factors (IRFs) 3 and IRF7, which are the major transcription
factors controlling transcription of type I and type III IFN genes (Honda
and Taniguchi, 2006). The pathways for induction of proinflammatory
cytokines lead to canonical activation of NF-kB, which is not only the
major transcription factor controlling a variety of proinflammatory
cytokines, such as TNF-a and interleukins, but also supports transcription
of the early IFNs (IFN-b, IFN-a4) (Perkins, 2007).
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II. RABIES AND INTERFERON

A. Host type I IFN is able to limit RABV infection

Probably all RABVs and other lyssaviruses induce at least little IFN and
thereby upregulate ISGs in the brain ( Johnson et al., 2006; Marcovistz
et al., 1994; Sodja, 1975; Stewart and Sulkin, 1966), although RABV is long
known to be ‘‘sensitive’’ to IFN in the sense that it cannot replicate in cells
in which an antiviral state has been induced before infection is estab-
lished. This is illustrated by early experiments in which animals were
treated before or simultaneous with RABV infection with IFN, IFN-induc-
ing poly(I:C), or viruses that strongly induce IFN in mammalian cells,
such as Newcastle disease virus, and in which the exogenous or the
induced endogenous IFN could control RABV infection (Marcovistz
et al., 1987; Postic and Fenje, 1971; Weinmann et al., 1979). Early direct
evidence for a protective role of IFN in vivo has also been obtained in
experiments in which IFN was neutralized (Marcovistz et al., 1986). The
availability of transgenic mice genetically deficient for a functional IFN
receptor (IFNAR-KO mice) illustrated that (as for viruses in general) IFN-
mediated mechanisms are major factors restricting RABV replication
in vivo. These mice revealed a significantly higher susceptibility to
RABV than wild-type mice and were even highly susceptible to RABV
mutants, which could not cause disease in mice having an intact IFN
system (Faul et al., 2008; Marschalek et al., 2009). The observation that
attenuated strains induce more IFN than virulent strains, however, first
indicated differential ability of viruses to counteract the mammalian IFN
system and a correlation with virulence (Wang et al., 2005).
B. Recognition of RABV RNAs by PRRs

The recently described RLRs RIG-I (also known as Ddx58) and MDA5
(also known as Ifih1 or helicard; Andrejeva et al., 2004; Yoneyama et al.,
2004, 2005) are emerging as the major PRRs for activating an IFN response
upon RNA virus infection (Yoneyama and Fujita, 2010). They are com-
posed of two N-terminal caspase activation and recruitment domains
(CARDs) that mediate downstream signaling events, a central ATP-
dependent helicase domain, and a short C-terminal domain known as
regulatory domain (RD). A third member of the RLR family, Lgp2, lacks a
CARD and appears to have regulatory functions.

Notably, the closely related RNA helicases were found to respond to
distinct RNA virus types (Gitlin et al., 2006; Yoneyama et al., 2004).
Whereas MDA5 seemed to only recognize positive-stranded picorna-
viruses like encephalomyocarditis virus (Kato et al., 2006; Loo et al.,
2008), RIG-I responded to a variety of positive- and negative-strand
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RNA viruses, including VSV (Gitlin et al., 2006; Kato et al., 2005, 2006).
Indeed, our own experiments using RIG-I siRNA knockdown suggested
RIG-I as the major PRR for IFN induction in RABV-infected cells. In
addition, RNA isolated from RABV-infected cells did induce IFN tran-
scription in transfected 293 cells, whereas RNA from noninfected cells did
not, indicating that some pattern present in RABV RNA is specifically
recognized as nonself by RIG-I. Notably, purified RNA from virions
containing the full-length 50-ppp RNA, as well as an in vitro transcribed
T7 RNA polymerase transcript corresponding to the RABV leader RNA
and containing a 50-ppp potently activated RIG-I, but not MDA5. Enzy-
matic removal of the 50-ppp, however, abolished RIG-I activation
completely. This demonstrated that viral 50-ppp RNA is a specific ligand
for RIG-I (Hornung et al., 2006), which was confirmed by parallel work on
influenza virus RNA (Pichlmair et al., 2006). The most potent activators of
RIG-I are 50-ppp dsRNAs and -hairpin RNAs (Schlee et al., 2009; Schmidt
et al., 2009), but nonphosphorylated dsRNA and poly(I:C) can also acti-
vate RIG-I (Wilkins and Gale, 2010). Further biochemical and structural
analyses revealed the C-terminal RLR RD domains as the specific binding
partners for 50-ppp RNAs (Cui et al., 2008), whereas the RDs of MDA5 or
Lgp2 can accommodate blunt dsRNA ends (Li et al., 2009b; Pippig et al.,
2009), and suggested a model in which nonactivated RLRs are present in a
closed conformation, but upon ligand binding to the RD and dsRNA
binding to the helicase domain an ATP-dependent conformational change
occurs allowing the CARDs to interact with the downstream adapter IPS-
1 (Cui et al., 2008).

MDA5 recognizes dsRNAs lacking 50-terminal phosphates (Gitlin
et al., 2006; Kato et al., 2006; Yoneyama et al., 2005) and in contrast to
RIG-I appears to prefer longer dsRNAs (Kato et al., 2008). While MDA5
was initially involved only in recognition of picornavirus infection, recent
data indicate that, in immune cells, MDA5 may contribute to recognition
of various virus types of RNA viruses and to sustain IFN induction,
including paramyxoviruses like Sendai virus (Gitlin et al., 2010) and
measles virus (Ikegame et al., 2010). Similarly, RABV was recently seen
to induce IFN in DC of RIG-I knockout mice (Faul et al., 2010).

Though specific purified and synthetic RNAs have been identified to
activate RIG-I and MDA5 in vitro and in vivo, the natural virus RNAs
sensed by these RLRs in infection remain vague. As in otherMononegavir-
ales, long dsRNA intermediates are not typically produced during RABV
replication (Weber et al., 2006). The subgenomic mRNAs are not expected
to provide PAMPs because they contain 50-cap and 30-poly(A) modifica-
tions, just like cellular mRNA. While the genome and antigenome RNAs
do contain triphosphates, they are tightly encapsidated by N protein
shielding the RNA from access by cellular proteins (Albertini et al.,
2006), which makes them an unlikely candidate for recognition by
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RLRs. Only the leader and trailer RNAs, which may be encapsidated only
partially, or aberrant replicative RNAs like DI RNAs appear to be acces-
sible by RIG-I. Indeed, the levels of DI RNA in VSV and paramyxovirus
preparations were shown to correlate with the degree of IFN induction
(Panda et al., 2010; Strahle et al., 2006). In addition, VSV Pol mutants were
identified which overproduce dsRNA and thereby induce a host response
(Ostertag et al., 2007).

While TLR3 can detect dsRNA and was shown to be involved in the
recognition of various viruses, including respiratory syncytial virus
(Rudd et al., 2006), the physiological role of TLR3 in antiviral immunity
is controversial (Edelmann et al., 2004). As seen recently, during RABV
infections of TLR3 knockout mice, TLR3 did not contribute to IFN pro-
duction in DC or in DC activation (Faul et al., 2010). However, RABV
infection and treatment with the TLR3 agonist poly(I:C) generated similar
cytokine profiles, and TLR3 was upregulated after RABV infection of
mice and in the human cerebellar cortex tissues ( Jackson et al., 2006;
Lafon et al., 2006; Prehaud et al., 2005) indicating an important link.
Notably, TLR3 was found to be involved in the generation of RABV
Negri bodies (Menager et al., 2009), supporting previous observations in
other virus systems that TLR3 may have rather proviral roles (Le Goffic
et al., 2006; Wang et al., 2004).

TLR7, which is expressed mainly in pDC, the major producers of
systemic IFN-a after pathogen infection, is an important receptor for
both extra- and intracellular virus RNAs, which gain access to the endo-
somal receptor by autophagy, as well as self-RNAs in RNP complexes
(Kawai and Akira, 2010). While VSV RNA appears to be recognized
readily by mouse TLR7 (Lund et al., 2004), we did not observe TLR7-
dependent activation of IFN expression by RABV in isolated human pDC
(Hornung et al., 2004). Also in RABV-infected mouse DC, the lack of TLR7
did not alter IFN expression (Faul et al., 2010).
C. RABV countermeasures to IFN system

1. The RABV P protein
In the past few years, the RABVphosphoprotein Pwas identified as amajor
and multifunctional IFN antagonist, with important roles in counteracting
specific steps in IFN gene expression, IFN-induced STAT signaling, and
the functions of antiviral proteins. Generally, the P proteins of Mononega-
virales are proteins critically involved in RNA synthesis, by acting as a
noncatalytic factor of the polymerase complex L–P. In addition, RABV P
protein binds to soluble N protein (N0), thereby aiding specific encapsida-
tion of viral RNA. Moreover, RABV is a binding partner of various cellular
proteins, including dynein light chain, indicating a role in intracellular
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transport of viral components. Such plethora of functions and binding
partners define P as a ‘‘hub’’ protein central to the virus life cycle.

RABV P is a 299 aa phosphoprotein containing three structured
domains located at the N-terminus (PNTD), the center of the protein
(PCED), and the C-terminus (PCTD), which are separated by two intrinsically
disordered domains providing flexibility. PNTD comprises the binding sites
for L and N0 and is, therefore, important for polymerase cofunction and
RNA encapsidation. The central PCED harbors a self-association domain
leading to the formation of elongated P homodimers in vitro and in vivo
(Gerard et al., 2009; Ivanov et al., 2010; Jacob et al., 2001) (Fig. 1). A strong
dynein light chain 8 (DLC; LC8) binding site is located in the downstream
disordered domain of P ( Jacob et al., 2000; Raux et al., 2000). RABVmutants
lacking the DLC binding site appear to have defects in efficient virus
transcription in neurons (Tan et al., 2007) rather than in axonal transport
(Rasalingam et al., 2005) or subcellular location of P forms (Moseley et al.,
2007b). The large PCTD mediates binding to the N-RNA complex and is,
therefore, probably important for linking the polymerase P–L complex to
the template (Gerard et al., 2009; Mavrakis et al., 2004, 2006; Ribeiro et al.,
2008; Schoehn et al., 2001). In contrast to VSV P, phosphorylation of RABV P
is not required for transcription. The N-terminal residue S63, which is
phosphorylated by a so far unidentified cellular RABV-specific kinase
(Gupta et al., 2000), did not reveal a functional relevance yet (Gigant et al.,
2000). Phosphorylation of C-terminal residues (S162, S210, and S271) by
P2 P3 P4 P5
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protein kinase C (PKC) was found to influence the nucleocytoplasmic
distribution of P (Moseley et al., 2007a).

Full-length P is the major product from P mRNA, but truncated P
proteins are generated in virus-infected cells by ribosomal leaky scanning
from downstream in-frame AUG initiation codons located at aa 20 (P2), 53
(P3), 69(P4), and 83(P5) (Chenik et al., 1995). While P is located in the
cytoplasm, the lack of an N-terminal NES in P3 and shorter P forms can
result in a nuclear localization (Moseley et al., 2007a; Pasdeloup et al., 2005;
Vidy et al., 2007).

2. Inhibition of RLR-mediated IFN induction by the RABV P protein
Though RABV RNAs obviously activate RLR signaling, natural RABVs
are poor inducers of IFN, indicating that the virus must have the means to
counteract the signaling cascades triggered. Activation of RIG-I and
MDA5 results in association of their CARDs with the CARD of the
common adaptor protein IPS-1 (Kawai et al., 2005) also named MAVS,
VISA, or Cardif, which is located in the outer mitochondrial membrane
(Loo et al., 2006; Seth et al., 2005). Subsequently, TRAF3 associates to the C-
terminal region of IPS-1, and further complex formation with TRADD,
TANK (Michallet et al., 2008; Pomerantz and Baltimore, 1999), Nap1
(Fujita et al., 2003; Sasai et al., 2005), and TBKBP1 (Ryzhakov and
Randow, 2007) takes place. Formation of this complex is a prerequisite
for activation of the ubiquitous kinase TBK-1, and the related IKK-i (or
IKK-e), which is mainly expressed in immune cells. These kinases phos-
phorylate and thus activate the latent ubiquitous transcription factor IRF3
and the IFN-inducible IRF7. In addition, FADD1 and RIP1are recruited to
the IPS-1 complex via the adapter protein TRADD (Balachandran et al.,
2004; Michallet et al., 2008), leading to canonical NF-kB activation through
the IKK-a/b/g complex (see Fig. 1). A protein named MITA, also called
STING or MPYS, which interacts with RIG-I, IPS-1, and possibly IRF3, is
required for RIG-I downstream signaling (Bowzard et al., 2009). Phos-
phorylated IRF3 forms dimers and translocates to the nucleus where it
activates the IFN-b promoter, together with NF-kB and AP1 transcription
factors, leading to the production of IFN-b (Panne et al., 2007; Thanos and
Maniatis, 1995).

The ability of RABV to counteract IFN induction was indicated in
studies in which mice infected with attenuated RABV induced stronger
inflammatory reactions and upregulation of various ISGs than mice
infected with wt RABV (Wang et al., 2005), although the proteins involved
were not demonstrated. A first hint on the involvement of the RABV P
protein was obtained in studies on recombinant viruses expressing an
eGFP-P fusion protein (Finke et al., 2004). While this virus replicated well
in BSR cells, which cannot express IFN, infection of interferon competent
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cells resulted in induction of IFN and elimination of the virus, indicating P
protein-related defects in counteracting IFN induction. Indeed, as
revealed by P cDNA transfection experiments, the presence of RABV P
specifically blocks phosphorylation of IRF3 and IRF7 by the kinases TBK-
1 and IKK-i and, therefore, prevents transcription of IFN-a/b genes
(Brzózka et al., 2005). The activation of NF-kB, however, is not disturbed.
Attempts to unravel the binding partners and exact mechanisms
employed by P are in progress. We assume that the assembly of the IPS-
1-linked TRAF6/NAP1/TBKBP1/TANK-complex necessary for TBK-1 to
phosphorylate IRF3 and IRF7 is hampered in the presence of P (Rieder,
unpublished data) (Fig. 2).

An important role of P in the virus context was readily verified by
recombinant viruses expressing reduced amounts of P, through P gene
shift experiments (Brzózka et al., 2005), or IRES-dependent reduction of P
protein expression (Marschalek et al., 2009). Whereas in cells infected with
a wt RABV (SAD L16) activation of IRF3 was hardly detectable, the former
viruses led to strong activation of IRF3 and IFN induction. Transfection
experiments showed that both P and truncated P constructs were equally
effective in preventing IRF3 activation when expressed at equal levels.
Indeed, in the natural virus context the abundantly expressed P2 seems to
contribute considerably to preventing an IFN response, as indicated by
the analysis of recombinant viruses expressing distinct amounts of P1 and
P2 (Marschalek et al., 2011). However, recombinant viruses able to express
only full-length P, by mutation of downstream AUG codons, still effec-
tively counteracted induction of IFN (Brzózka et al., 2005).

Importantly, the recombinant viruses expressing low amounts of Pwere
attenuated in mice after intracerebral injection, illustrating a crucial role of
the IFN antagonistic functions of P to survival of RABV in the host.
However, as P also inhibits STAT signaling (see below), the individual
contribution of the IRF and STAT inhibitory mechanisms of P could not
be appreciated in these experiments. Recent mutagenesis approaches,
however, identified P proteins specifically defective in preventing IRF3
activation, while STAT inhibition was unaffected. A region relevant (aa
176–186) was located immediately upstream of the PCTD in the disordered
region (Fig. 1). A virus carrying a deletion of P aa 176–181 (SAD DInd1) has
lost the ability to prevent IRF3 activation and IFN induction and was
considerably attenuated after intracerebral injection into mouse brains
(Rieder et al., 2011). This is the first direct evidence that the ability of
RABV P to prevent IFN induction contributes to RABV pathogenicity
in vivo. Notably, while P is perfect in preventing the canonical activation
of IRF3/7 by the TBK-1/IKK-i complex and, therefore, inhibits activation
of cells by RLR and TLR3, which merge in this complex, it is not
able to prevent IFN induction in pDC, where IRF7 is activated via
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TLR7/9-mediated signaling cascades resulting in IKKa-mediated phos-
phorylation of IRF7 (Pfaller and Conzelmann, 2008).

3. Inhibition of STAT signaling by the RABV P protein
IFN-a/b and IFN-g exert their antiviral and biological effects by binding
to their respective heterodimeric receptors IFNAR or IFNGR. Upon bind-
ing, the intracellular moieties of the receptors are subject to tyrosine
phosphorylation by the Janus kinases (JAKs) JAK1/TYK2 and JAK1/
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JAK2, respectively. STAT1 and STAT2 dock to the phosphorylated
IFNAR chains and are phosphorylated by the JAKs. IRF9 (p48) is
recruited to the STAT dimer forming a heteromeric complex referred to
as IFN-stimulated gene factor 3 (ISGF3). In case of IFNGR, only STAT1 is
phosphorylated to form the homodimeric g-activated factor (GAF). ISGF3
and GAF translocate to the nucleus and bind to DNA sequences called
interferon-stimulated response element (ISRE) and IFN-g-activated
sequences (GAS), respectively, which are present in the promoters of
ISG to promote their transcription (Platanias, 2005).

As for most viruses, IFN treatment of cells in which an infection has
been established previously does not have major inhibitory effects on
RABV replication, indicating viral means to effectively prevent expression
of IFN-induced antiviral proteins. Indeed, RABVPwas found to interact in
yeast-two-hybrid experiments with STAT1 and to prevent STAT1-
mediated reporter ISG expression in mammalian cells (Vidy et al., 2005).
In independent work, we showed that the above described recombinant
RABVs expressing low P levels were sensitive to exogenous IFN and had
lost the ability to prevent IFN-a/b and IFN-g signaling (Brzózka et al.,
2006). Activation of STAT1 and STAT2 involves phosphorylation of the
residues Y701 and Y689, respectively, leading to dimerization and trans-
location to the nucleus. Although the above yeast-two-hybrid experiments
indicated a general affinity of P and STAT1, we found that in mammalian
cells P binds almost exclusively to tyrosine-phosphorylated STAT1 and
STAT2, whereas in nonactivated cells the association of P with STATs was
not indicated (Brzózka et al., 2006). In the presence of P, the activated
STATs are unable to accumulate in the nucleus (Fig. 3). Such conditional,
purposive activity only on demand may stem from the busy nature of P,
allowing P to perform its many other functions in virus replication.

For binding STAT1 and STAT2 and their retention in the cytoplasm,
the PCTD is required. Deletion of the 10 C-terminal aa residues abolishes
binding completely (Brzózka et al., 2006; Vidy et al., 2005). In addition to
full-length P, also N-terminally truncated constructs are able to bind and
retain STATs in the cytoplasm, including the natural shorter forms of P.
Interestingly, though representing aminor fraction of total P products, the
nuclear forms of P were found to block an intranuclear step in that they
prevent STAT1 binding to the promoter of the ISGs (Vidy et al., 2007).
In this respect, the intriguing observation was made that monomeric P3

localizes to the nucleus and interacts with nuclear STAT, whereas dimeric
P3 associates with microtubules in the cytoplasm and there prevents
STAT nuclear import (Moseley et al., 2009). While dimerization is essential
for the stable association of P3 with microtubules, it was shown to be
dispensable for P-supported transcription ( Jacob et al., 2001).

It is obvious that the ability to potently counteract signaling by IFN,
induced by the virus itself, through infections with other pathogens, or
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other inflammatory reactions, is crucial for replication and virulence of
RABV in vivo. This is supported by the complete attenuation of recombi-
nant viruses expressing low amounts of P, although these are defective in
counteracting IFN induction as well (Marschalek et al., 2009). Moreover,
the high attenuation of a vaccine RABV (Ni-CE) could be attributed
partially to a defect of the P protein in preventing STAT signaling (Ito
et al., 2010). The importance of cytoplasmic localization of the P protein
was emphasized in this study, as the defect of P in counteracting STAT
signaling could be assigned to a mutated NES such that the protein could
not prevent STAT nuclear import. Introduction of this P gene into the
parental highly virulent Ni strain led to an intermediate attenuation
phenotype in the resulting chimeric virus (Ito et al., 2010).

4. Interplay of RABV and antiviral ISGs
ISG-encoded proteins include molecules with direct antiviral roles, such as
protein kinase R (PKR), 20-50OAS and RNaseL, or Mx proteins (Haller et al.,
2007; Silverman, 2007; Williams, 1999). While the 20-50OAS/RNase L sys-
tem, which degrades viral and cellular RNAs, appears not to have negative
effects on rhabdovirus replication (Silverman, 2007), PKR emerged as a key
component of IFN-induced resistance to VSV (Balachandran et al., 2000; Lee
et al., 1996; Stojdl et al., 2000). PKR is activated by dsRNA (Kerr et al., 1974;
Lebleu et al., 1976) or by proteins like PACT (Sen andPeters, 2007) and limits
viral translation by phosphorylating the initiation factor eIF-2. However,
PKR seems not to be involved in restricting RABV infection (Blondel et al.,
2010). Mx proteins are dynamin-like GTPases and are effective against a
broad variety of positive- and negative-strand RNA viruses, including VSV
(for review, see Haller et al., 2007). Although a general inhibition of RABV
and lyssaviruses by Mx proteins is not observed, IFN-a/b induced bovine,
but not human MxA, was identified to inhibit specific strains of RABV
(Leroy et al., 2006; Sandrock et al., 2001).

However, data accumulate indicating that promyelocytic leukemia
(PML) protein, also known as the tripartite motif protein 19 (TRIM19),
may play a role in IFN-induced antiviral activities against RABV. PML is
induced by type I and type II IFNs and is a component of nuclear multi-
protein complexes named PML nuclear bodies (NBs). Infectious titers of
the RABV strain CVS were 10- to 20-fold increased in PML�/� MEFs
(Blondel et al., 2002). Moreover, overexpressing the PML isoforms IV
and IVa, but not other isoforms, led to reduction of RABV replication,
indicating specific antiviral activities (Blondel et al., 2010). Notably, P of
the RABV strain CVS binds to PML and retains it in the cytoplasm,
suggesting that P is an antagonist of the antiviral PML function (Blondel
et al., 2002; Chelbi-Alix et al., 1998; Everett and Chelbi-Alix, 2007). Nota-
bly, this interaction occurs via the PCTD which is also engaged in STAT
binding.
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III. CONCLUSIONS AND FUTURE OUTLOOK

RABV is effectively recognized by RLR, but it has coevolved means to
limit the host response as far as possible. These means include multiple
‘‘active’’ functions like those performed by the P protein, which counter-
acts IFN-inducing signaling pathways, expression of IFN-induced genes,
and the function of antiviral proteins. However, P is not an all-rounder, as
it completely fails in counteracting specific IFN induction pathways
active in hematopoietic cells like pDC (Pfaller and Conzelmann, 2008).
In addition, P needs to be expressed in reasonable amounts for exerting its
multiple anti-IFN activities. As for other viruses, the phase of initial virus
infection where protein expression just commences but RNAs are recog-
nized is the Achilles’ heel (Brzózka and Conzelmann, 2009; Randall and
Goodbourn, 2008). This critical phase is longer in cells that do not well
support RABV replication and P gene expression, and obviously, inter-
ference with the IFN system will be ineffective until enough P is present.
This phase may be more critical in cells that are more professional in
sensing RNA and faster in activating a strong response. Both parameters,
a slower virus replication and a faster strong IFN response, may apply in
mouse cDCs, which can be infected by RABV, do not support virus
growth, and rather produce IFN (Faul et al., 2010). Neuronal cells, how-
ever, do support RABV replication very well, and though they can
express and respond well to IFN (Delhaye et al., 2006), RABV can establish
the infection. What makes RABV a RABV seems to be a combination of
what the virus can achieve and what the host allows for.

Though RABV P has the major active role in counteracting IFN, other
viral factors certainly facilitate this mission of P. The physical and con-
stant nature of the RNP and controlled RNA synthesis are critical in
preventing recognition of RNAs by PRR. Indeed, a mutation in the N
protein of an attenuated RABV strain (Ni-CE) was shown to cause
enhanced IFN induction, indicating defects in packaging and better rec-
ognition of viral RNA. In addition, recombinant viruses with certain
mutations in the M protein, which is involved in the regulation of
RABV transcription and replication (Finke et al., 2003), were found to be
better IFN inducers than the isogenic parental virus. Detailed analysis of
the RNAs produced by these viruses may finally provide hints of the
natural RNAs activating RLRs.

The further study of the structure of immune-stimulating RNAs, and
how these activate distinct cell types, and the viral inhibitory mechanisms
will not only provide strategies to generate immune-stimulatory and
attenuated RABV vaccines but also provide targets for therapeutic
intervention.
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Abstract The host response to infection generally begins with interactions
between pathogen-associated molecular patterns common to a

variety of infectious agents and reciprocal pattern-recognition

receptors (PRRs) expressed by cells of the innate immune system.

The innate responses triggered by these interactions contribute to

the early, innate control of infection as well as the induction of

pathogen-specific adaptive immunity. The outcome of infection

with wild-type rabies virus is particularly dependent upon the rapid

induction of innate and adaptive immune mechanisms that can

prevent the virus from reaching central nervous system (CNS)

tissues, where it can evade immune clearance. However, laboratory

strains that reach the CNS can be cleared, and this has evidently

occurred in individuals with rabies. Therefore, PRRs may be active in

the periphery and the CNS during rabies virus infection, possibly

depending upon the nature of the infecting virus. To investigate

these possibilities, we first examined the outcome of infection with

attenuated rabies virus in mice lacking MyD88, an adaptor protein

that is used to activate the transcription factor NF-kB by a number

of PRRs including all of the Toll-like receptors (TLRs) except for

TLR3. Finding that attenuated rabies virus mediates lethal disease in

the absence of MyD88, we then examined the effects of the

deletion of receptors using MyD88 including TLRs 2, 4, 7, and 9 as

well as IL-1-receptor 1, and IFN-abR on infection. Only mice lacking

TLR7 exhibited a phenotype, with mortality intermediate between

MyD88�/� and control mice with deficits in both the development

of peripheral immunity and rabies virus clearance from the CNS.
I. TOLL-LIKE RECEPTORS

Toll-like receptors (TLRs) are transmembrane receptor proteins that bind
pathogen-associated molecular patterns (PAMPs), conserved structures
expressed by various pathogens. Expressed either at the surface or in cell
compartments, primarily of cells relevant to antigen presentation includ-
ing monocytes, dendritic cells, and B cells, TLRs are important sensors of
infection that are responsible for the induction of innate responses that
contribute to both the early control of infection and stimulation of adap-
tive immunity. While each TLR binds to a different conserved structural
element of a pathogen, the patterns of genes activated often overlap due
to the involvement of shared signaling pathways. For example, signaling
through most TLRs is mediated by the adapter proteins MyD88, TRIF,
TRAM, and Mal/TIRAP with TLRs 1, 2, 4, 5, 6, 7, 8, 9, 11 requiring the
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MyD88 adapter molecule with or without other adapter molecules
(Yamamoto et al., 2002a, 2003). TLR3 is unique in utilizing TRIF without
MyD88 (Yamamoto et al., 2002b). TLR binding to its ligand leads, through
the adaptor molecules, to the activation of a variety of kinases and subse-
quently to the activity of transcription factors such as NF-kB and IRF3.
These transcription factors promote the expression by the cells of costi-
mulatory molecules and factors that contribute to innate immune
mechanisms and the induction of adaptive immunity.

Depending on the nature of the infecting virus, different TLRs are
involved in triggering innate antiviral immunity. In both mice and
humans, TLR3, which is expressed in the endoplasmic reticulum and
endosomes, binds double-stranded RNA (dsRNA; Alexopoulou et al.,
2001) and the endosomal TLR7 binds single-stranded RNA (Diebold
et al., 2004). Also endosomal, TLR8 in humans recognizes single-
stranded RNA but in mice, where TLR8 was initially thought to be
inactive (Heil et al., 2004), there is recent evidence that it is activated by
poly(A)/T rich DNA sequences such as the vaccinia virus genome
(Martinez et al., 2010). Expressed on the cell surface, TLRs 2 and 4
can participate in antiviral responses by binding the products of
infected cells such as heat shock proteins (Asea et al., 2002; Vabulas
et al., 2001).

The role of TLRs in rabies virus infection has only recently come under
investigation. The initial findings were that a TLR3-positive human neu-
ronal cell line upregulates genes associated with innate immunity when
infected with rabies virus in vitro (Prehaud et al., 2005) and that TLR3
expression is elevated in Purkinje cells during human rabies virus infec-
tion ( Jackson et al., 2006). Recently, TLR3 was identified as a component
of Negri bodies, the cell inclusions characteristic of rabies (Menager et al.,
2009). Observations with TLR3�/� mice have led to the suggestion that
TLR3 may promote rabies pathogenesis (Menager et al., 2009). From the
perspective of the induction of protective antiviral immunity, it is
unlikely that TLR3 is active as a dsRNA sensor in a rabies virus infection.
The virus uses a protein-coated template to generate mRNAs or protein-
stabilized genomic RNAs from its negative, single-stranded RNA
genome, thereby preventing the formation of dsRNAs. However hand,
TLR7 in mice and TLR7 and 8 in humans are more likely to be activated
during rabies virus infection through the binding of single strand viral
RNA, possibly targeted to endosomes via the autophagy pathway
(Delgado et al., 2009). In addition, TLRs 2 and 4 may contribute to the
induction of antirabies viral immunity through recognition of host cell
components, such as heat shock proteins that are expressed during rabies
infection (Prosniak et al., 2001).
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II. RABIES IN MYD88-DEFICIENT MICE

Mice without MyD88, an adaptor protein involved in the signaling of all
TLRs with the exception of TLR3 (Kopp and Medzhitov, 2003; Akira and
Takeda, 2004), have an established immune defect that manifests as the
inability to mediate a Th1-biased response (Akira, 2000; Scanga et al.,
2004). As a result, their response to infection with attenuated rabies
virus is characterized by the production of IgG1 and IgG2b VNA as
opposed to the IgG2a and IgG2b VNA seen in normal mice. MyD88�/�

mice survive intracranial (i.c.) infection with TriGAS, a highly attenuated
vaccine variant of rabies virus that expresses three copies of the viral
glycoprotein gene and is nonpathogenic for 5-day-old mice (Faber et al.,
2009). However, unlike control animals, MyD88�/� mice succumb to i.c.
administration of a mixture of TriGAS and virulent Dog4 rabies virus
(Faber et al., 2009). To examine whether the likely cause of this reduced
capacity to clear the mixed infection may be a consequence of the Th2 bias
of the response or the absence of TLR signaling, we compared the out-
come of infection of Tbet�/� mice which have a defect in the generation of
Th1 cells, but no known deficit in TLR signaling. Tbet�/� mice proved to
be as susceptible to a lethal outcome following i.c. administration of a
mixture of TriGAS and virulent Dog4 rabies virus (Table I). However,
Tbet�/� mice recover from intramuscular (gastrocnemius) infection with
the recombinant rabies virus SNBG that is lethal for MyD88�/� mice
(Table I). SNBG has an SN backbone and the glycoprotein gene from a
virulent silver-haired bat-associated rabies virus resulting in a variant
with moderate pathogenicity as defined by the capacity to mediate
a lethal infection in a small percentage (20%) of Swiss-Webster mice
following intramuscular inoculation (Pulmanausahakul et al., 2008).
These results suggest that the absence of MyD88-dependent signaling
may result in a more profound deficit in the capacity in the host response
to rabies than the inability to mediate a Th1-centered response.
TABLE I Survival of MyD88�/� and Tbet�/�mice infected with different rabies viruses

Mouse strain

Survival following infection witha

TriGAS þ Dog4 (%) SNBG (%)

MyD88�/� 0 0

Tbet�/� 0 100

C57BL/6 100 100

a Mice were infected intracranially with the mixture of 107 focus-forming units (f.f.u.) of TriGAS and 102 f.f.u.
of Dog4, or intramuscularly in the gastrocnemius with 105 f.f.u. of SNBG.



TLR Receptors in Rabies 119
III. THE HOST RESPONSE TO RABIES INFECTION
INVOLVES TLR7

The MyD88-dependent TLR that is most likely to recognize rabies viral
RNA is TLR7, which would recognize single-stranded RNA translocated
into endosomes. In addition, TLRs 2 and 4 may contribute to the host
response to rabies through recognition of products of infected cells, such
as heat shock proteins. To establish whether these TLRs contribute to the
host response to rabies, either from a protective or from a pathological
perspective, we intramuscularly (gastrocnemius) infected mice lacking
TLR7, TLRs 2 and 4, or TLRs 2 and 9 with SNBG which is pathogenic
for MyD88 knockout mice, but not for normal mice. Only TLR7�/� mice
exhibited a phenotype different from normal animals with mortality
ranging around 60% (Table II). In addition, we found that mice lacking
IL-1 receptor type 1, which is also dependent upon MyD88 for signaling,
do not have increased susceptibility to SNBG infection, nor do mice
without IFN-ab receptors (Table II). These observations suggest that the
activity of TLRs 2, 4, and 9 in rabies virus infection, if any, cannot
overcome the lack of TLR7-signaling and that the deficit in controlling
rabies virus infection due to the absence of TLR7 is unlikely to be entirely
due to a reduction in the production of either IL-1 or type 1 interferon. To
provide insight into whether the intermediate susceptibility of TLR7�/�

mice between normal and MyD88�/� mice to infection with SNBG is
more likely to be due to a partial Th2 bias or a deficit in the early detection
of virus, we compared the development of the circulating antibody
response in SNBG-infected TLR7�/� and normal congenic C57BL/6
mice. The onset of the rabies virus-neutralizing humoral response is
delayed in TLR7�/� mice by comparison with normal controls (Fig. 1).
When the humoral response appears, it differs from that of normal mice
TABLE II Survival of mice deficient in MyD88, MyD88-dependent TLRs, and receptors

for IL-1 and type 1 interferons following intramuscular infection with SNBG

Mouse strain Survival following SNBG infection (%)a

MyD88�/� 0

TLR2x4�/� 100

TLR2x9�/� 100

TLR7�/� 40

IL-1R�/� 100

IFN-abR�/� 100

a Mice were infected in the gastrocnemius with 105 f.f.u. of SNBG.
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FIGURE 1 The rabies virus-neutralizing antibody response in SNBG-infected TLR7�/�

mice is delayed and exhibits a Th2 bias. TLR7�/� and congenic C57BL/6 mice were

infected in the gastrocnemius with 105 f.f.u. of SNBG and sera obtained 2, 4, 6, 7, 8, and

10 days after infection. Shown in the upper panel, serum VNA titers were determined

by the rapid fluorescence inhibition test (Hooper, 2006). The lower panel shows the

IgG isotypes of mouse serum rabies virus-specific antibodies at 10 days after infection,

determined by ELISA as previously described (Roy et al., 2007).
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by having a considerably higher level of rabies virus-specific antibodies of
the IgG1 isotype, indicating a more Th2 biased response. However, by
day 10 postinfection, the TLR7�/� mice are producing levels of rabies
virus-specific antibodies of the IgG2a and IgG2b isotypes that are
approaching those of controls. Consequently, we speculate that TLR7
engagement is important for the timely induction of processes leading
to the development of rabies virus-specific immunity and that the delay
due to the absence of TLR7 leads to greater virus spread to the CNS and
enhanced pathogenicity.



TLR Receptors in Rabies 121
IV. THE CONTRIBUTION OF TLR7 SIGNALING TO THE
CONTROL OF RABIES VIRUS SPREAD TO THE CNS AND
CLEARANCE FROM CNS TISSUES

The primary objective of a therapeutic rabies virus-specific immune
response is to prevent the virus from spreading to the CNS. A delay in
the induction of innate and adaptive immunity in the periphery may be
expected to result in more rabies virus reaching the CNS. Once the virus
has entered CNS tissues, additional innate and adaptive immune
mechanisms are required for its clearance. These include the production
of proinflammatory cytokines and chemokines by infected tissues (Phares
et al., 2006), innate and CD4 T cell-mediated alterations in blood–brain
barrier (BBB) function that facilitate immune effector infiltration into the
tissues (Hooper et al., 2009; Roy and Hooper, 2008), and production of
antibody in the CNS parenchyma (Hooper et al., 2009). As a consequence
of their slow development of rabies virus-specific immunity in the periph-
ery, it may be expected that the spread of rabies virus from the periphery
to the CNS may be increased in TLR7�/� mice. However, it is also
possible that TLR7 signaling is involved in the detection of virus in the
CNS and the induction of the innate immune mechanisms that contribute
to virus clearance from CNS tissues. At 14 days following SNBG infection,
rabies viral nucleoprotein mRNA levels are substantially higher in the
CNS tissues of TLR7�/� than C57BL/6mice suggesting that the spread to,
or replication in, CNS tissues is better controlled in the later (Fig. 2). At the
same time, levels of IFN-g mRNA are considerably higher in the CNS of
the TLR7�/� mice (Fig. 2), suggesting that the processes responsible for
immune effector accumulation in CNS tissues may not be compromised.
However, the possibility that there is a subtle deficit or delay in the CNS
immune response to rabies virus in TLR7�/�mice is raised by the fact that
only one-third survive intracranial infection with a mixture of TriGAS
and Dog4, which is not lethal for congenic controls, and by the differential
response of rabies-vaccinated TLR7�/� mice to intramuscular versus
intracranial challenge with virulent rabies virus. Intramuscular adminis-
tration of the live-attenuated SPBNGAS-GAS rabies virus vaccine variant
has no overt effect on either C57BL/6 or TLR7�/� mice and protects the
majority of the latter and all of the congenic controls from a lethal dose of
Dog4 given intramuscularly (gastrocnemius) 14 days later (Table III).
When vaccinated mice surviving a lethal intramuscular challenge are
rechallenged intracranially with Dog4, a different pattern emerges.
While all C57BL/6 mice survive, approximately 40% of the TLR7�/�

mice succumb to intracranial challenge. Thus, the presence of an immune
response that is sufficient to protect against peripheral Dog4 challenge
does not dictate that TLR7�/� mice will be protected from an intracranial



400,000

300,000

200,000

100,000
1.0

0.5

0.0
C57BL/6

*

*

**

**
C

op
ie

s 
of

 r
ab

ie
s 

vi
ru

s 
nu

cl
eo

pr
ot

ei
n

m
R

N
A

 p
er

10
00

 c
op

ie
s 

of
 L

-1
3 

m
R

N
A

TLR7-/-

4.0

3.0

2.0

1.0

0.0
Uninfected Infected Uninfected Infected

C
op

ie
s 

of
 IF

N
-g

 m
R

N
A

 p
er

10
00

 c
op

ie
s

of
 L

-1
3 

m
R

N
A

C57BL/6 TLR7-/-

FIGURE 2 Spread of rabies SNBG virus from the periphery to the CNS is extensive in

TLR7�/� mice and leads to an exaggerated interferon-g response in CNS tissues. Mice

were either left uninfected (control) or infected in the gastrocnemius with 105 f.f.u. of

SNBG and cerebral cortices were collected at 14 days after infection. Quantification of

rabies viral nucleoprotein and IFN-gmRNAs in the cortices were performed by real-time

PCR as described elsewhere (Faber et al., 2009; Phares et al., 2006). Data are presented as

the copy number of rabies virus nucleoprotein (upper panel) or IFN-g (lower panel)

mRNA per 1000 copies of L-13 mRNA. Statistically significant differences in the results

between the groups of mice indicated by bars, determined by the Mann–Whitney test,

are denoted by * p < 0.05 and ** p < 0.01.
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challenge. This suggests that a TLR7-mediated process may contribute to
the delivery of immune effectors to the CNS. TLR7 is known to be
expressed by CNS resident cells including astrocytes, microglia, and
neurons (Butchi et al., 2008, 2010), and administration of the TLR7 agonist
imiquimod to the neonatal mouse brain induces the expression of IFN-b,
TNFa, and the proinflammatory cytokines CXCL10 (IP-10) and CCL2



TABLE III Survival of rabies-vaccinated TLR7�/� mice intramuscularly and then

intracranially challenged with wild-type rabies virusa

Immunization Initial challenge—intramuscular Second challenge—intracranial

8/8 7/8 4/7

a Eight TLR7�/� mice were intramuscularly immunized with 105 f.f.u. of the live-attenuated rabies vaccine
strain SPBNGAS-GAS which is characterized in detail elsewhere (Li et al., 2008). Fourteen days later, the
mice were challenged with 105 f.f.u. of Dog4 in the gastrocnemius muscle, which is lethal for nonimmune
animals but not for vaccinated normal controls. The surviving mice were then (31 days) challenged
intracranially with 103 f.f.u. of Dog4 which is lethal for nonimmune animals. The numbers of survivors out of
the challenged group of mice are shown.
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(MCP-1; Butchi et al., 2008). We speculate that TLR7 recognition of viral
RNA contributes to protective CNS immune mechanisms during rabies
virus infection through antiviral effects mediated by type 1 interferons
and through triggering the production of factors that facilitate immune
effector infiltration into the infected tissues.
V. TLR7 AND THE DIVERSE PATHOGENICITIES OF RABIES
VIRUS VARIANTS

In the absence of TLR7, certain rabies variants are more pathogenic, and
rabies vaccination protocols are less effective. The concept that TLR7 is an
important sensor of rabies virus infection is supported by these observa-
tions as is the possibility that more pathogenic rabies viruses may not
trigger TLR7 as efficiently as attenuated strains. There are several aspects
of pathogenic rabies virus infection that may have relevance to reduced
TLR7 signaling. The low replication rate common to most pathogenic
rabies viruses (Yan et al., 2001) may be expected to limit TLR7 recognition.
In addition, there is likely to be variability in the cells infected by different
rabies viruses (Morimoto et al., 1996) and in TLR7 expression by different
CNS resident cell types (Butchi et al., 2008) such that the nature of the cells
infected may contribute to the level of TLR7 activation.

A well-known but not entirely understood phenomenon in rabies is
that viruses expressing high levels of glycoprotein are cytotoxic, but more
immunogenic and less pathogenic for the host. We hypothesize that this is
in part a consequence of a forward loop involving autophagy and TLR7
activation. In our model, the overexpression of rabies virus glycoprotein
during infection with attenuated rabies viruses causes ER stress and
autophagy that, in antigen-presenting cells such as dendritic cells, deli-
vers single-stranded rabies viral RNA to the endosome activating
the TLR7 signaling cascade which, in turn, further activates autophagy.
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This would result in the infection of the target cell being self-limiting,
leading to programmed cell death in certain cell types but with height-
ened activation of innate immune functions and antigen presentation in
others. Differences in the capacity of TLR7 to detect infection with patho-
genic versus attenuated rabies viruses would be expected to be reflected
in the nature or magnitude of the CNS innate response, as has been
reported. Lower levels of the production of certain chemokines in the
CNS tissues of mice infected with pathogenic by comparison with atte-
nuated rabies viruses have been detected (Kuang et al., 2009). In addition,
the BBB functions required for immune effector entry into the CNS tissues
are induced by infection with attenuated, but not pathogenic rabies
viruses (Roy et al., 2007). We speculate that differential induction of
TLR7-signaling may contribute to this variability in the innate response
to rabies viruses.
VI. CONCLUSIONS AND RELEVANCE TO THERAPEUTIC
IMMUNIZATION

The finding that TLR7 plays an important role in the timing and Th1 bias
of the immune response to rabies virus has implications for vaccination.
TLR7 engagement is dependent upon the delivery of rabies viral RNA to
the endosomal compartment. This is unlikely to happen with inactivated
vaccines in which rabies virus RNA is protein coated. Therefore, our
finding that TLR7 recognition is required for the timely development of
protective immunity suggests that infection of antigen-presenting cells,
which has been demonstrated for dendritic cells and monocytes for
SPBNGAS-GAS and Dog4 (Li et al., 2008), may contribute to this process.
In fact, immunization of normal mice with live-attenuated CVS-F3 rabies
virus elicits antibodies characteristic of a Th1 response whereas vaccina-
tion with inactivated CVS-F3 induces a Th2 antibody profile (Hooper
et al., 2011). As it initially develops, the immune response to attenuated
rabies virus infection in TLR7�/� mice exhibits a Th2 bias. We have
previously demonstrated that rabies virus clearance from the CNS
involves Th1 activity (Hooper et al., 1998; Phares et al., 2006). We conclude
that TLR7 signaling is key to the timely induction of an immune response
with the capacity to clear rabies virus from CNS tissues and that this is
unlikely to be accomplished with inactivated vaccines.
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Abstract Recent studies in an experimental model of rabies indicated that
there are major structural changes in the brain involving neuronal

processes that are associated with severe clinical disease. Cultured

adult mouse dorsal root ganglion (DRG) neurons are a good in vitro

model for studying the mechanisms involved in rabies virus-induced

degeneration of neurites (axons) because, unlike other neuronal cell

types, these neurons are fairly permissive to rabies virus infection.

DRG neurons infected with the challenge virus standard-11

(CVS) strain of rabies virus show axonal swellings and immunostain-

ing for 4-hydroxy-2-nonenal (4-HNE), indicating evidence of lipid
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127
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peroxidation associated with oxidative stress, and also reduced

axonal growth in comparison with mock-infected DRG neurons.

Treatment with the antioxidant N-acetyl cysteine prevented the

reduction in axonal outgrowth that occurred with CVS infection.

The axonal swellings with 4-HNE-labeled puncta were found to be

associated with aggregations of actively respiring mitochondria. We

postulate that rabies virus infection likely induces mitochondrial

dysfunction resulting in oxidative stress and degenerative changes

involving neuronal processes. This mitochondrial dysfunction may

be the result of either direct or indirect effects of the virus on the

mitochondrial electron-transport chain or it may occur through

other mechanisms. Further investigations are needed to gain a better

understanding of the basic mechanisms involved in the oxidative

damage associated with rabies virus infection. This information may

prove helpful in the design of future therapeutic effects for this

dreaded ancient disease.
I. INTRODUCTION

Rabies remains an important public health problem with at least 55,000
human cases per year, mostly in Asia and Africa (World Health
Organization, 2005). Although human rabies is a preventable disease
after recognized exposures, the disease is virtually always fatal once
clinical features develop. Unfortunately, there is no effective therapy for
human rabies ( Jackson, 2009). Rare survivors have occurred, and in most
of these cases, doses of rabies vaccine were administered prior to the onset
of the disease. Gaps in our understanding of pathogenetic mechanisms
involved in producing the neurological disease in rabies have been an
important barrier in the development of novel therapeutic approaches
( Jackson, 2007). Hence, there is an important need to gain a better under-
standing of basic mechanisms underlying the disease, which should put
us in a much better position for the design of effective new therapeutic
approaches in the future.
II. DEGENERATION OF NEURONAL PROCESSES IN
EXPERIMENTAL RABIES

Although rabies is a highly lethal infectious disease of the central nervous
system (CNS), relatively few degenerative neuronal changes are usually
observed in the CNS using routine methods both in natural disease and in
most experimental models using a peripheral route of inoculation
(Iwasaki and Tobita, 2002; Rossiter and Jackson, 2007). Recently, detailed
studies in experimental rabies using a transgenic mouse model that
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expresses the yellow fluorescent protein in a subpopulation of neurons
have shown extensive degenerative changes involving neuronal pro-
cesses, including both dendrites and axons, whereas conventional histo-
pathology showed inflammatory changes without apparent degenerative
neuronal changes (Scott et al., 2008). With the development of severe
clinical neurological disease, fluorescence microscopy showed marked
structural abnormalities, especially beading and/or swelling, in dendrites
and axons of layer V cortical pyramidal neurons and with severe involve-
ment of axons in the brainstem, inferior cerebellar peduncle, and cerebel-
lar mossy fibers (Fig. 1). Toluidine blue-stained resin sections and electron
microscopy showed vacuolation in cortical neurons that corresponded to
swollen mitochondria and vacuolation in the neuropil of the cerebral
cortex. Axonal swellings were observed. Vacuolation was also observed
ultrastructurally in axons and in presynaptic nerve endings. The involve-
ment of axons has a striking morphologic similarity to the degenerative
changes that occur in diabetic sensory and autonomic neuropathy, in
which a key feature is the presence of axonal swellings that are composed
of accumulations of mitochondria and cytoskeletal proteins (e.g., neuro-
filaments) (Lauria et al., 2003; Schmidt et al., 1997). Diabetes-induced
oxidative stress in sensory neurons and peripheral nerves is demon-
strated by increased production of reactive oxygen species (ROS;
Nishikawa et al., 2000; Russell et al., 2002; Zherebitskaya et al., 2009),
lipid peroxidation (Obrosova et al., 2002; Zherebitskaya et al., 2009), and
protein nitrosylation (Obrosova et al., 2005). Because of morphological
similarities with diabetic neuropathy, we have hypothesized that oxida-
tive stress may play an important etiological role in axonal swelling
formation and subsequent neuronal process degeneration that has been
observed in experimental rabies in mice (Scott et al., 2008), and may also
be important in natural rabies in humans and animals.
III. CULTURED DORSAL ROOT GANGLION NEURONS FOR
STUDYING NEURONAL PROCESS DEGENERATION

We have studied cultured adult mouse dorsal root ganglion (DRG) (sen-
sory) neurons infected with the challenge virus standard-11 (CVS) strain
of fixed rabies virus and also mock-infected DRG neurons as an unin-
fected control in order to evaluate the role of oxidative stress in CVS-
infected DRG neurons and their neurites (axons). We have used cultured
DRG neurons because these neurons are known to be relatively permis-
sive to rabies virus infection (Castellanos et al., 2000; Martinez-Gutierrez
and Castellanos, 2007; Tsiang et al., 1989, 1991; Tuffereau et al., 2007),
which facilitates evaluation of mechanisms of disease involving axons.
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FIGURE 1 Fluorescence microscopy showing dendrites (A and B) and axons (C and D) of

layer V pyramidal neurons in the cerebral cortex of mock-infected (A and C) and

moribund CVS-infected (B, D, and D inset) YFP mice. In infected mice, beading is observed

in a minority of dendrites (B), while more axons are involved (D). There are no abnorm-

alities in the dendrites (A) or axons (C) of mock-infected mice. Axons in mock-infected

mice are slightly varicose (C), which is characteristic of these fibers. Fluorescence

microscopy shows rabies virus antigen (red) in the perikaryon and dendrite of an

YFP-expressing neuron (D inset). Morphology of the cerebellar mossy fibers of mock-

infected (E) and moribund CVS-infected YFP mice (F). Mossy fiber axons in the cerebellar

commissure of moribund mice show severe beading (F), whereas no abnormalities were

observed inmock-infectedmice (E). Axons in the inferior cerebellar peduncles are normal

in mock-infected mice (G) and show marked beading in CVS-infected moribund mice (H).

(A–D) �235; (D inset) �225; (E, F) �80; and (G, H) �220. Adapted with permission from

Scott et al. (2008).
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DRG neurons from adult rodents are most suitable for the evaluation of
neurites (axons). CVS infects up to about half of the cultured DRG neu-
rons ( Jackson et al., 2010), similar to the findings of other investigators.
The basis for this selectivity is unknown. In order to establish that CVS
was not killing infected neurons, we evaluated neuronal viability by
assessing the ability of DRG neurons to exclude the ‘‘vital’’ dye trypan
blue and observed a similar percentage of nonviable neurons in CVS- and
mock-infected DRG cultures ( Jackson et al., 2010). With a similar
approach, we evaluated the cultures for evidence of neuronal apoptosis
with terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) staining and found a similar low percentage of
TUNEL-staining neurons in CVS- and mock-infected DRG neuron cul-
tures ( Jackson et al., 2010).

We observed immunostaining for rabies virus antigen in a subpopu-
lation of neuronal cell bodies with associated staining of axons at 24 h
after viral adsorption (Fig. 2). By 48 h postinfection, swellings were
observed in infected axons, and these became larger at 72 h postinfection
(Fig. 2B); these axonal swellings were associated with the intense expres-
sion of rabies virus antigen (Fig. 2D, F).
IV. OXIDATIVE STRESS

In the nervous system, excessive production of ROS and reactive nitrogen
species (RNS) is thought to be a mechanism for neurodegeneration asso-
ciatedwith a variety of insults to neurons and also play an important role in
a variety of neurodegenerative disorders, including Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis (Andersen, 2004;
Dexter et al., 1989; Giasson et al., 2000; Lin and Beal, 2006; Pedersen et al.,
1998; Sayre et al., 1997). Aging is an important risk factor for these neuro-
degenerative diseases, andmitochondria are thought to contribute to aging
by the accumulation of mutations in mitochondrial DNA, resulting in a net
production of ROS (Lin and Beal, 2006). Oxidative stress is caused by an
imbalance between the generation and detoxification of ROS/RNS, which
leads to oxidative modification and dysfunction of nucleic acids, proteins,
and lipids (Wang and Michaelis, 2010) and may result in pathological
processes, including cellular dysfunction and cell death.

It has been recognized for over a decade that oxidative stress is a
feature of many viral infections (Schwarz, 1996), but its importance has
likely not yet been fully appreciated. ROS, often generated by mitochon-
dria, modulate the permissiveness of cells to viral replication, regulate
host inflammatory and immune responses, and cause oxidative damage
to both host tissues and progeny virus (Valyi-Nagy and Dermody, 2005).
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FIGURE 2 CVS infection causes formation of axonal swellings in DRG cultures. Fluo-

rescence microscopy showing CVS-infected DRG neurons at 24 h (A, C, and E) and at 72 h

(B, D, and F) postinfection (p.i.) Staining for b-tubulin III (A and B) shows two neuronal cell
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Oxidative injury has been shown to be an important component of exper-
imental acute encephalitis caused by herpes simplex virus type 1 in mice
(Milatovic et al., 2002; Schachtele et al., 2010; Valyi-Nagy et al., 2000).
Oxidative injury has also been shown to be an important component in
human immunodeficiency virus (HIV) infection, particularly in HIV
dementia (Hahn et al., 2008; Williams et al., 2010). It is likely that oxidative
stress plays an important etiological role in diverse viral diseases.
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V. OXIDATIVE STRESS IN RABIES VIRUS INFECTION

We have evaluated the role of oxidative stress in rabies virus infection in
cultured DRG neurons. We assessed immunostaining in CVS- and mock-
infected cultures of DRG neurons for neuron-specific b-tubulin, rabies
virus antigen, and amino acid adducts of 4-hydroxy-2-nonenal (4-HNE),
which is a marker of lipid peroxidation and, hence, oxidative stress
( Jackson et al., 2010). There were significantly more 4-HNE-labeled
puncta at 2 and 3 days postinfection in CVS-infected cultures than in
mock infection (Fig. 3). Axonal outgrowth was also reduced at these
time points in CVS infection in comparison with mock-infected cultures.
Treatment with the antioxidant N-acetyl cysteine at 1 mM in the culture
media for 72 h beginning immediately after viral adsorption markedly
reduced the expression of 4-HNE in axons and prevented the reduction in
axonal outgrowth that occurred in CVS infection in comparison with
mock infection (p < 0.005), although no ‘‘neuroprotective’’ effect was
observed in preventing the development of axonal swellings in CVS-
infected cultures (data not shown).

Axonal swellings with 4-HNE-labeled puncta were found to be asso-
ciated with aggregations of actively respiring mitochondria ( Jackson
et al., 2010), and recently, it has been shown that 4-HNE directly impairs
mitochondrial function in cultured DRG neurons (Akude et al., 2010).
Mitochondrial dysfunction can play a key role in producing oxidative
stress. Mitochondria consume oxygen in cells and contain many redox
enzymes capable of transferring single electrons to oxygen generating the
ROS superoxide, including the tricarboxylic acid cycle enzymes aconitase
and a-ketoglutarate dehydrogenase; the electron-transport chain com-
plexes I, II, and III; pyruvate dehydrogenase and glycerol-3-phosphate
dehydrogenase; dihydroorotate dehydrogenase; the monoamine oxidases
A and B; and cytochrome b5 reductase (Lin and Beal, 2006). Mitochondria
also contain an extensive antioxidant defense system to detoxify ROS,
including the enzymes manganese superoxide dismutase, catalase, gluta-
thione peroxidase, phospholipid hydroperoxide glutathione peroxidase,
glutathione reductase; peroxiredoxins, glutaredoxin, thioredoxin, and
thioredoxin reductase as well as nonenzymatic components, including
a-tocopherol, coenzyme Q10, cytochrome c, and glutathione (Lin and
Beal, 2006). Mitochondrial damage with a decrease in the antioxidant
defense capacity may result in net ROS production.

It is known that viral proteins from different viral families may target
mitochondria, alter mitochondrial membrane permeabilization, and dis-
rupt mitochondrial morphology (Boya et al., 2003, 2004; Li et al., 2004,
2007; Lichty et al., 2006). For example, oxidative stress and ROS produc-
tion in hepatitis C infection are related, at least in part, to stimulation of
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the mitochondrial Ca2þ uniporter activity (Li et al., 2007). We hypothesize
that rabies virus-induced oxidative stress may be a direct consequence of
mitochondrial dysfunction in virus-infected neurons. Exactly how rabies
virus infection results in this dysfunction remains unknown, but there are
a number of probable mechanisms that require investigation. Mokola
virus is a member of genotype 3 lyssaviruses, which is less pathogenic
than genotype 1 lyssaviruses that include wild-type (street) and
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laboratory (e.g., CVS) strains of rabies virus. Bourhy and coworkers have
recently found evidence that there is reduction of the mitochondrial
electron-transport system during Mokola virus infection (Gholami et al.,
2008). Studies using a yeast two-hybrid screening system indicate that the
Mokola matrix protein interacts with subunit I of the cytochrome c oxi-
dase [complex IV] of the mitochondrial respiratory chain. The mechanism
of transport of the viral matrix protein into mitochondria is uncertain; it
has been speculated that an a-helix in the viral matrix protein at position
69–82 may act as a mitochondrial import signal and also that heat shock
protein-70, which rabies virus is known to incorporate (Sagara and
Kawai, 1992), may act as a cytoplasmic chaperone to help maintain the
viral matrix protein in an import-competent state (Gholami et al., 2008;
Stojanovski et al., 2003; Young et al., 2003). Further, a 20 amino acid
fragment (positions 67–86) of the matrix protein inhibited cytochrome c
oxidase activity and directed mutagenesis demonstrated that position 77
affected cytochrome c oxidase activity (Larrous et al., 2010). Hence, rabies
virus may directly or indirectly interact with one or more of the com-
plexes of the mitochondrial electron-transport chain producing mitochon-
drial dysfunction and resulting in oxidative stress with structural changes
in neuronal processes, which would explain what we have observed in an
experimental mouse model of rabies.
VI. CONCLUSIONS

In rabies, there have been recent new insights in understanding the basic
mechanisms involved in the brain resulting in the severe neurological
disease and a fatal outcome. Recognition of degeneration of neuronal
processes in an experimental model of rabies has recently provided a
neuroanatomical explanation for the severe clinical disease with a fatal
outcome (Scott et al., 2008). Cultured DRG neurons are an excellent in vitro
model for studying the mechanisms involved in CVS-induced degenera-
tion of neurites (axons). In this model, CVS-infected neurons show
reduced axonal growth, which is inhibited by the antioxidant N-acetyl
cysteine, and axonal swellings and immunostaining for 4-HNE, which is a
marker of oxidative stress. We postulate that rabies virus infection likely
induces mitochondrial dysfunction, which may be caused by either direct
or indirect effects of rabies virus on the mitochondrial electron-transport
chain, resulting in oxidative stress and the observed structural changes
involving neuronal processes. Further investigations are needed to gain a
better understanding of the basic mechanisms involved in producing
oxidative damage associated with rabies virus infection. This information
should prove to be helpful in the design of future therapeutic effects for
this dreaded ancient disease.
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Abstract Until recently, single-stranded negative sense RNA viruses (ssNSVs)
were one of only a few important human viral pathogens, which

could not be created from cDNA. The inability to manipulate their

genomes hindered their detailed genetic analysis. A key paper from

Conzelmann’s laboratory in 1994 changed this with the publication

of a method to recover rabies virus (RABV) from cDNA. This

discovery not only dramatically changed the broader field of

ssNSV biology but also opened a whole new avenue for studying

RABV pathogenicity, developing novel RABV vaccines as well a new

generation of RABV-based vaccine vectors, and creating research

tools important in neuroscience such as neuronal tracing.
I. RABIES VIRUS AS A RESEARCH TOOL

Neurotropic viruses have become an invaluable tool for neuroscientists in
their quest to elucidate the architecture of neuronal networks (Callaway,
2008; Taber et al., 2005; Ugolini, 1995, 2010). Compared to conventional
methods of neurotracing, viruses offer the advantage of self-amplification,
which ensures equally strong labeling of each cell as the virus passes
from one neuron to the next. In addition, viral tracers allow a more specific
targeting of cell types. Although numerous neurotropic viruses are known,
mostly rabies virus (RABV) and several members of the alphaherpesvirus
family have been employed for neuronal tracer studies to date. RABV is
particularly suited for this purpose because it is transported in a strictly
transsynaptical way with very little spread to nonneuronal cells, at least at
early times of the infection. In addition, RABV exhibits exceptionally low
cytopathogenicity in infected neurons. In both respects, RABV is on parwith
or even superior to alphaherpesviruses, including the PRV Bharta isolate.
RABV does, however, also have disadvantages compared to herpesviruses.
Unlike PRV, RABV is pathogenic to humans and therefore necessitates
special safety measures. Also, as RABV is an RNA virus with a strictly
cytoplasmic replication cycle, it does not permit the use of cell type-specific
promoters to limit marker gene expression to certain cell types. Notwith-
standing those limitations, RABV has gained increasing popularity as a tool
for neuronal circuit analysis. Here, we present an overview of studies that
have employed recombinant and nonrecombinant RABV as neuronal tracers
highlighting the technical advancements that havebeenmade in recentyears.

Early studies of RABV spread in the central nervous system (CNS) have
utilized fixed and street viruses in different animal models mainly to study
the basis for differences in viral pathogenesis (Coulon et al., 1989; Gillet et al.,
1986; Kucera et al., 1985; Lafay et al., 1991; Smart and Charlton, 1992; Tsiang
et al., 1983). These studies clearly showed the strong tropism of RABV for
neuronal cells. They also revealed that different types of neurons are not
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equally infected. Refractiveness to infection is in part explained by the
strength of innervation and receptor density at the presynaptic membrane.
Marked differences in cell tropism were observed not only between the
pathogenic and attenuated mutant strains of CVS but also between patho-
genic street and fixed viruses. These data strongly suggest the preferential
use of different receptors by different RABV strains. In fact, several recep-
tors have been reported in the literature, but their relative importance is
unclear (Coulon et al., 1998; Jacotot et al., 1999; Lentz et al., 1983; Superti et al.,
1986; Thoulouze et al., 1998; Tuffereau et al., 1998). Whether the absence of
one or several of these receptors from certain types of neurons renders them
refractive to infection by RABV remains to be determined.

The general suitability of RABV as a neuronal tracer was demonstrated
in several detailed time-course studies of viral spread in rodent and pri-
mate models (Astic et al., 1993; Kelly and Strick, 2000; Ugolini, 1995). These
studies noted the exceptional low cytotoxicity of RABV, the strict time-
dependence of viral spread to higher order neurons, and the limited spread
to nonneuronal cells. Kelly and Strick also carried out a rigorous compari-
son of different RABV strains, which revealed significant differences in the
kinetics of viral spread. The pioneering work carried out by Ugolini and
Kelly laid the groundwork for a large number of similar studies that mostly
employed CVS-11 alone or in combination with conventional tracers to
elucidate the architecture of different neural circuits in monkeys, rats,
guinea pigs, and cats (Buttner-Ennever et al., 2002; Clower et al., 2005;
Graf et al., 2002; Hashimoto et al., 2010; Hoshi et al., 2005; Iwata et al.,
2011; Kelly and Strick, 2003, 2004; Lois et al., 2009; Morcuende et al., 2002;
Nassi and Callaway, 2006; Prevosto et al., 2009; Rathelot and Strick, 2006;
Rice et al., 2009, 2010; Ugolini et al., 2006; Viemari et al., 2004a,b).

Low cytopathogenicity in neurons and ‘‘clockwork-like’’ kinetics of
viral spread are the hallmarks that have made RABV such a widely used
neurotracer. However, at least one study has highlighted some variability
in both parameters (Ruigrok et al., 2008). The reasons for this variability
are not clear, but genetic variability of outbred animals and differences in
the early innate and T-independent humoral immune responses among
individual animals could play a role. Also, it should not be forgotten that
RABV has an inherently higher spontaneous mutation rate and genetic
variability than DNA viruses. This and the ability to form defective
interfering particles if passaged at high multiplicity of infection (MOI)
could easily result in phenotypic changes from the original virus isolate
depending on the passage history of the particular virus stock in use.
It will probably not be possible to completely eliminate the temporal
dispersion in viral spread particularly once the virus has spread to higher
order neurons, but it is generally advisable to use infectious doses as high
as possible to synchronize timing of the infection and, therefore, increase
reproducibility.
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While attenuated strains of RABV are less suitable for neuronal tracer
studies that require spread of RABV from peripheral nerve endings to
higher order neurons in the CNS, they have proven quite useful for a
different kind of neuronal tracer approach that aims to limit viral spread
to monosynaptically connected neurons (Larsen et al., 2007; Wickersham
et al., 2007a,b). This was achieved by deleting the glycoprotein (G) gene
from a recombinant clone of the SAD-B19 strain. In addition, the virus was
engineered to express GFP. Deletion of the RABV G prevents spread of the
virus beyond initially infected cells, while insertion of theGFP gene ensures
strong labeling of cell bodies, dendrites, and axons which obviates the need
for histochemical staining methods to outline the infected neurons
(Wickersham et al., 2007a). In essence, this method prevents transsynaptic
spread and limits labeling to first-order neurons. Wickersham and Wall
then took this approach further and devised an ingenious strategy for
targeting the initial infection in a cell-specific manner and limiting viral
spread to monosynaptically connected neurons. Cell specificity was
achieved by pseudotyping RABV with an avian virus glycoprotein and
transfecting target neurons with an expression plasmid for the avian
receptor protein TVA. To accomplish monosynaptic spread, the target
cells also received an expression plasmid encoding the RABV G. The
validity of the approach was first demonstrated ex vivo in brain slices
transfected with the transcomplementing expression plasmids. In a further
improvement of cell-specific targeting a recombinant AAV helper virus
was used to express RABV G and TVA in a cre-dependent manner,
which now opens a whole new avenue for targeting RABV infection
to selected cell types by utilizing Cre-expressing transgenic mice (Wall
et al., 2010). This strategy holds great promise for labeling monosynaptic
circuits in the mouse model. Unfortunately, such genome engineering
approaches are only applicable to small mammals, as genome engineering
of primates is impractical due to their long gestation period and high
reproductive age.

Viral genome engineering was also instrumental in the first study that
employed two different RABVs for dual tracing experiments (Ohara,
2009). To impart neuroinvasiveness and a stronger neurotropism onto an
attenuated strain, the RABVG gene of CVSwas used to replace the cognate
G gene of the HEP-Flury strain. Beta-galactosidase (b-Gal) and GFP were
then inserted between the nucleoprotein (N) and phosphoprotein (P)
genes to generate two different marker viruses, which were utilized to
detect neurons that project to two separate regions in the rat brain.
Another elegant study utilized the monosynaptically restricted G-deleted
viruses developed by the Callaway laboratory to double label premotor
spinal interneurons after bilateral injection of two different marker viruses
into the quadriceps muscles of newborn mice (Stepien et al., 2010). As in
other studies, little neurodegeneration was observed in infected neurons
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until 12 days postinfection. Interestingly, the authors also noted that the
efficiency of infection declined dramatically in mice older than 10 days.

While the early pioneering neuronal tracer studies with RABV have
utilized nonrecombinant fixed laboratory strains, the future of RABV neu-
ronal tracers clearly lies in the use of recombinant clones. Several factors
will have to be considered in these endeavors. The four main features that
qualify RABV for neuronal tracer studies are its strong neurotropism, low
cytopathogenicity, ability to invade the CNS from the periphery, and wide
host range. Neurotropism of RABV is largely determined by the glycopro-
tein and its receptor specificity (Morimoto et al., 2000). The fact that rabies
appears to utilize different cellular receptors and the marked differences in
viral spread between different viral strains suggest that the specificity of
neuronal labeling can be modified to some extent by constructing recombi-
nant RABVs that express different glycoprotein genes. It is to be expected
that this kind of approach will receive a significant boost once the three-
dimensional structure of RABV G has been elucidated.

The other main feature that renders RABV suitable for neuronal tracer
studies is its neuroinvasiveness. This is a multigenic trait and not solely
determined by the RABVG (Faber et al., 2004; Shimizu et al., 2007; Yamada
et al., 2006). Although the glycoprotein of a highly pathogenic virus can
impart neuroinvasiveness onto an attenuated strain (Ohara et al., 2009b;
Tan et al., 2007), the multigenic nature of neuroinvasiveness implies that
recombinant viruses that utilize different viral backbones will differ
markedly in the kinetics and extent of viral spread.

The glycoprotein also plays an important role in the cytopathogenicity
of different RABVs. There is plenty of evidence for a direct relationship
between RABV G expression level and cytopathogenicity, and it should
be noted that the highly pathogenic CVS strains are considerably less
cytopathic than attenuated strains (Morimoto et al., 1999). Cytopathoge-
nicity is, for obvious reasons, of little concern in G-deleted viruses but
might become an issue if foreign glycoproteins or other potentially proa-
poptotic proteins are used to replace the RABV glycoprotein.

With respect to host range, it needs to be kept in mind that different
animals vary in their susceptibility to different RABV strains. CVS strains
have been successfully used in different animals, but they are particularly
suited for rodent models, as they have been developed by serial passaging
in mouse brain.

RABV is readily amenable to genetic manipulation and insertions of
additional transcription units due to the modular nature of its genome.
This has been amply exploited for the expression of foreign antigens and
marker genes like GFP and beta-galactosidase. Foreign genes up to 6.5 kb
have been successfully inserted into the RABV genome (McGettigan et al.,
2003a). The maximum coding capacity of RABV is likely considerably
higher as the structure of the viral particle does not appear to pose a
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significant constraint on the size of foreign genes. Additional transcrip-
tion cassettes can be placed at different positions, but they will affect
genome replication and viral fitness to varying degrees. Insertions
between N and P, for example, inhibit viral replication to a larger extent
than insertions between G and L, and RABV does not tolerate the inser-
tion of an additional transcription cassette upstream of the N gene. The
positioning of foreign genes will also affect their expression level since
there is a gradual decrease in transcription level from the N to the L gene
(Schnell et al., 2010). For the purpose of neuronal tracer studies, it is
probably best to insert additional genes at more downstream positions
where they exhibit less of an inhibiting effect on replication. Studies with
recombinant variants of N2c (Wirblich and Schnell, 2011), which is char-
acterized by a lower transcription level than attenuated viral strains, show
that marker genes placed between G and L are sufficiently amplified to be
readily detectable in neuronal cells (Wirblich and Schnell, unpublished).
In any case, the effects of gene insertions on viral replication will have to
be assessed in detailed time-course experiments for each virus. This is
particularly the case if the viruses are to be employed in dual tracing
experiments where the window for successful superinfection of neurons
with two different viruses is potentially rather short (Ohara et al., 2009a,b).

The technology for constructing and recovering recombinant RABV is
still essentially the same as originally reported by Schnell et al. (1994).
Notable improvements include the use of hammerhead ribozymes to
generate an exact 50-end of the antigenomic RNA and the use of CMV
promoters to drive expression of the antigenomic RNA (Inoue et al., 2003;
Le Mercier et al., 2002). Recovery has been performed in different cell
lines, but 293T and mouse neuroblastoma cells appear to be particularly
well suited for this purpose, as they are easily transfected and more
permissive for neurotropic strains than baby hamster kidney (BHK)
cells. A number of infectious full-length clones are now available, includ-
ing two clones of bat RABV strains (Faber et al., 2004; Orbanz and Finke,
2010), several clones of fixed attenuated viruses (Huang et al., 2010; Inoue
et al., 2003; Ito et al., 2001; Schnell et al., 1994) and infectious clones of the
pathogenic Nishigahara and N2c strains (Wirblich and Schnell, 2011;
Yamada et al., 2006). The latter should prove particularly valuable for
neuronal tracer studies, as N2c is one of the most neurotropic, neuroin-
vasive strains available, while being one of the least cytopathic.
II. THE NEED FOR NOVEL VACCINES FOR RABV

World health reports estimate that RABV transmitted by infected animals
is the cause of an estimated 55,000 human deaths annually (2005). One of
the major goals for the treatment and control of RABV infections has
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focused on vaccine development. The first recorded vaccine against
RABV was an attenuated form administered by Pasteur (1885). Since
then, the field has accumulated more research with a better understand-
ing of the pathogenicity of RABV and the immune biology of potential
hosts.

Rabies is a disease affecting humans worldwide but its viral life cycle
depends on a reservoir in other mammals (Dietzschold et al., 2005; Schnell
et al., 2010). Both domestic and wildlife animals such as dogs, raccoons,
skunks, mongoose, foxes, and bats can maintain the RABV cycle
(Roseveare et al., 2009; Schnell et al., 2010); therefore, vaccine research
has also targeted these groups to indirectly protect humans from this fatal
disease.

Currently, whole killed (deactivated) RABV virions are used in both
pre- and postexposure treatment of RABV in humans and domestic
animals (for review, see McGettigan, 2010). As very safe killed RABV
vaccines are available, replication-competent RABV vaccines are not con-
sidered for human use (McGettigan, 2010). However, the situation is
different for the use in animals, especially for vaccination of wildlife.
This is because killed virus administered in bait to wild wandering
animals would be ineffective. However, orally administered, live-attenu-
ated forms of RABV such as ERA, SAD-B19, SAG-1, and SAG-2 have been
used widely in wildlife (more than 85 million doses) and have been
successful at nearly eradiating RABV in Western Europe (Anonymous,
2006; Grimm, 2002). Despite their proven efficacy, replication-competent
viruses retain the risk of reverting and causing disease (Faber et al.,
2005b). As such, research has focused on improving the safety of these
vaccines even more while not compromising on their efficacy (see below).
This has led to the development of novel vaccines for rabies in wildlife.
III. MODIFIED REPLICATION-COMPETENT RABV AS RABIES
VACCINES FOR WILDLIFE

The success of live RABV vaccine regimens in the eradication of rabies in
Western Europe indicates promise for this approach, but residual patho-
genicity of these vaccines underlies the need to improve on RABV vectors.
The reverse genetics technology of RABV (Schnell et al., 1994) has
provided the field with a new tool to manipulate the genome of RABV
and therefore improve on both safety and efficacy of RABV vaccines
(Dietzschold and Schnell, 2002; Dietzschold et al., 2003; Faber et al., 2002;
McGettigan et al., 2003b; Morimoto et al., 2001; Pulmanausahakul et al.,
2001; Schnell et al., 1994). These efforts include site-directed mutagenesis
of viral genes, insertions of proapoptotic and antiviral genes, expression
of inflammatory cytokines and chemokines, as well as gene deletions and
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duplication of the glycoprotein gene (Cenna et al., 2009; Etessami et al.,
2000; Faber et al., 2002, 2005a,b; Gomme et al., 2010; Ito et al., 2005; Kuang
et al., 2009; Morimoto et al., 2005; Pulmanausahakul et al., 2001; Shoji et al.,
2004; Wen et al., 2010; Wirblich et al., 2008; Zhao et al., 2009, 2010).

RABV G is most often the target for attempted attenuation due to its
known role in viral pathogenicity. RABV G is believed to be the main
determinant of viral pathogenicity because it determines the viral tropism
(for review, see Dietzschold et al., 2008; Schnell et al., 2010) and due to the
fact thatG is the primary target for virus-neutralizing antibodies (VNA) that
prohibit cell-to-cell spread (Dietzschold et al., 1983; Pulmanausahakul et al.,
2008). Despite the general success with conventional modified live viruses
used to immunize against RABV, these vaccines were not as immunogenic
in skunks and dogs. As such, further customized RABV vaccine constructs
expressing G from different fixed and street strains of RABV were con-
structed and tested. Maximum protection in mice was achieved after vacci-
nation with RABV expressing an identical RABV G (Morimoto et al., 2001).
Stemming from this, the findings gave credence for vaccine design custom
made for groups of wildlife that do not respond to mainstream vaccines.

Several different factors have been employed to increase the immunoge-
nicity of RABV vaccines. Enhanced apoptosis by overexpression of apopto-
tic genes has been shown to improve RABV immunogenicity (Faber et al.,
2002). RABV modified to overexpress cytochrome c showed increased
apoptosis in primary neurons with a marked reduction in mortality when
administered intranasally. Mouse survival had a direct correlation with the
induction of VNA. In fact, compared to the control, RABV expressing
cytochrome c had an effective dose 20-fold lower than the control, vastly
improving the vaccine vector (Pulmanausahakul et al., 2001).

Expression of multiple copies of RABV G has led to enhanced immu-
nogenicity and viral attenuation. Neuronal cell lines and primary neurons
infected with RABV expressing multiple G proteins showed evidence of
increased apoptosis (Faber et al., 2002). Immunogenicity studies with the
same constructs resulted in higher antibody titers against RABV G and
RABV N. Insertion of triple RABV G was shown to further attenuate the
vaccine construct rendering the virus completely apathogenic when
injected directly into the brains of immunocompromised and immune-
sufficient mice (Faber et al., 2009). RABV expressing triple G protected 5-
and 10-day-old mice from intracranial (i.c.) challenge with a lethal RABV
infection that killed 100% unvaccinated mice. Immune analysis showed
induction of high VNA titers in these mice 21 days postimmunization.
Further, postexposure immunization by RABV expressing triple G admi-
nistered intracranially prevented lethal rabies encephalitis. Of note, the
mechanism for viral attenuation secondary to expression of multiple G is
not completely understood, and the presented data for the RABV expres-
sing triple G actually showed that the G protein levels were less in the
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triple G construct compared to the control RABV at 24 h. However, there
has to be some effect of the G protein expression levels on pathogenicity
because the control virus (which encodes three G genes but only one with
a functional start codon) was nearly as pathogenic as the construct con-
taining only one G. Of note, if higher G expression levels are indeed
responsible for the observed RABV attenuation, codon optimization
(Wirblich and Schnell, 2011) might be a better approach to increase G
levels. This is based on the fact that a single point mutation deleting the
start codon of one or two G would result in virus with similar pathoge-
nicity as the parental virus (Faber et al., 2009). However, caution is
advised for strategies that are based solely on changes on the expression
level of RABV G protein because changes in codon usage (and the result-
ing changes in G expression levels) do not suffice to render a pathogenic
RABV apathogenic (Wirblich and Schnell, 2011).

Another practical way to improve on live RABV constructs is intro-
duction of specific mutations, including those that abolish neurotropism
of RABV (Dietzschold et al., 1983). As mentioned above, RABV G deter-
mines the tropism of the virus, albeit the spectrum of specific receptors
absolutely necessary for infection remains elusive. Mutation of RABVG at
position 333, replacing arginine with glutamic acid, attenuated the virus
upon i.c. administration (McGettigan et al., 2003b). In addition, random
mutations occurring at position 194 of G exchanging asparagine to lysine
increased the pathogenicity of the attenuated RABV construct containing
the 333 mutation (Faber et al., 2005b). This random mutation provided
another residue that has been an excellent target for attenuation of RABV
vaccine constructs (Faber et al., 2005b). An alternative approach tested by
Mebatsion et al. showed that deletion of the conserved dynein light chain
8 (LC8)-bindingmotif in the RABV P in combination with the RABVG 333
mutation attenuated RABV 30-fold compared to the 333-mutation only
RABV when administered in suckling mice (Mebatsion, 2001). Tan et al.
(2007) confirmed these findings and showed that the deletion of LC8-
binding motif in RABV P affects primary transcription of RABV. From
these findings, the issue of custom made vaccines and the ability to use
this mutation in conjunction with other mutations in specific strains of
virus could be used to improve on the safety profile of these vaccines. Site-
directed mutagenesis is an excellent method but based only on a very
limited number of mutations (single or dual nucleotides) compared to
wild-type RABV G; therefore, revertants are possible.

Another approach has taken advantage of immune components by
expression of cytokines, chemokines, or hematopoietic factors to increase
immunogenicity and decrease pathogenicity. Tumor necrosis factor-
alpha, macrophage inflammatory protein 1-alpha, granulocyte macro-
phage cell stimulating factor, RANTES, and IP-10 have been expressed
in RABV vectors and their pathogenicity and immunogenicity followed.
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This is a modern and intriguing approach that has shown an increase in
immunogenicity by manipulating arms of the innate and adaptive
immune systems (Faber et al., 2005a; Zhao et al., 2009, 2010). Nevertheless,
it also raises concerns about its application: cytokines/chemokines are
species specific and the risk of their use in humans and animals is largely
unknown, including toxicity and potential to trigger autoimmunity.
RABV overexpressing RANTES or IP-10, for example, has been shown
to increase the pathogenicity of RABV due to excessive inflammatory cells
in the CNS (Zhao et al., 2009). In addition, the same concern as indicated
above for the expression of multiple copies of G exists; the exchange of
one nucleotide within the ATG start codon of the inserted gene would
revert the recombinant RABV to wild-type RABV.

In summary, many of these advancements have vastly improved the
safety profile and immunogenicity of RABV vaccines. In addition, as
more information is gathered on the interaction between RABV and the
host, better-tailored vaccines can be designed.
IV. RABV-BASED VECTORS AS VACCINES AGAINST OTHER
INFECTIOUS DISEASES

Vaccines have had and do have a great impact on human health and
continue to be a mainstay in the prevention and treatment of disease.
Scientific research has improved our understanding of the interactions
between vaccines and the immune system. Of the different types of
vaccine strategies available, viral vectors have been manipulated over
the years and proved to be efficacious in the induction of both humoral
and cellular immune responses.

This review focuses exclusively on RABV-based vaccines vectors. Of
note, several important characteristics render RABV a favorable vaccine
delivery platform. Virus recovery is conducted by the reverse genetics
system using a cDNA copy of the RABV antigenome (Conzelmann and
Schnell, 1994). RABV has a relatively simple genome organization that
permits easy manipulation of cDNA by traditional cloning techniques.
Foreign genes, such as a vaccine antigenic target, can be stably
incorporated into the genome. Stability of a foreign, nonessential gene
was exemplified by expression of the bacterial chloramphenicol acetyl-
transferase (CAT) gene inserted into the RABV genome of recovered virus
after 25 serial passages in cell culture (Mebatsion et al., 1996a,b). Further,
the viral vector sustains its replicative capacity after insertion of multiple,
large genes. For instance, infectious virus was recovered after insertion of
both the HIV-1 Pr160 (Gag–Pol precursor) and HIV-1 Env genes; a 55%
increase in genome size over wild type (McGettigan et al., 2003a).
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An important advantage of RABV is that, compared to other viral
vectors such as adenovirus, preexisting RABV seropositivity is negligible
in the general population. Further, RABV genetic and phenotypic similar-
ity to fellow rhabdovirus, vesicular stomatitis virus (VSV), permits the
exchange of the ectodomain of the RABV glycoprotein with that of VSV.
This recombinant virus effectively boosts preimmunized individuals as
part of a vaccine schedule (Foley et al., 2000; Tan et al., 2005).

Last, attenuation of RABV vectors effectively decreases pathogenicity
while maintaining antigen-specific immunogenicity (McGettigan et al.,
2003b). This is critical, as vector-specific pathogenicity is a primary con-
cern in live virus vectors. In addition to the use of a less pathogenic
vaccine strain of RABV (see below), effective molecular attenuation tech-
niques include gene mutation, deletion, insertion, and rearrangement
(Gomme et al., 2010; McGettigan et al., 2003b). Further, the RABV life
cycle is exclusively cytoplasmic, so recombination or integration is
unlikely to occur.

The vaccine strain of RABV used for development of vaccines is
derived from the attenuated SAD B19 strain used for oral immunization
of foxes in Europe. SAD B19 was highly attenuated by successive passage
in different cell types (Conzelmann et al., 1990). Unlike pathogenic RABV
strains, SAD B19 has no or limited ability to invade the CNS from a
peripheral inoculation site (Conzelmann et al., 1990). This limited inva-
sion of the CNS by SAD B19 positively correlates with the immunogenic-
ity of the virus. Perhaps the inability to sequester itself in the CNS allows
it to be rapidly recognized by the immune system. This is beneficial for
vaccine development in that it is both relatively safe and highly immuno-
genic when administered peripherally. However, even SAD B19 is patho-
genic when administered directly to the brain via intranasal route
(McGettigan et al., 2003b). Thus, additional molecular strategies to further
attenuate the virus have been developed (see below).
A. Human immunodeficiency virus-1

For the past 25 years, scientists have sought to develop a vaccine for
human immunodeficiency virus-1 (HIV-1), but this goal remains unreal-
ized. Although the correlates of protection are still uncertain, the current
belief in the field is that an effective vaccine candidate should induce both
arms of immunity: humoral and cellular (Haut and Ertl, 2009). Studies in
monkeys immunized with live-attenuated simian immunodeficiency
virus (SIV) showed protection from wild-type strains of homologous
SIV (Koff et al., 2006). This finding gave credence to the construction of
live viral vaccines for the control of HIV. In recent years, several vaccine
vector approaches capable of eliciting this type of immune response, such
as DNA, Pox, and adenovirus vectors, have been evaluated preclinically
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(see Gomme et al., 2010 and references within). RABV is one such vector
with an intracellular life cycle and ability to stably express foreign anti-
gens and, as such, is a probable candidate for an HIV vaccine.

An important study conducted in 2000 showed the immunogenicity of
recombinant RABV vectors in animals for the first time. In this study,
RABV was engineered to express HIV-1 gp160 envelope protein from
either laboratory adapted (NL4-3) or dual-tropic isolate HIV-1 (89.6)
(Schnell et al., 2000). This recombinant virus was recovered on BHK
cells, and the functionality of the foreign envelope protein was confirmed
by a fusion assay in human T cell line, Sup-T1. Immunogenicity was
evaluated by monitoring envelope-specific antibody responses in mice
inoculated by footpad injection and left either unboosted or boosted with
a recombinant gp120/gp41 protein. Only boosted mice seroconverted,
and the recombinant virus expressing NL4-3 induced HIV-1 neutralizing
antibodies. This demonstrated that RABV can efficiently prime B cells for
robust humoral responses. A subsequent study showed that priming
alone with these vectors could also induce cytotoxic T lymphocytes
(CTL), which are cross-reactive to heterologous HIV-1 envelope proteins
(McGettigan et al., 2001a). Together these studies clearly demonstrated the
potential RABV vectors have in eliciting a balanced humoral and cellular
HIV-1-specific immune response.

As evidence in the field continued to promote the importance of
cellular immune responses in controlling HIV-1 infection, RABV-based
vectors were redesigned to incorporate structural, nonsurface proteins,
such as HIV-1 Gag and Pol. Compared to the highly variable envelope
protein, Gag is one of the most conserved proteins in HIV-1. In fact, Gag
epitopes that are conserved among different HIV-1 clades have been
found in individuals infected with HIV-1, suggesting their importance
in viral fitness (Durali et al., 1998; McAdam et al., 1998; Rolland et al.,
2007). From the perspective of vaccine development, Gag is an attractive
vaccine target antigen. McGettigan et al. (2001b) generated an RABV
expressing HIV-1 Gag. Electron microscopy studies of infected HeLa
cells showed that virus-encoded Gag protein manifested into HIV-1-like
particles budding from both the plasma membrane and cytoplasmic
vacuoles, as previously observed when expressed by other viruses
(Karacostas et al., 1989). In vivo immunogenicity studies demonstrated
that the RABV HIV-1 Gag vector induced Gag-specific CD8þ T cells with
MHC class I:Gag-specific T cell receptors, CTL activity, and IFN-g-secre-
tion (McGettigan et al., 2001b).

Having shown that RABV vectors induce both humoral and cellular
immune responses in vivo, research focus returned to that of vector safety.
Besides efficacy, safety is a chief concern in vaccine development. Though
the SAD B19 strain used for RABV-based vectors has substantially
decreased vector-associated pathogenicity, additional attenuation
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techniques were employed. For this approach, RABV vectors expressing
HIV-1 Gag were engineered to include either the R333E mutation or a
deletion of 43 amino acids of the RABV G cytoplasmic domain, or a
combination of both (McGettigan et al., 2003b). The engineered viruses
were apathogenic following intracranial challenge in mice compared to
the parental strain. Moreover, the Gag-specific cellular immune responses
were not decreased by these changes to RABV G (McGettigan et al., 2003b).
These immunogenicity studies were encouraging and, as such, the 333
mutation was introduced and tested in a RABV vector-encoding HIV-1
Pr160 (Gag–Pol precursor) and HIV-1 Env genes. Of note, this vector
sustained replicative capacity and Gag-specific immunogenicity after a
55% increase in genome size over wild type (McGettigan et al., 2003a).

Vaccine research has also extended to the identification of adjuvants
that can further improve or change the phenotype of the immune response
to one that can deal with the target pathogen. In HIV vaccine research, live
viral vectors have been manipulated to express inflammatory cytokines at
the time of viral replication as a way to enhance the immune response.
RABV vaccine studies have included IL-2, IL-4, and IFN-b as vaccine
adjuvants (McGettigan et al., 2006). Both IL-4 and IL-2 can induce a Th2
response; in addition, IL-2 can stimulate proliferation of both T cells and B
cells and, in general, stimulates a Th1 response. IFN-b, however, is an anti-
inflammatory cytokine that is thought to skew the response to Th1 and
may influence the expansion of CD8 T cells (Faul et al., 2008). RABV
vaccine vector coexpressing HIV-1 Gag or Env and either murine IL-2 or
IL-4 when tested in mice were highly attenuated. IL-4 expression reduced
the cellular immune response to both Gag and Env, but did not signifi-
cantly improve the humoral response. IL-2, however, did not reduce the
cellular immune response but significantly improved the anti-Env
humoral immune responses (McGettigan et al., 2006). More recently, it
was shown that RABV expressing HIV-1 Gag and IFN-b was less patho-
genic than controls. IFN-b expression resulted in 100-fold lower viral
replication in vivo compared to controls. Even with lower viral replication,
IFN-b expression seemed to increase the percentage of activated CD8þ
T cells during the primary response (Faul et al., 2008, 2009a,b).

A more novel approach in vaccine design takes advantage of the
antigen presentation capacity of dendritic cells (DCs). Earlier studies
had shown that RABV could infect and mature human DCs with expres-
sion of proinflammatory cytokines via activation of the NF-kB pathway
(Foley et al., 2002; Li et al., 2008). Immunization of mice with RABV-
infected DCs stimulated cellular and humoral immune responses in
mice. Further, it was shown that RABV-infected DCs, in contrast to
inoculations with RABV-based vectors (McKenna et al., 2007; Tan et al.,
2005), could be used in a homologous prime-boost approach leading to
increased Gag-specific cellular immune responses (Wanjalla et al., 2010).
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The final test of the effectiveness of such novel vaccine constructs
requires a model in which protection from an AIDS-like infection could
be monitored. For this approach, RABV backbone plasmids containing
the R333Emutation or whose RABVG ectodomainwas replaced with that
of VSV were used to construct recombinant RABV expressing SIV Env
and Gag or Gag–Pol proteins (Faul et al., 2009a,b; McKenna et al., 2007).
These constructs allowed for a heterologous prime-boost vaccine regi-
men, an approach previously shown to increase the cellular response by
about 4.5- to 5.5-fold higher than a prime-only approach (Tan et al., 2005).
In two independent monkey studies, rhesus macaques were primed and
boosted with RABV constructs (SIVmac239Gag, SIVSHIV89.6Env) (McKenna
et al., 2007) or (SIVmac239Gag–Pol and SIVmac239Env) (Faul et al., 2009a,b;
McKenna et al., 2007) and challenged with either SHIV-89.6 or the highly
pathogenic SIVmac251, respectively (Faul et al., 2009a,b; McKenna et al.,
2007). Compared to vector controls, the vaccine groups seroconverted
with induction of neutralizing antibodies and CD8þ T cells and the
vaccines were protected from an AIDS-like disease. Specifically, the pro-
tection against the highly pathogenic SIVmac251 strain combined with the
lack of any vector-induced pathogenicity indicates great promise for
RABV-based vectors as HIV-1 vaccines.
B. Hepatitis C virus

Hepatitis C virus (HCV) affects 120–170 million people worldwide and is
the most common cause for liver disease requiring transplantation in
adults (Tellinghuisen et al., 2007). Most of these cases are chronically
infected and 20% develop severe liver disease, including cirrhosis and
hepatocellular carcinoma. Amajor obstacle in the treatment and control of
HCV lies in the error-prone replicative machinery, which increases the
genetic variability of HCVwithin an individual, resulting in quasispecies.
Antiviral therapies have helped manage the disease; however, they have
several disadvantages, including a low rate of response and toxicity.
Similar to HIV, the correlates of protection against HCV are not well
understood. There is, however, an appreciation of the need to induce
neutralizing antibodies (nAb) and CD4þ and CD8þ T cells to multiple
HCV antigens. However, for the humoral response, it remains largely
unknown which epitopes are important for nAb to target leading to
sterilizing immunity (Tellinghuisen et al., 2007; von Hahn et al., 2007).

RABV vaccine constructs against HCV were constructed and tested in
mice and shown to induce both a humoral and cellular response. A
recombinant RABV construct expressing chimeric E2 containing the
CD4 transmembrane and RABV G cytoplasmic domain was shown to
allow cell surface expression of E2. Moreover, the chimeric E2 was
incorporated into RABV virions. For the humoral studies, these killed
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RABV particles were administered to mice in a prime-boost regimen and
shown to induce detectable antibodies against HCV-E2 after boost as
measured by ELISA. Mice primed with live RABV construct cloned to
express both HCV envelope proteins (E1 and E2), which upon expression
interact in a noncovalent heterodimeric complex retained in the ER, were
shown to mount a cellular immune response capable of lysing cells
pulsed with an HCV-specific peptide (Siler et al., 2002).
C. Severe acute respiratory syndrome

The global impact of emergent infectious diseases has become a topic of
interest to vaccine developers and researchers (Faber et al., 2005c). Severe
acute respiratory syndrome (SARS) is one such disease whose causative
agent is a coronavirus named SARS-CoV. From a vaccine standpoint,
SARS-CoV may be an important pathogen despite the fast decline in
SARS reported cases due to existence of animal reservoirs such as raccoon
dogs and the Chinese ferret badger. It is thought that antibodies against
SARS-CoV spike (S) protein are neutralizing and therefore a potential
target for vaccines (see Faber et al., 2005c and references within). For the
vaccine studies, live-attenuated recombinant RABV containing the R333E
mutation expressing SARS-CoV S protein was shown to induce high
neutralizing antibodies in mice (Faber et al., 2005c). The translation of
these studies to wildlife reservoirs using live RABV may be possible
based on the efficacy of live RABV vaccines in the eradication of RABV
reservoirs in wildlife.
V. SAFETY: GENERATING SAFER RABV VACCINES AND
VECTORS FOR USE IN HUMANS

Safety is a major concern in the development of vaccines, especially where
live replication-competent vaccines are considered due to the likelihood
of revertants or residual vector pathogenicity. There are several methods
that have been used to improve the safety of RABV vaccines while
maintaining their immunogenicity (see Wirblich and Schnell, 2011 and
references within).
VI. REPLICATION-DEFICIENT OR SINGLE-CYCLE RABV

Despite the great improvements to replication-competent RABV, there
are still potential safety concerns associated with the use of live viruses
for widespread immunization of humans. Even highly attenuated
RABV can be lethal following intracranial inoculation, at least in the
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immunodeficient host. In order to address such safety concerns, viruses
have been further attenuated by complete genome deletion of an essential
gene(s) that renders the vector unable to complete its viral life cycle. This
attenuation strategy has been used on many viral backbones: adenovirus
(Ad), vaccinia virus (VV), canarypox virus (CPV), herpes simplex virus
(HSV), VSV, and RABV (Bozac et al., 2006; Cenna et al., 2008, 2009;
Coulibaly et al., 2005; Gomme et al., 2010; Peng et al., 2005; Publicover
et al., 2005; Russell et al., 2007).
VII. POTENTIAL NOVEL HUMAN RABIES VACCINES BASED
ON REPLICATION-DEFICIENT RABV

Deleting RABV genes P or M generated replication-deficient RABV
(Cenna et al., 2008, 2009), so termed because they lack viral components
that are required for a complete viral life cycle. RABV P is a phosphopro-
tein cofactor to the viral RNA polymerase, and its deletion severely
hinders intracellular replication (Cenna et al., 2009). However, due to
the role of M in assembly and budding, M-deleted virus is structurally
impaired forming mainly cell-associated rod-shaped particles instead of
the typical bullet-shaped particles. M also has a role in regulating the
balance between transcription and replication, and as such, M-deleted
virus may be impaired at the level of viral replication. These effects on
virion formation reduce infectious titers as much as 500,000-fold
(Mebatsion et al., 1999). In addition, deletion of P and M may have
additional, unknown effects on viral fitness that contribute to their immu-
nogenicity. McGettigan et al. generated a P-deleted replication-deficient
RABV for potential use in pre- or postexposure vaccine regimens for
prevention of human rabies infections (Cenna et al., 2008). A likely candi-
date would induce IgG2a antibodies for their potent antiviral effector
functions. Current regimens use inactivated RABV particles that require
several doses to be effective. In a head-to-head comparison of live P-
deleted RABV and inactivated RABV, they found mice immunized with
P-deleted had 10-fold greater survival and a proportionately greater
IgG2a response after lethal challenge than mice immunized with inacti-
vated virus (Cenna et al., 2008). A later study showed M-deleted RABV is
even more potent than P-deleted in mice, inducing greater IgG and VNA
titers and protecting 100% of lethally challenged mice even at immuniza-
tion titers as low as 103 foci-forming units (Cenna et al., 2009). Notably,
neither P- or M-deleted virus induced clinical signs of rabies, nor were
they found in the brain or spinal cord following intramuscular injection of
immunocompromised RAG2 knockout mice (Cenna et al., 2008, 2009).

Replication impaired RABV vectors lacking RABV M, but expressing
RABV G proteins, were shown to be safe and immunogenic in both mice
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and nonhuman primates. In fact, the M-deleted RABV had fourfold
higher VNA titers 10 days after inoculation compared to a commercially
available killed RABV vaccine. One hundred and eighty days later, the
monkeys that received M-deleted RABV maintained higher VNA titers
with antibodies shown to have a higher avidity than the killed HDCV
(Cenna et al., 2009). These data strongly demonstrate the potential for
replication-deficient RABV to replace current pre- and postexposure
RABV vaccines.
VIII. REPLICATION-DEFICIENT/SINGLE-CYCLE RABV AS
VACCINE VECTOR

The G-deleted RABVs are termed ‘‘single-cycle’’ or ‘‘spread-deficient’’
because they lack viral components that are required for viral spread or
infectivity. RABV G has a critical role in the attachment and entry of
the virus into host cells, which makes G one of the most important
determinants of viral pathogenicity (Dietzschold et al., 1983, 2008;
Pulmanausahakul et al., 2008). Particles lacking G undergo one complete
cycle of intracellular replication and produce progeny that are unable to
spread (Mebatsion et al., 1996a,b), as shown by infection of single neurons
following intracranial inoculation of a G-deleted RABV (Etessami et al.,
2000; Wickersham et al., 2007a). Virus particles lacking G are still capable
of budding, although at a 30-fold lower efficiency (Mebatsion et al.,
1996a,b). These virions, however, are incapable of attachment and entry
into a secondary host cell. Gomme et al. (2010) generated a G-deleted
RABV-encoding HIV-1 Gag for development of an HIV-1 vaccine. Com-
pared to the replication-competent parental virus, G-deleted RABV gen-
erated lower RABV-specific antibody responses but equivalent HIV-1
Gag-specific CD8þ T cell responses. Moreover, these responses were
enhanced by a heterologous boost with a G-deleted RABV complemented
with VSV glycoprotein. This shows that single-cycle RABV is a promising
platform for safe, live viral vaccines and further studies will analyze if
similar responses can be induced in nonhuman primates.
IX. KILLED RABV–RABV PROTEINS AS CARRIERS OF
FOREIGN ANTIGENS

The simplicity and plasticity of the RABV genome is one of the many
advantages as a vaccine vector. The genome is amenable to inclusion of
whole foreign antigens as RABV protein chimeras. Both RABV G and N
proteins have been tested as carriers of foreign antigens and proven to be
immunogenic when applied as live or killed vaccines (Koser et al., 2004;
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Langley et al., 2010; Smith et al., 2006). There are several possible advan-
tages to using RABV proteins as carriers: (i) RABV G as a carrier expres-
sing a foreign envelope protein combined with the RABV-CD allows
insertion of the foreign gene into the RABV virion (Mebatsion and
Conzelmann, 1996; Mebatsion et al., 1997; Smith et al., 2006); (ii) in this
setting, immunogenic epitopes may be presented in an organized struc-
ture whichmay increase their immunogenicity; and (iii) depending on the
carrier (RABVN) and foreign antigen, forming the chimera could stabilize
the antigen allowing longer expression and having an impact on the
immunogenicity (Koser et al., 2004).

The viability and immunogenicity of RABVconstructs containingGorN
fusion proteins have been extensively studied (Koser et al., 2004; Siler et al.,
2002; Smith et al., 2006). RNPs obtained from recombinant RABV constructs
with GFP fused to RABV N were used to immunize mice in a prime-boost
regimen. In comparison to the controls that were immunized with GFP,
mice immunizedwithRNPhad significantly higher antibodies againstGFP,
which seemeddependent onCD4þT cell response, because noGFP-specific
antibodies were detected after depletion of CD4þ T cells (Koser et al., 2004).

RABV G protein as a carrier for foreign antigen has also been shown to
be efficacious in inducing immune responses in mice and monkeys
(McKenna et al., 2003, 2004; Smith et al., 2006). As a vaccine strategy, it is
employed where a substantial humoral response is known to be a good
correlate of protection. RABV G chimeras carrying the Bacillus anthracis
protective antigen (PA) had sufficient incorporation of PA in the virions.
Both live and killed viral particles induced anti-PA antibodies in mice that
were detectable postprime and increased after boost (Smith et al., 2006).
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Abstract Powerful transneuronal tracing technologies exploit the ability of
some neurotropic viruses to travel across neuronal pathways and

to function as self-amplifying markers. Rabies virus is the only viral

tracer that is entirely specific, as it propagates exclusively between

connected neurons by strictly unidirectional (retrograde) trans-

neuronal transfer, allowing for the stepwise identification of neu-

ronal connections of progressively higher order. Transneuronal

tracing studies in primates and rodent models prior to the devel-

opment of clinical disease have provided valuable information on

rabies pathogenesis. We have shown that rabies virus propagation

occurs at chemical synapses but not via gap junctions or cell-to-

cell spread. Infected neurons remain viable, as they can express

their neurotransmitters and cotransport other tracers. Axonal

transport occurs at high speed, and all populations of the same

synaptic order are infected simultaneously regardless of their neu-

rotransmitters, synaptic strength, and distance, showing that rabies

virus receptors are ubiquitously distributed within the CNS.

Conversely, in the peripheral nervous system, rabies virus receptors

are present only on motor endplates and motor axons, since uptake

and transneuronal transmission to the CNS occur exclusively

via the motor route, while sensory and autonomic endings are

not infected. Infection of sensory and autonomic ganglia requires

longer incubation times, as it reflects centrifugal propagation from

the CNS to the periphery, via polysynaptic connections from

sensory and autonomic neurons to the initially infected moto-

neurons. Virus is recovered from end organs only after the devel-

opment of rabies because anterograde spread to end organs is

likely mediated by passive diffusion, rather than active transport

mechanisms.
I. INTRODUCTION

A landmark event in systems neuroscience has been the development of
transneuronal tracers, that is, markers that allow for the identification of
the chains of synaptically connected neurons (first-order neurons, second-
order, third-order, etc.) that innervate a given organ and mediate a spe-
cific behavior (Kuypers and Ugolini, 1990; Morecraft et al., 2009; Ugolini,
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1995a, 2010). In order to be effective as transneuronal tracers, such
markers should meet several requirements. First, they should propagate
exclusively by transneuronal transfer between connected neurons (and
not by cell-to-cell spread among neurons that are not synaptically
connected). Second, transneuronal transfer should ideally be unidirec-
tional, to permit unequivocal interpretations. Third, the number of
synaptic steps should be easily identifiable. Fourth, the marker should
allow for the visualization of all groups of neurons that innervate the
injection site directly (first-order neurons) and indirectly (second-order
neurons, third-order, fourth-order, etc.), in order to permit a comprehen-
sive mapping of the entire connectivity. Fifth, transneuronal labeling
should be easily detectable and should not disappear with time. Sixth,
the marker should not substantially alter neuronal metabolism, to allow
for neurotransmitter and functional studies of the identified neuronal
networks.

The first transneuronal tracing methods were based on the use of
conventional tracers, and their transfer occurred only when first-order
neurons were filled with great quantities of the tracer. Because only
a small amount of the tracers crossed synapses, transneuronal labeling
was very weak and could be detected, at best, only in some second-
order neurons; third-order neurons could not be visualized (Fig. 1A;
reviewed by Kuypers and Ugolini, 1990; Morecraft et al., 2009; Ugolini,
1995a, 2010).

Sensitive transneuronal tracing technologies are based on the use of
neurotropic viruses as markers (Kuypers and Ugolini, 1990; Loewy, 1995;
Ugolini, 1995a, 1996, 2010). They exploit the capacity of some viruses to
travel across neuronal pathways, demonstrated by classical studies (e.g.,
Dietzschold et al., 1985; Dolivo, 1980; Goodpasture and Teague, 1923;
Kristensson et al., 1971, 1974, 1982; Kucera et al., 1985; Martin and
Dolivo, 1983; Sabin, 1938; Tsiang, 1979). Their superior sensitivity is due
to the ability of viruses to function as self-amplifying markers by replicat-
ing in recipient neurons, thus overcoming the ‘‘dilution’’ problem of
conventional tracers and producing intense transneuronal labeling, as
detected immunohistochemically (Kuypers and Ugolini, 1990; Ugolini,
2010; Fig. 1B–D).

There are twomain classes of viral transneuronal tracers, derived from
alpha-herpesviruses (herpes simplex virus type 1, HSV 1, and pseudora-
bies, PrV; see Aston-Jones and Card, 2000; Kuypers and Ugolini, 1990;
Loewy, 1995; Ugolini, 1995a, 1996, 2010) and a rhabdovirus, that is, rabies
virus (the ‘‘fixed’’ CVS-11 strain; Graf et al., 2002; Kelly and Strick, 2000;
Morcuende et al., 2002; Prevosto et al., 2009, 2010; Tang et al., 1999; Ugolini,
1995b, 2008, 2010; Ugolini et al., 2006; Figs. 1B, C and 2). These two classes
of viral tracers have very different properties (see Section II). Importantly,
only rabies virus (Ugolini, 1995b) is completely reliable as transneuronal
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FIGURE 1 Differences in transneuronal labeling obtained with conventional tracers

(e.g., wheat germ agglutinin-horseradish peroxidase, WGA-HRP) (A) and neurotropic

viruses, that is, alpha-herpesviruses (herpes simplex virus type 1, HSV 1; pseudorabies

virus, PrV) (B) and rabies virus (C). With conventional tracers (A), only a small amount of

the marker is transferred from first-order neurons (1�) to second-order neurons (2�),
resulting in weak transneuronal labeling; third-order neurons (3�) cannot be visualized.

Viruses function as self-amplifying markers (B, C): transfer to second-order neurons (2�)
is followed by viral replication, resulting in intense transneuronal labeling (2� and 3�; see
example in (D)). Alpha-herpesviruses (B) induce neuronal degeneration (X on 1�) and can

also propagate nonspecifically, via cell-to-cell spread, to local glial cells and neurons

(gray horizontal arrow in (B)); spurious spread of alpha-herpesviruses is dose- and time

dependent. In contrast, rabies virus (C) propagates exclusively via retrograde

transneuronal transfer, regardless of the dose and postinoculation time. (D) Example of

retrograde transneuronal labeling of third-order neurons (3�) with rabies virus (CVS-11

strain) in the cerebral cortex of macaque monkeys. Rabies virus immunohistochemical

visualization (immunoperoxidase) is combined with cresyl violet counterstaining of the

tissue. Panels (A)–(C) are modified from Ugolini (2010) with permission.
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tracer because it propagates exclusively by strictly unidirectional (retro-
grade) transneuronal transfer and allows for the stepwise identification of
neuronal networks across a virtually unlimited number of synapses
(Fig. 1).

The purpose of this chapter is to highlight the specific properties of
rabies virus as a transneuronal tracer, which have been identified by
studying viral propagation within the central nervous system (CNS)
during the preclinical period in primate and rodent models of known
connectivity. The experimental findings have valuable implications for
the understanding of rabies pathogenesis, which will be discussed.
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II. DIFFERENCES IN PROPERTIES OF ALPHA-HERPESVIRUSES
AND RABIES VIRUS AS TRANSNEURONAL TRACERS

There are major differences in the properties of alpha-herpesviruses and
rabies virus, which make them suitable for different purposes. The first
important difference is in their peripheral uptake: alpha-herpesviruses can
infect all categories of neurons that innervate a peripheral site (e.g., a
muscle), that is, primary sensory neurons, motoneurons, sympathetic,
and parasympathetic neurons (e.g., Goodpasture and Teague, 1923;
Kristensson et al., 1982; Kuypers and Ugolini, 1990; Martin and Dolivo,
1983; Sabin, 1938), although not to the same extent. Importantly, alpha-
herpesviruses propagate more efficiently in sensory (especially nocicep-
tive) and autonomic pathways thanmotor pathways (Rotto-Percelay et al.,
1992, Ugolini, 1992; Fig. 3). Because of this property, they are especially
suitable for studying sensory and autonomic innervation (e.g., Jansen
et al., 1995; Standish et al., 1994; Strack and Loewy, 1990) and are the
only transneuronal tracers available for these purposes (Loewy, 1995;
Ugolini, 1995a, 2010). In contrast, rabies virus, after intramuscular inocu-
lations, is internalized exclusively at motor endplates and propagates to
the CNS exclusively from motoneurons (Fig. 4), which makes this virus
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the ideal transneuronal tracing tool for studying motor innervation (Graf
et al., 2002; Morcuende et al., 2002; Rathelot and Strick, 2006, 2009; Tang
et al., 1999; Ugolini, 2010; Ugolini et al., 2006; see Section III.G).

Major pitfalls of alpha-herpesviruses as transneuronal tracers include
that they rapidly induce neuronal degeneration and a prominent inflam-
matory response, leading to focal neurological symptoms and encephali-
tis (Rinaman et al., 1993; Ugolini, 1992; Ugolini et al., 1987). They can also
propagate via cell-to-cell spread between neurons that are not synapti-
cally connected, which is a source of false-positive results when studying
connectivity (Loewy, 1995; Ugolini, 1992, 1995a, 2010; Ugolini et al., 1987).
Neuronal degeneration and inflammatory response are unavoidable
because the replication strategy of alpha-herpesviruses involves host
shutoff mechanisms (Laurent et al., 1998; Smith et al., 2005). Moreover,
some viral glycoproteins (gB, gD, gH, gL) that are essential for entry and/
or transneuronal propagation also play a key role in triggering the innate
and adaptive immune response of the host (Morrison, 2004; Reske et al.,
2007; Ugolini, 2010). Spurious cell-to-cell spread of alpha-herpesviruses is
dependent upon the virus strain, the dose, and the postinoculation time
and can be minimized, but not completely abolished, by manipulating
these experimental parameters; however, the extent of transneuronal
transfer is also reduced (Ugolini, 1995a, 1996, 2010). Typically, the condi-
tions necessary to minimize local spread (use of attenuated strains and
injection of low doses, in combination with short time points) do not make
it possible to trace further than second-order neurons; higher doses
and longer time points, that allow for tracing higher-order neurons,
can cause spurious labeling (Loewy, 1995; Ugolini, 1995a, 1996, 2010;
Figs. 1B and 3). Another potential difficulty is the bidirectional transfer
transfer in autonomic pathways (from the stellate ganglion, SG, 1�, to the intermedio-

lateral cell group; IML, 2�). Anterograde transneuronal transfer from primary sensory

afferents of larger caliber, as well as retrograde transneuronal transfer from motoneur-

ons (MN) to the spinal intermediate zone (b, c, d, e), requires longer time points. DRG:

dorsal root ganglia. Roman numerals: spinal laminae. (B) HSV 1 immunolabeling in the C8

segment at 1.5 days, showing retrogradely labeled MN (1�) and anterograde transneur-

onal labeling in superficial sensory laminae of the dorsal horn (2�) and in the dorsal

funiculus (glial cells surrounding infected sensory fibers). (C) T5 segment at 1.5 days,

showing retrograde transneuronal labeling of sympathetic preganglionic neurons (IML,

enlarged in the inset). (D and E) HSV 1 immunolabeling (D) and cresyl violet counter-

staining (E) of neighboring sections at C8 at 3 days. Note the loss of Nissl staining of

infected glial cells around sensory afferents in the dorsal funiculus (arrow in (E)), and

spurious labeling within the ventral roots (arrow in (D)) around the axons of retrogradely

infected MN. Spurious spread in the spinal cord at 3 days precedes retrograde

transneuronal labeling of supraspinal pathways (that occurs from 3.5 days onward).

HSV 1 detection: immunoperoxidase. Bars ¼ 300 mm.
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FIGURE 4 (A) Kinetics of propagation of rabies virus (CVS-11 strain) to the spinal cord

after inoculation into the left bulbospongiosus (BS) muscle in rats. Modified from

Tang et al. (1999) and Ugolini (2008) with permission. (B–D) Photomicrograph of rabies

virus-immunolabeled neurons (peroxidase antiperoxidase method) in the L5 spinal seg-

ment at 3, 4, and 5 days (d) postinoculation (p.i.). Left: ipsilateral side. (A) The BS muscle is

innervated by motoneurons (MNs) in the ipsilateral dorsomedian (DM) nucleus, primary

sensory neurons in the ipsilateral dorsal root ganglia (DRG) at L5-S1, and neurons in

sympathetic ganglia, which receive input from pregaglionic neurons in the intermedio-

lateral cell group (IML) of upper lumbar and lower thoracic spinal segments. Uptake of

rabies virus involves only BS MNs (2 days p.i., black). At all time points, infected MNs

show normal size and morphology (see inset in (C)). Although they are linked by gap

junctions, infected MNs do not become more numerous with time (B–D), showing that

rabies virus does not propagate via gap junctions. From BS MNs, rabies virus propagates

by retrograde transneuronal transfer at chemical synapses to second-order neurons (see

(A), 2� , black; e.g., in dorsal gray commissure, DGC, and dorsolateral nucleus, DL) at

3 days. Higher-order neurons (3�, dark gray; 4�, light gray) are infected at 4 and 5 days p.i.,

respectively. The bilateral infection of the DRG obtained at 4 and 5 days (A) reflects

transneuronal transfer, showing that centrifugal migration to sensory ganglia can already

occur during the preclinical period of rabies. Likewise, sympathetic preganglionic

populations in the central autonomic area (in lamina X at L1, see (A)), which do not

supply the BS muscle, are infected by retrograde transneuronal transfer from BS MNs

from 4 days onward. I–X: spinal laminae. Scale bars: 900 mm.
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of alpha-herpesviruses (e.g., Aston-Jones and Card, 2000; Ugolini, 1992;
see Fig. 3). Only a few strains containing specific mutations have been
identified that exhibit unidirectional transfer, mainly in the anterograde
direction (the H129 strain of HSV 1) or in the retrograde direction (Bartha
PrV and the McIntyre-B HSV 1 strain; see Ugolini, 2010). Finally, due to
the restricted host range of alpha-herpesviruses, transneuronal tracing
studies can be performed only in a limited number of mammalian species;
for example, nonhuman primates are not infected after peripheral inocu-
lations of alpha-herpesviruses (Ugolini, 1995a; 2010).

There are no such drawbacks when using rabies virus as transneur-
onal tracer because this virus propagates exclusively between connected
neurons without inducing spurious spread regardless of the dose and
time postinoculation (Figs. 1C, 4, and 5; Clower et al., 2005; Graf et al.,
2002; Grantyn et al., 2002; Kelly and Strick, 2003, 2004; Morcuende et al.,
2002; Moschovakis et al., 2004; Prevosto et al., 2009, 2010; Tang et al., 1999;
Ugolini, 1995b; Ugolini et al., 2006; see Ugolini, 2010). Other major advan-
tages are the fact that axonal transport and transneuronal transfer of
rabies virus are strictly unidirectional (retrograde), and neuronal metabo-
lism is not substantially altered for a long time, allowing for the identifi-
cation of neuronal networks across a virtually unlimited number of
synapses (Figs. 1C, 4, and 5; see Section III). Because of the wide host
range of rabies virus, transneuronal tracing studies can be performed in
all mammals, including primates, after intramuscular and CNS injections
(e.g., Grantyn et al., 2002; Kelly and Strick, 2003, 2004; Moschovakis et al.,
2004; Prevosto et al., 2009, 2010; Rathelot and Strick, 2006, 2009; Ugolini
et al., 2006). Compared with alpha-herpesviruses, another major differ-
ence is the long asymptomatic (incubation) period of rabies (usually
between 3 weeks and 3 months for human rabies; Jackson, 2002; Plotkin,
2000). With the ‘‘fixed’’ rabies virus strains that are used for transneuronal
tracing, depending on the dose and the site of inoculation, the preclinical
period is usually 1 week or more, during which the virus can cross at least
seven synapses. Because seven synaptic steps are far more than necessary
for transneuronal tracing purposes, the absence of any signs of disease for
the entire duration of the experiments is a truly important feature of the
rabies transneuronal tracing methodology from an ethical viewpoint.
III. RABIES VIRUS

A. Structure of rabies virus

Rabies virus is a single-strand negative RNA virus, from the genus Lyssa-
virus (from lyssa, the Greek word for frenzy) of the Rhabdoviruses family
(from the Greek rhabdos, i.e., ‘‘rod’’ because of its characteristic bullet



A
3°

2°

Retrograde
transneuronal
transfer

Virus in cell body and
proximal dendrites
1-1.5 days p.i.Centrifugal transport

to distal dendrites
2-2.5 days p.i.

2°

1°

XII

B Rabies

1°

1 days

NisslE

C Rabies

D Rabies

Uptake

Muscle
or nerve

Rabies
virus

Replication

Retrograde
transport
day 1

MN

2°

RGc:
3.5 days p.i.

SPV and RSc:
3 days p.i.

RN: 3.5 days p.i.

RPc: 2.5 days p.i.

4 days

4 days

XII

XII

XII

XII

2 days

FIGURE 5 Intracellular transport and retrograde transneuronal transfer of rabies virus

after inoculation into a muscle or nerve: hypoglossal (XII) model. Modified from Ugolini

(2008) (A) and Ugolini (1995b) (B–E) with permission. (A) Uptake at motor endplates or

axons is followed by retrograde axonal transport (day 1 postinoculation, p.i.) to first-

order neurons (1� , XII motoneurons, MNs), where viral replication occurs. Rabies virus is

initially restricted to the cell body and proximal dendrites (light gray, 1–1.5 days p.i.), and

is later transported intracellularly to distal dendrites (dark gray, 2–2.5 days p.i.), but not

to axons. As a result, transneuronal transfer occurs only in the retrograde direction, that

is, from first-order neurons (1�) to presynaptic terminals of second-order neurons (2�).
After retrograde axonal transport and replication in 2�, the virus infects third-order

neurons (3�). Retrograde transneuronal transfer is time dependent. Different groups of

second-order neurons are infected at the same time, regardless of their distance from

first-order neurons. The only factor that may sporadically cause asynchronous infection,

as illustrated here, is the location of terminals on the neuronal surface: a few neuronal

projections targeting exclusively the cell body and proximal dendrites might be infected

earlier than projections targeting exclusively distal dendrites. This is due to the fact that

viral replication and release from cell bodies precedes centrifugal intracellular transport

to distal dendrites. Note, however, that asynchronous visualization of different second-

order populations, as illustrated here, has been obtained only when using a rabies virus

immunolabeling method that was not very sensitive (see Ugolini, 2010). (B–E) Kinetics of

infection of XII MN: at 1 day, labeling is restricted to cell bodies and proximal dendrites

(B), and extends to distal dendrites at 2 days (C). Note that even at 4 days, infected MNs

show normal size and morphology (D) and normal Nissl staining (E, cresyl violet). Other

abbreviations: RGc, nucleus (n.) reticularis gigantocellularis; RPc, n. reticularis parvocel-

lularis; RSc, n. reticularis subcoeruleus; RN, red nucleus; SPV, spinal trigeminal nucleus.

Scale bars in (B–E): 150 mm.
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shape; Fig. 2B). The viral genome (less than 12 kb) encodes only five
proteins: a nucleoprotein (N), an RNA-dependent RNA polymerase (L),
a polymerase cofactor phosphorylated protein (the phosphoprotein P), a
matrix protein (M), and a single external glycoprotein (G; Dietzschold
et al., 2005; Finke and Conzelmann, 2005; Schnell et al., 2010). Rabies virus
particles comprise a central core, containing helical RNA and the N, L,
and P proteins, that is associated with M protein and surrounded by a
lipid envelope, on which is anchored the glycoprotein, which is arranged
in trimeric spikes (Fig. 2B; Gaudin et al., 1992; Schnell et al., 2010; Wunner,
2002).

It has been demonstrated that the glycoprotein has a pivotal role in
neuroinvasiveness, as its point mutation at position 333 (Coulon et al.,
1983; Dietzschold et al., 1983) completely abolishes virulence (Coulon
et al., 1989; Dietzschold et al., 1985; Kucera et al., 1985; Lafay et al., 1991)
and its gene deletion (Mebatsion et al., 1996a) eliminates transneuronal
propagation (Etessami et al., 2000). Moreover, in avirulent strains, neu-
roinvasiveness is restored by genetic replacement or transcomplementa-
tion with the glycoprotein derived from virulent strains (see Dietzschold
et al., 2005, 2008; Finke and Conzelmann, 2005). In addition to binding
with neuronal receptors, the rabies virus glycoprotein promotes virus and
cell membrane fusion (Gaudin, 2000) and confers intracellular transport
properties to the internalized virions (see Finke and Conzelmann, 2005;
Schnell et al., 2010; Section III.C).
B. Differences among rabies virus strains

There are two types of rabies virus strains: ‘‘street’’ and ‘‘fixed’’ ones.
‘‘Street’’ strains are natural (wild-type) isolates; their properties can be
highly variable. ‘‘Fixed’’ strains have been adapted from street strains by
repeated passages in mice brains and cell culture, resulting in the selec-
tion of strains with stable properties (Wunner and Dietzschold, 1987).
Only ‘‘fixed’’ strains are used for transneuronal tracing studies. They are
100–10,000 times less infectious than ‘‘street’’ strains (Dietzschold et al.,
2005), in part because they do not replicate in the muscle (Shankar et al.,
1991; Ugolini et al., 2006), unlike ‘‘street’’ strains (Charlton and Casey,
1979; Murphy and Bauer, 1974; see also Section III.H). A prototype of
fixed strains is the challenge virus standard (CVS) strain (Sacramento
et al., 1992). There are several CVS subtypes that differ in their passage
history, such as CVS-11, usually grown in baby hamster kidney cells
(BHK-21; Seif et al., 1985; Ugolini, 1995b), and the B2c and N2c variants
of CVS-24, that were selected by passage in BHK-21 (B2c) or mouse brain
and neuroblastoma cells (N2c; Morimoto et al., 1998, 1999).

The properties of rabies virus, reviewed here, refer to the CVS-11
subtype, that is, the ‘‘fixed’’ strain of which the transneuronal
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propagation has been most thoroughly evaluated (e.g., Akkal et al., 2007;
Clower et al., 2005; Graf et al., 2002; Grantyn et al., 2002; Kelly and Strick,
2003, 2004; Morcuende et al., 2002; Moschovakis et al., 2004; Prevosto et al.,
2009, 2010; Tang et al., 1999; Ugolini, 1995b; Ugolini et al., 2006). Theoreti-
cally, the properties of CVS-11 should not be generalized to all ‘‘fixed’’
strains, as different CVS subtypes, or even variants of the same subtype,
can substantially differ in properties (see Morimoto et al., 1998, 1999, for
B2c and N2c). Available studies on the transneuronal propagation of the
CVS-24 N2c variant suggest unidirectional transport properties as CVS-11
but a higher transfer rate (Hoshi et al., 2005; Kelly and Strick, 2000; but see
Rathelot and Strick, 2006, 2009) and also a large variability of the rate of
transfer following intramuscular inoculation of different batches of N2c of
the same titer (Rathelot and Strick, 2009) that are not observed using CVS-
11 (e.g., Moschovakis et al., 2004; Ugolini et al., 2006). To understand
whether such differences may be dependent upon intrinsic characteristics
of the N2c variant or other experimental parameters, it would be neces-
sary to compare the behavior of N2c and CVS-11 in the same model. The
CVS-11 used in our laboratory (Ugolini, 1995b; Ugolini et al., 2006), and
other European institutions (e.g., Salin et al., 2008), was originally
obtained from P. Atanasiu (Institut Pasteur, FR; Seif et al., 1985). Its
glycoprotein sequence (accession no. 1106215A; Seif et al., 1985) shows a
difference of 14 AA compared with CVS-11 from the Center for Disease
Control and Prevention in Atlanta (accession no. AAC34683; Smith et al.,
1973), 11 AA difference with CVS-24 N2c (accession no. AAB97690), and 3
AA with CVS-24 B2c (accession no. AAB97691) from Philadelphia
(Morimoto et al., 1998, 1999). Thus, at least with regard to the glycoprotein
sequence, the ‘‘French’’ CVS-11 seems closer to CVS-24 B2c than to CVS-
24 N2c or to the ‘‘American’’ CVS-11 (see Sacramento et al., 1992, for
discrepancies in the recorded lineage of rabies virus strains).
C. Intracellular cycle of rabies virus and unidirectional
transport properties

At the site of inoculation, rabies virus is internalized by terminals and
transported by fast retrograde axonal transport to the cell bodies of first-
order neurons, where a first cycle of transcription and replication begins
(Ugolini, 1995b; Fig. 5). Rabies immunolabeling is initially detected only
in neuronal cell bodies; later, it extends to dendrites, but not to axons
(Ugolini, 1995b; Fig. 5). Because centrifugal intracellular transport is
directed exclusively to dendrites, transneuronal transfer occurs only in
the retrograde direction, from neuronal cell bodies and dendrites to pre-
synaptic terminals. From such terminals, virus particles are transported
back to the cell body of higher-order neurons, where the next transcrip-
tion and replication cycle begins (Ugolini, 1995b; Fig. 5). Successive cycles
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of retrograde axonal transport, transcription, and replication allow for the
stepwise retrograde transneuronal infection of synaptically connected
neurons of progressively higher order (Fig. 5). The interval required for
visualization of each synaptic step mostly depends upon the time devoted
to viral replication, as retrograde axonal transport occurs at high speed
in vivo: different groups of second-order neurons located at various dis-
tances from first-order neurons (e.g., 10 mm to 2 cm) are infected at the
same time (Graf et al., 2002; Morcuende et al., 2002; Tang et al., 1999;
Ugolini, 2008, 2010; Ugolini et al., 2006). In vitro, the estimated transport
speed is 50–100 mm/day in human dorsal root ganglia (Tsiang et al.,
1991), 12–24 mm/day in rat dorsal root ganglia (Lycke and Tsiang,
1987), and slightly more than 8 mm/day in murine neuroblastoma cells
(Klingen et al., 2008).

Intracellular transport of rabies virus has also been visualized by live
tracking of recombinant virus expressing fluorescent markers in neuro-
blastoma cells (Klingen et al., 2008); this elegant study showed that retro-
grade axonal transport of rabies virus involves transport vesicles, in
which enveloped virus particles are carried as a cargo; it also confirmed
that intracellular anterograde transport is inefficient (Klingen et al., 2008).

Remarkably, in vivo, transneuronal transfer of rabies virus is strictly
unidirectional also after intracortical injections, despite the fact that such
injections provide equal possibilities of axonal transport in the antero-
grade and retrograde directions (in fact, after such injections, most con-
ventional tracers are transported bidirectionally; Fig. 6). With rabies virus,
when retrograde transneuronal transfer has already progressed to third-
order neurons providing polysynaptic inputs to the injected cortical area,
there is still no evidence of anterograde transneuronal transfer to second-
order targets (e.g., recipient regions of the pontine nuclei or basal ganglia;
Kelly and Strick, 2003; Prevosto et al., 2009, 2010; see Fig. 6B). The strictly
unidirectional transfer of rabies virus is a major advantage, as it enables
unequivocal identification of the polysynaptic inputs to the injected CNS
or peripheral site of inoculation.

Axonal transport of rabies virus is blocked by colchicine and other
substances that disrupt microtubules function (Ceccaldi et al., 1989; Lycke
and Tsiang, 1987). Both anterograde and retrograde axonal transport are
microtubule dependent but mediated by different molecular motors, that
is, kinesins and dynein, respectively (Hirokawa and Takemura, 2005). The
exclusively retrograde direction and high speed of intracellular transport
of rabies virus can only be explained by active, dynein-dependent
mechanisms. The rabies virus glycoprotein is clearly involved, as it con-
fers retrograde axonal transport properties to pseudotyped lentiviruses
vectors (Finke and Conzelmann, 2005; Mazarakis et al., 2001). A role in
axonal transport has been postulated also for the viral phosphoprotein,
because of its strong interactions with the dynein light chain LC8



FIGURE 6 Transneuronal transfer of rabies virus after intracortical injections of a

mixture of rabies virus and the conventional tracer Cholera Toxin B (CTB) fragment in

primates. Modified from Prevosto et al. (2010) with permission. (A) Coronal sections

showing the center of the injection area (red outlines) into the left medial intraparietal

area (MIP) or the ventral lateral intraparietal area (LIPv) of the intraparietal sulcus (IPS),

visualized by Cholera toxin B (CTB) immunolabeling at 2.5 days after injection of the

rabies virus/CTB mixture. (B) Summary of the pathways of transneuronal transfer of
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( Jacob et al., 2000; Raux et al., 2000). However, this would require virus
uncoating to occur prior to transport, which has not been demonstrated
(Finke and Conzelmann, 2005; Schnell et al., 2010); moreover, deletion of
the LC8-binding site in the phosphoprotein does not affect transport of
rabies virus (Mebatsion, 2001) but alters its transcription (Tan et al., 2007).
rabies virus to the cerebellum after injection of rabies virus/CTB into cortical areas MIP

or LIPv: 1� (black), first-order neurons (visualized by the conventional tracer, CTB) in the

ipsilateral (left) thalamus (white dots in (D)) and in cortical areas. 2� (blue), second-order
neurons infected by retrograde transneuronal transfer of rabies virus at 2.5 days in the

contralateral cerebellar nuclei, in the ipsilateral thalamic nuclei and reticular thalamic

nucleus, and in the contralateral thalamic nuclei (the latter reflecting projections to IPS

areas of the right hemisphere). 3� (red), third-order neurons labeled at 3 days in the

contralateral cerebellar cortex (Purkinje cells, PCs) and contralateral reticular thalamic

nucleus. Note that anterograde transneuronal transfer (e.g., to the pontine nuclei) did

not occur (X, violet). (C, E, H) Photomicrographs of adjoining sections at the LIPv

injection site, immunolabeled for CTB (C) and rabies virus (E, H) at 2.5 days postinocu-

lation. The injection area is easily identifiable with CTB (C) but not with rabies virus ((E),

enlarged in (H)), because transneuronal transfer of rabies virus produces intense labeling

of short-distance projection neurons in neighboring portions of the sulcus (e.g., in dorsal

LIP, LIPd, and ventral intraparietal area, VIP). Note (in (E) and (H)) the absence of

degeneration at the cortical (LIPv) site of inoculation and the lack of involvement of the

white matter. (D) Example of rabies immunolabeling in the caudal thalamus at 2.5 days

after injection of the rabies virus/CTB mixture into MIP. Left side is ipsilateral; number

on the lower left corner indicates the rostrocaudal distance from the interaural axis.

White dots: first-order neurons (CTB) in the thalamus (here in lateralis posterior, LP,

anterior pulvinar, APul, and medial dorsal, MD, nuclei; for labeling found at other

thalamic levels, see Prevosto et al., 2010). Brown: rabies virus retrograde transneuronal

labeling. In this model, labeling in the thalamus provides an internal control for the

number of synapses crossed by the rabies virus tracer: note that at this time point

(2.5 days), transfer involves second-order neurons (2� : ipsilateral reticular thalamic

nucleus, Rt left, and contralateral thalamic nuclei) and not third-order neurons (3�:
contralateral Rt); the latter are infected at 3 days (see summary diagram in (B)). Other

abbreviations: IPul, inferior pulvinar; LG, lateral geniculate; MG, medial geniculate; NPC,

nucleus of the posterior commissure; SG, suprageniculate. (F and G) Examples of rabies

immunolabeled second-order neurons (2�) in the contralateral (right) cerebellar nuclei

(MIP, 2.5 days): infected cells are found in the dentate nucleus (D) and in the ventrolat-

eral portion of the interpositus posterior nucleus (IP); boxed area in (F) is enlarged in (G).

(I–J) Examples of third-order (3�) labeling of PCs in the cerebellar cortex (paramedian

lobule, PML) at 3 days (MIP; see also summary figure in (B)). Detection of rabies virus (in

(D)–(J)) was based on a sensitive immunoperoxidase protocol and combined with cresyl

violet counterstaining of the same section. The results illustrate the power of the rabies

transneuronal tracing technology in providing a time-dependent visualization of entire

functional neuronal circuits (here, the cerebellar cortical and nuclear modules to MIP

implicated in adaptive control of visual and proprioceptive guidance of reaching, arm/

eye/head coordination, and prism adaptation; see Prevosto et al., 2010). Scale bar ¼ C,

D, E: 2000 mm; F, H: 1000 mm; G: 100 mm; I, J: 50 mm.
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D. Rabies virus replication does not cause cell damage

With street rabies virus, cytopathic changes are negligible even at the time
of death (see Jackson, 2002; Juntrakul et al., 2005). Similarly, with the
virulent ‘‘fixed’’ strains of rabies virus that are used for transneuronal
tracing, neurons that have been infected for several days maintain normal
size andNissl staining pattern (Tang et al., 1999; Ugolini, 1995b; Fig. 5B–E).
They also remain metabolically viable, as they can still express their neu-
rotransmitters (Fig. 7K and L) and cotransport other tracers (Fig. 6; Graf
et al., 2002; Miyachi et al., 2006; Morcuende et al., 2002; Prevosto et al., 2010;
Salin et al., 2009; Tang et al., 1999; Ugolini et al., 2006; see Ugolini, 2010 and
Section III.E.3). This is due to the fact that rabies virus has developed a
multilevel strategy to prevent neuronal impairment. First, its replication
does not involve host shutoff mechanisms (Conzelmann, 2005); during the
preclinical period, host cell gene expression is downregulated, with a
major upregulation occurring only at long time points (6–7 days in mice)
and coincidingwith the onset of clinical disease (Prosniak et al., 2001, 2003).
Second, pathogenicity of rabies virus strains is inversely correlated with
their ability to induce apoptosis (programmed cell death) and with the
level of glycoprotein expression (Morimoto et al., 1999); virulent strains of
rabies virus prevent apoptosis by keeping viral gene expression beyond
threshold levels and by interfering with proapoptotic factors (Finke and
Conzelmann, 2005; Morimoto et al., 1999; Schnell et al., 2010). Rabies virus
has also immunoevasive strategies that involveblocking cellular interferon
signaling (Brzózka et al., 2005, 2006; Conzelmann, 2005; Schnell et al., 2010;
Vidy et al., 2007) and inactivating ‘‘protective’’ T lymphocytes via over-
expression of immunosubversive molecules (Baloul and Lafon, 2003;
Baloul et al., 2004; Lafon, 2008).
E. Rabies transneuronal tracing: Methodological aspects

1. Identification of the order of connections and influence of the
initial viral load on the speed of transneuronal progression of
rabies virus within the CNS

As for the other viral tracers, studying the kinetics of transfer of rabies virus
at different time points after the inoculations is of paramount importance
for identifying the order of connections. In each model, it is also important
to verify the synaptic order based on internal controls (i.e., presence or
absence of labeling in known pathways; Ugolini, 2010; see, e.g., Fig. 6B and
D). Following peripheral or CNS inoculations, infection of first-order neu-
rons usually requires up to 2 days (because viral uptake is not efficient),
whereas each subsequent step of transneuronal transfer to higher-order
neurons (second-order, third-order, etc.) occurs much more rapidly, at
regular intervals of 12 h or more depending on the initial viral load, the



FIGURE 7 Retrograde transneuronal transfer of rabies virus from the left lateral rectus

(LR) muscle in primates. Modified from Ugolini et al. (2006) with permission. (A and B)

Differences in uptake by ‘‘slow’’ and ‘‘fast’’ motoneurons (MNs) after injection of rabies

virus into the distal (1) and central (2) parts of the muscle. (A) Distal intramuscular

injections (1) involve selectively ‘‘en grappe’’ endplates of ‘‘slow’’ MN, supplying slow

muscle fibers. Only injections into the center of the muscle belly (2) involve ‘‘en plaque’’

motor endplates of ‘‘fast’’ MN. (B) Extent of the rabies virus injection site (red) in the

muscle, visualized by rabies immunolabeling at 2.5 days (see example in (I)). Note the lack

of spread of the infection within the muscle. Black dots: synaptophysin-positive term-

inals. (C–F) Differences in topography of ‘‘slow’’ (C and E) and ‘‘fast’’ (D and F) MNs (first-

order, 1�), illustrated by cross sections (C and D) and three-dimensional reconstructions

(E and F) of the abducens (VI) nucleus (dark blue outlines: VI nucleus and emerging roots

of the VI nerve). Large red dots: MN cell bodies; small dots in (E): MN dendrites. Light

blue outlines on the left in (E) and (F): descending limb of the facial nerve (VIIn). Green

outlines in (F): genu (g) and ascending limb of VIIn. Gray vertical lines: midline. Yellow

outlines: brainstem dorsal surface. MLF: medial longitudinal fasciculus. (G and H)

Examples of second-order neurons (2�) in the contralateral medial vestibular nucleus,
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model, and the sensitivity of the rabies immunodetection method (Graf
et al., 2002; Grantyn et al., 2002; Kelly and Strick, 2003, 2004; Morcuende
et al., 2002; Moschovakis et al., 2004; Rathelot and Strick, 2006; Tang et al.,
1999; Ugolini, 1995b; Ugolini et al., 2006; see Ugolini, 2010; Figs. 5–8).

It is important to keep constant the injected amount and concentration
of rabies virus in a series of experiments because the interval required for
visualizing each step of transfer is influenced by the dose of the inoculum.
In primates, for example, after inoculation of a constant dose (2 ml intra-
cortically or 110 ml intramuscularly) of CVS-11 at high concentrations (titer
at or above 1010 pfu/ml), monosynaptic, disynaptic, and trisynaptic con-
nections to the infected first-order neurons are visualized at 12 h intervals
(at 2.5, 3, and 3.5 days, respectively;Moschovakis et al., 2004; Grantyn et al.,
2002; Prevosto et al., 2009, 2010; Ugolini et al., 2006; see Figs. 6–8). However,
magnocellular portion (MVmc) infected at 2.5 days by retrograde transneuronal transfer

of rabies virus from ‘‘fast’’ MNs (injection 2 in (A) and (B)). (I–L) Examples of dual color

immunofluorescence for rabies virus (FITC, green) and choline acetyltransferase (CAT), a

marker for MNs and other cholinergic neurons (Cy3, red) in the LR muscle (I and J) and in

the VI nucleus (K and L). (I) The rabies virus injection area in the muscle can be easily

identified because of viral uptake by fibrocites. (J) Motor endplates (CAT-positive) in the

same section. (K and L) ‘‘Fast’’ MNs (after injection site 2 in (A) and (B)): infected MN (K)

remain viable because they express CAT antigen at normal levels (L, arrows). They are

intermixed with unlabeled MN (CAT-positive but rabies-negative). (M and N) Differences

in the second-order populations that innervate monosynaptically slow (M) and fast (N)

LR MNs (infected by rabies virus at 2.5 days). Marker size: strength of the projections. Red

neuronal markers and forked synapses: excitatory neurons; yellow neuronal markers and

bouton synapses: inhibitory; green neuronal markers and empty bouton synapses: non-

characterized or mixed populations. (M) Slow LR MNs are innervated only by pathways

involved in slow eye movements and gaze holding [supraoculomotor area (Soa), pre-

positus hypoglossi (PH), parvocellular medial vestibular nucleus (MVpc), caudal medul-

lary medial reticular formation (MRF), central mesencephalic reticular formation

(cMRF)]. (J) Pathways to fast LR MNS: retrograde transneuronal transfer of rabies virus

involves all known second-order populations of horizontal eye movements pathways,

regardless of the distance and strength of their input to LR MNs [saccade bursters

(excitatory burst neurons, EBNs, in ipsilateral paramedian pontine reticular formation,

PPRF; inhibitory burst neurons, IBNs, in contralateral dorsal paragigantocellular reticular

formation, DPGi), angular vestibulo-ocular reflex (VOR) pathways (excitatory: contra-

lateral magnocellular medial vestibular nucleus, MVmc; inhibitory: ipsilateral parvocel-

lular medial vestibular nucleus, MVpc), linear VOR pathways (ipsilateral Scarpa’s

ganglion), pathways involved in coordination of medial rectus (MR)/LR muscles (ocu-

lomotor internuclear neurons, OINs), portions of the horizontal velocity-to-position

integrator involved in inhibition of LR MNs during contralateral saccades (contralateral

marginal zone, MZ)]. Rabies virus immunolabeling in (C), (D), (G), and (H) was based on a

sensitive immunoperoxidase protocol and combined with cresyl violet counterstaining

of the same section. Bars ¼ (C)–(F): 400 mm; (G): 600 mm; (H): 200 mm; (I, J): 100 mm; (E, F):

50 mm. For other details, see Ugolini et al. (2006). (See Page 9 in Color Section at the

back of the book.)



FIGURE 8 Pathways of propagation of rabies virus (CVS strain) after inoculation into

the left lateral rectus (LR) muscle in macaque monkeys. Panel (A) is modified from

Ugolini (2008) with permission. Uptake and transneuronal propagation of rabies virus

occurs exclusively via the motor route (first-order neurons, 1�: LR motoneurons, MNs in

the abducens, VI, nucleus), with no propagation in sensory, sympathetic or parasympa-

thetic pathways that innervate the same muscle. [Sensory pathways: first-order neurons

(1�), Gasser ganglion; second-order neurons (2�), spinal trigeminal nucleus. Sympathetic

pathways: first-order neurons (1�), superior cervical ganglion, SCG; second-order neurons
(2�), intermediolateral cell group, IML, of spinal segments C8-T5. Parasympathetic

pathways: first-order neurons (1�), sphenopalatine ganglion, SPG; second-order neurons

(2�), superior salivatory nucleus, SSN.] Retrograde transneuronal transfer from MNs

(first-order, 1�, black) involves sequentially second-order neurons (2�, gray) at 2.5 days,
third-order (3�, dark gray) at 3 days, and fourth-order (4� , light gray) at 3.5 days, as
exemplified here by a schematic representation of the horizontal vestibulo-ocular reflex

(VOR) circuitry to ‘‘fast’’ LR MNs (see also Fig. 7). Retrograde transneuronal transfer of

rabies virus involves all known connections, including both excitatory neurons (forked

synapses) and inhibitory neurons (bouton synapses). Note that in this model, labeling of

the vestibular (Scarpa’s) ganglia in the inner ear occurs ipsilaterally at 2.5 days (second-

order neurons of linear VOR pathways to ‘‘fast’’ LR MNs; see also Fig. 7N) and bilaterally

at 3 days (higher-order neurons of VOR pathways; see example in (B)). (B) Rabies virus-

immunolabeled third-order neurons (3�) in Scarpa’s ganglion, infected at 3 days by

retrograde transneuronal transfer of rabies virus after injection into the LR muscle (see

(A)). The infection of Scarpa’s ganglion is a striking example of centrifugal spread of

rabies virus to sensory ganglia which is mediated by retrograde transneuronal propaga-

tion and occurs already during the asymptomatic period. (C) Examples of third-order (3�)
labeling of Purkinje cells (PCs) in the cerebellar flocculus at 3 days after injection into the

LR muscle (see (A)). In (B) and (C), immunoperoxidase detection of rabies virus was

combined with cresyl violet counterstaining of the same section.
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the intervals are much longer when using CVS-11 at lower concentrations
(107 or 108 pfu/ml, e.g., Kelly and Strick, 2003, 2004; Miyachi et al., 2005,
2006). Varying the amount or concentration of the inoculum in a series of
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experiments must be avoided in rabies transneuronal tracing studies, as it
can cause variability (e.g., Ruigrok et al., 2008). The virus strain is another
important factor, as the N2c strain propagates more rapidly than CVS-11
(Hoshi et al., 2005) and may cause variability of the rate of transfer after
intramuscular injection (Rathelot and Strick, 2009), unlike CVS-11
(Ugolini, 2010; Ugolini et al., 2006; see Section III.B). Both the initial viral
load and the virus strain may contribute to explain major differences in
incubation times in human rabies ( Jackson, 2002; Plotkin, 2000).

2. Sensitivity of the rabies immunodetection methods is important
When using the correct experimental parameters (see above), transneur-
onal tracing with rabies virus allows for a precise identification of the
synaptic order because neuronal populations of progressively higher
order are visualized sequentially (Ugolini, 2010). Distinction of the syn-
aptic order is facilitated by the fact that transneuronal labeling is not
gradual, but occurs stepwise, because replication of rabies virus is neces-
sary for its immunohistochemical detection.

Sensitivity of the rabies immunolabeling protocol is very important: if
it is low, modulatory connections that are sparse may not be detected, or
may not reach detection threshold until later time points (see Ugolini,
1995b, 2010). For example, we had found in the hypoglossal (XII) model
that some second-order cell groups were visualized a little later than other
groups of the same synaptic order (Ugolini, 1995b; Fig. 5A). This asyn-
chrony was correlated with the input strength and location of presynaptic
terminals: second-order populations providing only weak input and tar-
geting exclusively distal dendrites of XII motoneurons could be visua-
lized a little later than cell groups of the same synaptic order that provide
strong input and target motoneuronal cell bodies and proximal dendrites
(Ugolini, 1995b; Fig. 5A). This is due to the fact that viral replication in
(and transfer from) the cell body precedes centrifugal transport to distal
dendrites (Ugolini, 1995b, 2008; Fig. 5A). Moreover, delayed labeling of
the last groups of second-order neurons overlapped with the onset of
labeling of higher-order neurons (Ugolini, 1995b; Fig. 5A). The asyn-
chrony observed in the XII model was induced by the low sensitivity of
the immunolabeling protocol because we have obtained no more
evidence of asynchrony once we have started using a rabies virus primary
antibody of superior sensitivity (Ugolini, 2010; Ugolini et al., 2006;
Figs. 6–8). With the improved rabies immunolabeling protocol, all popu-
lations of the same synaptic order are detected simultaneously regardless
of the strength and location of the connections, although it is possible to
observe differences in labeling intensity between different populations of
the same synaptic order (Ugolini, 2010; Ugolini et al., 2006). Thus, labeling
that with the old protocol was below detection threshold is now detected,
albeit as weaker labeling.
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3. Combined visualization of rabies virus and neurotransmitter, cell
markers, or other tracers

Because infected neurons remain metabolically viable, rabies immunola-
beling can be combined with the identification of other tracers, neuro-
transmitters or cell markers. In dual immunolabeling protocols, rabies
virus transneuronal labeling has been already combined with the visuali-
zation of choline acetyltransferase (used as marker for motoneurons and
autonomic preganglionic neurons; Graf et al., 2002; Morcuende et al., 2002;
Tang et al., 1999; Ugolini et al., 2006; see Fig. 7I–L), oxytocin (Tang et al.,
1999), calbindin, parvalbumin, pleiotrophin, and the neuronal form of
nitric oxide synthase (Miyachi et al., 2006; Salin et al., 2009).

We have shown that a conventional tracer that is not transferred
transneuronally (Cholera toxin B fragment, CTB low salt, List Biological
Labs, Campbell, CA; end concentration 0.03%) can be mixed with rabies
virus without altering viral uptake (Prevosto et al., 2009, 2010; Ugolini,
2010; Fig. 6A–C, E, and H). Injecting such rabies virus/CTB mixture is a
major methodological improvement: first, it allows for the definition of
the injection area because CTB immunolabeling reveals the precise extent
of the injection site (Fig. 6A and C), which would be difficult using rabies
virus alone, because the virus does not induce tissue damage, does not
infect glial cells, and does not accumulate at the injection site (Fig. 6E and
H; Prevosto et al., 2009, 2010; Ugolini, 2010). Second, the rabies virus/CTB
combination makes it possible to identify first-order neurons (CTB) and
higher-order neurons (rabies virus) in the same experiment, which is
another considerable advantage (Fig. 6; Prevosto et al., 2009, 2010;
Ugolini, 2010).
F. Host range and species differences in uptake via different
routes of inoculation

Rabies virus can infect all mammals, but not all species are equally
susceptible following peripheral routes of inoculation. In mice, CVS-11
propagates efficiently via both the intranasal and the intramuscular
routes (Coulon et al., 1989; Lafay et al., 1991), whereas in skunks, the
intramuscular route is much less effective (Smart and Charlton, 1992). In
rats, guinea pigs, and primates, transneuronal transfer of CVS-11 is very
efficient via the intramuscular and intracerebral routes (Graf et al., 2002;
Morcuende et al., 2002; Prevosto et al., 2009, 2010; Tang et al., 1999; Ugolini
et al., 2006). Once the virus has reached and replicated in first-order
neurons, transneuronal transfer progresses at the same rate regardless
of the peripheral or intracerebral route of inoculation (Prevosto et al., 2009,
2010; Ugolini et al., 2006). In primates, rats, and guinea pigs, the efficacy of
transneuronal transfer and its timing (e.g., the interval required for the
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infection of second-order neurons) are not influenced by genetic or age
differences of the animals, at least in adults. In mice, newborns are more
susceptible (Casals, 1940; Morimoto et al., 1998; Nilsson et al., 1968), likely
because of immature immune response (Morimoto et al., 1998). Remark-
ably, after intracerebral inoculation of rabies virus mutants (RV194-2,
Av01, SAD-D29) that are significantly less neuroinvasive than the paren-
tal strain due to point mutation of the glycoprotein at position 333, adult
mice survive and develop neutralizing antibodies at high levels, but
newborns die with rabies (Coulon et al., 1983; Dietzschold et al., 1983;
Mebatsion, 2001; Seif et al., 1985).

In primates, rats, and guinea pigs, intramuscular injections of CVS-11
result in uptake and propagation to the CNS only via the motor route (see
Section III.G). In mice, however, the CVS strain can infect simultaneously
motoneurons and primary sensory neurons with equal efficiency via the
intramuscular route (Coulon et al., 1989; Jackson, 2002). Moreover, adult
mice can develop rabies after oral administration of the ‘‘fixed’’ ERA strain,
which is avirulent in monkeys and other mammals via the same route
(Lawson et al., 1987). The exceptional susceptibility of mice is presumably
due to the fact that CVS and ERA, like other ‘‘fixed’’ strains, were originally
mouse adapted (see, e.g., Sacramento et al., 1992). Therefore, studies of the
propagation of ‘‘fixed’’ rabies virus strains inmicemodels are probably less
representative of human rabies infection than those performed in other
species of rodents and nonhuman primates (Ugolini, 2008, 2010).
G. Entry of rabies virus occurs exclusively via the motor route
after peripheral inoculations

In primates, rats, and guinea pigs, we found that CVS-11 enters exclu-
sively via the motor route after intramuscular inoculations, that is, sensory
and autonomic neurons that innervate the muscle are not infected (Graf
et al., 2002; Morcuende et al., 2002; Tang et al., 1999; Ugolini et al., 2006; see
also Ugolini, 2008; Figs. 4, 7, and 8). This phenomenon was first docu-
mented in rats after inoculation of CVS-11 into the bulbospongiosus
muscle (Tang et al., 1999; Fig. 4). This muscle is innervated by motoneur-
ons in the ipsilateral dorsomedial (DM) nucleus at L5-L6, and also pri-
mary sensory neurons in the ipsilateral dorsal root ganglia at L5-S1 and
sympathetic postganglionic neurons in the lumbar paravertebral sympa-
thetic chain (the latter receiving projections from sympathetic pregangli-
onic neurons that are located in the intermediolateral cell group of lower
thoracic and upper lumbar spinal segments; Fig. 4). We found that rabies
virus infected only bulbospongiosus motoneurons (first-order), and sub-
sequently progressed, in sequential steps of transfer, to synaptically
connected (higher-order) spinal and supraspinal populations of motor
pathways (Tang et al., 1999; Fig. 4). Similarly, rabies virus entered only



Transneuronal Tracing with Rabies Virus 187
via the motor route after inoculation of CVS-11 into facial muscles (orbi-
cularis oculi) in rats (Morcuende et al., 2002) and into extraocular eye
muscles in guinea pigs and primates (Graf et al., 2002; Ugolini et al., 2006;
Figs. 7 and 8). The exclusive transneuronal propagation of rabies virus
(CVS-11) via the motor route in primates, rats, and guinea pigs is a
particularly valuable feature of the rabies transneuronal tracing technol-
ogy, as it allows for a specific identification of the polysynaptic descend-
ing motor pathways involved in the control of single muscles (Graf et al.,
2002; Morcuende et al., 2002; Rathelot and Strick, 2006, 2009; Tang et al.,
1999; Ugolini, 2010; Ugolini et al., 2006; Figs. 4, 7, and 8). Importantly, this
could not be achieved in transneuronal tracing studies with alpha-her-
pesviruses because they propagate simultaneously in sensory, sympa-
thetic, and motor pathways (see Section II and Fig. 3)

The lack of penetration of rabies virus into peripheral sensory and
autonomic endings is not only an exclusive property of the CVS-11 strain,
and is not the result of quantitative differences in motor versus sensory
and autonomic innervation, because it was also reported after inoculation
of the CVS-N2c strain into primates handmuscles, despite their prominent
sensory and sympathetic innervation (Rathelot and Strick, 2006). Impor-
tantly, we have shown that CVS-11 enters exclusively via the motor route
also after inoculations directly into peripheral nerves (e.g., the hypoglossal
nerve in rats; Ugolini, 1995b), evenwhen the inoculated nerves (e.g., ulnar)
contain a great number of sensory and sympathetic axons, in addition to
motor axons (Ugolini, unpublished observations). Thus, in the peripheral
nervous system, rabies virus ‘‘receptors’’ appear to be present both on
motor axons (possibly at the nodes of Ranvier) and on motor endplates,
but not on sensory and autonomic axons and terminals.

These experimental findings, obtained by studying the early stages of
propagation of ‘‘fixed’’ CVS variants in primates and rodents models, have
potential implications for the understanding of the pathophysiology of
human rabies. If the penetration of ‘‘street’’ rabies virus similarly prefers
themotor route, itwould explainwhy the risk of developing rabies after dog
bites is empirically 50 times higher after deep bites into muscles and/or
nerves (Hemachudha et al., 2002), allowing for direct contact with motor
endplates and motor axons, compared with skin lesions that only permit
access to less permissive sensory and sympathetic endings (Ugolini, 2008).

Classic rabies is almost always associated with true rabies virus (geno-
type 1), usually canine related, and can manifest in either the furious or the
paralytic forms (Hemachudha et al., 2002, 2006). Clinical diversities are not
fully explained by virus variants (since a single dog caused furious rabies to
one patient but paralytic rabies to another; Hemachudha et al., 2006) but are
related to different neuropathogenetic mechanisms (i.e., peripheral nerve
demyelination of autoimmune etiology, which resembles the Guillan–Barré
syndrome, in the paralytic form, but not in the furious form; Hemachudha
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et al., 2005, 2006; Sheikh et al., 2005). Although clinical stages of illness are
far too advanced to allow for definite conclusions regarding the early
pathways of viral propagation, some clinical, electrophysiological, and
neuropathological findings in canine-related human rabies point to a
more prominent involvement of motor versus sensory elements
(Mitrabhakdi et al., 2005; Sheikh et al., 2005), that could be explained by
earlier or preferential infection via the motor route, that is, as observed
experimentally for fixed rabies virus (see above). Thus, in furious rabies
patients, it was shown that sensory and motor nerve conduction studies
were normal during the early clinical stages of illness, yet abundant dener-
vation potentials were evident primarily in the bitten limb, that preceded
clinical weakness and suggested an acute motor fiber loss, probably at the
anterior horn level, in the absence of detectable sensory loss (Mitrabhakdi
et al., 2005). Furthermore, in one Chinese paralytic rabies patient, Wallerian-
like degeneration and inflammatory changes were much more severe in
ventral than in dorsal spinal roots (Sheikh et al., 2005), which may be
similarly explained by a preferential infection via the motor route.

Bat-related rabies, however, is characterized by nonclassical or atypical
clinical features (Hemachudha et al., 2005). Moreover, with bat variants
(e.g., silver-haired bat rabies virus), a superficial wound or scratch, that
can deliver only negligible amounts of virus, is sufficient to cause infec-
tion, despite the fact that the skin contains only sensory and sympathetic
endings ( Jackson, 2002; Rupprecht and Hemachudha, 2004). The greater
neuroinvasiveness of bat variants is likely due to their unique ability to
replicate in epidermal cells at lower than normal body temperature
(34 �C), that could enable them to amplify at the inoculation site, thereby
enhancing the probability of entering nerve endings (Morimoto et al.,
1996). Propagation of bat-related strains via sensory and possibly, sym-
pathetic routes, could explain why local neuropathic pain at the bitten
area is much more common (70% vs. 30% in dog-related cases;
Hemachudha et al., 2002, 2006) as well as objective sensory deficits,
Horner’s syndrome, and possibly other atypical clinical features of bat-
related cases (Hemachudha et al., 2002, 2006).
H. Uptake of rabies virus occurs only within the inoculated
portion of the muscle

For transneuronal tracing purposes, it is important to inoculate always the
same portion of a muscle in a series of experiments to ensure the same
amount of uptake because rabies virus is taken up exclusively by motor
endplates in the inoculated portion of the muscle and does not spread
within the muscle. We have demonstrated this property of rabies virus in
primates, by injecting the CVS-11 strain (110 ml, titer 7.8 � 1010 pfu/ml)
into either the distal or central portions of the lateral rectus (LR) muscle,
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which contain the motor endplates of two different populations of moto-
neurons, innervating slow and fast muscle fibers, respectively (Fig. 7;
Ugolini et al., 2006). Rabies immunostaining of the muscle at 2.5 days
postinoculation showed rabies virus antigen in fibrocytes, and not in
myocytes (Ugolini et al., 2006; Fig. 7I). Similarly, even in the case of street
rabies virus strains, local replication in the inoculated muscle initially
spares myocytes (Charlton and Casey, 1979). In this model, infection of
fibrocytes by the CVS-11 strain was probably defective because it did not
spread to noninjected portions of the muscle (Fig. 7A and B). In fact, after
inoculations into the distal portion of the LR muscle, which contains
exclusively ‘‘en grappe’’ endplates of ‘‘slow’’ motoneurons, the infection
involved only this particular motoneurons population (located at the
periphery of the abducens nucleus; Fig. 7C and E; Ugolini et al., 2006).
In contrast, ‘‘fast’’ motoneurons (located inside the abducens nucleus;
Fig. 7D and F) were infected only after injection into the central part of
the muscle, that is, the only muscle portion containing ‘‘en plaque’’ motor
endplates of these motoneurons (Ugolini et al., 2006; Fig. 7A and B).
Retrograde transneuronal transfer of rabies virus from these different
groups of motoneurons revealed the existence of major differences in
their premotor innervations (Fig. 7G, H, M, and N; Ugolini et al., 2006).

In primate and rodent models, motoneurons were infected in less than
2 days after intramuscular inoculations of CVS-11 at high titer, showing
that rabies virus directly infects motor endplates without the need of prior
replication within the muscle (Graf et al., 2002; Tang et al., 1999; Ugolini,
1995b; Ugolini et al., 2006). Migration to the CNS without prior replication
at the site of inoculation has been documented also following intramus-
cular inoculations of the CVS-24 variant in mice (Shankar et al., 1991).
These findings stress the importance of complete wound infiltration with
rabies immunoglobulins as early as possible, within 2 days after the bite,
to prevent the infection. They also explain why postexposure prophylaxis
may fail if wound infiltration is either incomplete or undertaken later
because rabies virus may have already gained access to motoneurons.
Under other conditions, for example, if the titer of the inoculum is low or
the inoculation is superficial (or in the case of bat variants, see above),
local replication might be necessary before the virus can reach motor
endplates, which may explain the particularly long incubation times in
some cases of human rabies (e.g., Jackson, 2002; Plotkin, 2000).
I. Ubiquitous propagation of rabies virus at chemical synapses,
and lack of transmission via gap junctions or local spread

In all models that have been studied to date, transneuronal transfer of
rabies virus has never failed to label known pathways mediated by
classical chemical synapses (‘‘wiring transmission’’). Propagation is very
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efficient, as all populations of the same synaptic order are infected simul-
taneously, regardless of their neurotransmitters, synaptic strength, termi-
nation site, or distance (e.g., Graf et al., 2002; Grantyn et al., 2002;
Morcuende et al., 2002; Tang et al., 1999; Ugolini, 1995b, 2010; Ugolini
et al., 2006; Figs. 6–8).

For example, following inoculation into the LR muscle belly in pri-
mates, transfer of rabies virus infected synchronously (at 2.5 days postin-
oculation) all second-order populations that innervate directly ‘‘fast’’
abducens motoneurons (Figs. 7N and 8A). This included both excitatory
populations (e.g., excitatory neurons of angular vestibulo-ocular reflex,
VOR, pathways, in the contralateral magnocellular medial vestibular
nucleus, MVmc, and excitatory burst neurons, EBNs, of saccade path-
ways, in the ipsilateral paramedian pontine reticular formation, PPRF)
and inhibitory ones (e.g., inhibitory neurons of VOR pathways in the
ipsilateral MVmc, inhibitory burst neurons in the contralateral dorsal
paragigantocellular reticular formation, DPGi; Fig. 7N; see example of
second-order labeling of the contralateral, MVmc in Fig. 7G and H).
Similarly, minor pathways to ‘‘fast’’ abducens motoneurons (such as
those derived from the ipsilateral Scarpa’s ganglion that mediate linear
VOR responses) were visualized in synchrony as major ones (e.g., from
PPRF, DPGi, MVmc; Ugolini et al., 2006; Fig. 7N). Importantly, short
pathways (e.g., from the DPGi) were labeled at the same time as long
ones (e.g., from oculomotor internuclear neurons, OINs; Fig. 7N). The
same applied to third-order neurons, infected at 3 days in the same
model: the infection involved brainstem populations (e.g., saccade-
related burst neurons in the superior colliculus; Grantyn et al., 2002) at
the same time as layer V cortical neurons in the Frontal Eye Field
(Moschovakis et al., 2004), despite major differences in their respective
distance from the brainstem oculomotor populations that they innervate.

Similarly, after intracortical inoculations into the posterior parietal
cortex in primates, we found that all second-order populations that inner-
vate the injected cortical areas via the thalamus were labeled in synchrony
at 2.5 days, despite major differences in neurotransmitters, strength, and
type of their terminations (e.g., neurons in the contralateral cerebellar
nuclei, which synapse strongly onto single thalamic cells, and in the
ipsilateral reticular thalamic nucleus, which issues diffuse terminal pro-
jections to the thalamus; Fig. 6B, D, F, and G; Prevosto et al., 2009, 2010).

The only example of poor transneuronal propagation of rabies virus at
chemical synapseswas the negligible infection of the locus coeruleus (in the
XII and bulbospongiosus models; Tang et al., 1999; Ugolini, 1995b). This is a
special case because the projections from the locus coeruleus are largely via
‘‘volume transmission’’ (see Fuxe et al., 2007), suggesting that this particu-
lar type of synapses might be less conducive to rabies virus (Tang et al.,
1999; Ugolini, 1995b, 2010). Interestingly, ‘‘volume transmission’’ pathways
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are much more extensively infected with alpha-herpesviruses (e.g., XII
model; Babic et al., 1993; Ugolini et al., 1987), likely because the spurious
(cell-to-cell) spread of alpha-herpesviruses facilitates propagation through
this less conducive type of synapses (Ugolini, 2010).

Rabies virus does not propagate at electrical synapses (gap junctions).
This was demonstrated in the bulbospongiosus model (Fig. 4): although
bulbospongiosus motoneurons are extensively interconnected by gap
junctions, the number of infected motoneurons did not increase with
time (Fig. 4B–D), showing that gap junctions are not conducive to rabies
virus propagation (Tang et al., 1999). In addition to classical electron
microscopy findings showing that propagation of rabies virus occurs
primarily at synaptic junctions (Charlton and Casey, 1979; Iwasaki and
Clark, 1975), it has been unequivocally demonstrated that rabies virus is
not transmitted via nonsynaptic (spurious) spread from infected neurons
to neighboring, but not synaptically connected cells (Fig. 1C), and is not
taken up by fibers of passage even after long standing infection (Tang
et al., 1999; Ugolini, 1995b; see Ugolini, 2010).
J. Neuronal receptors for rabies virus

In vivo, rabies virus infects only neurons, even after inoculations directly
into the CNS (e.g., Kelly and Strick, 2003; Prevosto et al., 2009, 2010; Fig. 6E
and H). The finding that rabies virus propagates at chemical synapses
with the same efficiency through all known pathways, regardless of their
neurotransmitters and synaptic strength (see Section III.I), indicates that
neuronal receptors for rabies virus are ubiquitously distributedwithin the
CNS (e.g., Graf et al., 2002; Grantyn et al., 2002; Morcuende et al., 2002;
Tang et al., 1999; Ugolini, 1995b, 2008, 2010; Ugolini et al., 2006).

Molecules that have been proposed to act as rabies virus receptors
include the nicotinic acetylcholine receptor (nAChR; Hanham et al., 1993;
Lentz et al., 1982), the neuronal cell adhesion molecule (NCAM;
Thoulouze et al., 1998), the nerve growth factor receptor (p75; Tuffereau
et al., 1998), and perhaps also highly sialylated gangliosides (Superti et al.,
1986).

Among these putative receptors for rabies virus, NCAM (Thoulouze
et al., 1998) is the most likely candidate in view of its widespread distribu-
tion in the adult nervous system, its presynaptic location, and its presence
also at the neuromuscular junction (Lafon, 2005). It is possible that addi-
tional receptors are utilized as well, since in NCAM-deficient mice, rabies
virus propagation is severely impaired, but not completely abolished
(Thoulouze et al., 1998). It has been speculated that highly sialylated gang-
liosides might act in synergy with NCAM, because they are ubiquitously
distributed and are important constituents of presynaptic membranes and
lipid rafts, to which NCAM is associated (see Lafon, 2005).
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Unlike NCAM or gangliosides, the CNS distribution of p75 (Tuffereau
et al., 1998) and nAChR (Hanham et al., 1993; Lentz et al., 1982) is not
sufficiently ubiquitous in the adult CNS (Lafon, 2005). In fact, p75 is mainly
expressed during development, and is not present at the neuromuscular
junction (see Lafon, 2005), which is the preferred route of entry of rabies
virus (Graf et al., 2002; Tang et al., 1999; Ugolini, 2008, 2010; Ugolini et al.,
2006). Expression of p75 in primary sensory neurons is not sufficient for
rabies virus binding and infection (Tuffereau et al., 2007). Similarly, neu-
rons in the sympathetic ganglia, which express p75 (Garcia-Suarez et al.,
1996), are not infected following peripheral inoculations of rabies virus
(Graf et al., 2002; Tang et al., 1999; Ugolini, 2008, 2010; Ugolini et al., 2006).
Moreover, rabies infection develops equally well in p75-deficient and
normal mice ( Jackson and Park, 1999; Tuffereau et al., 2007). Similarly, in
the CNS, presence or absence of the nAChR has no appreciable effects, as
rabies virus propagates synchronously to cholinergic and noncholinergic
populations of the same synaptic order (Ugolini, 2010).

The nAChR, because of its mainly postsynaptic location, cannot
directly mediate uptake, but may improve the probability of uptake, by
concentrating viral particles in front of the neuromuscular junction
(Lafon, 2005; Lentz et al., 1982). Its presence at motor endplates, but not
at peripheral sensory and autonomic endings, could explain why in
primates, rats, and guinea pigs, peripheral uptake of rabies virus is
restricted to motoneurons, while sensory and sympathetic neurons that
innervate the same muscle are not infected (Graf et al., 2002; Tang et al.,
1999; Ugolini, 2008, 2010; Ugolini et al., 2006; Figs. 4, 7, and 8).
K. Mechanisms mediating centrifugal propagation of
rabies virus to end organs

Depending on the site of inoculation, some centrifugal propagation of
rabies virus from the CNS to peripheral sensory ganglia can already occur
during the preclinical period. It is mediated by retrograde transneuronal
transfer, via the polysynaptic connections from sensory ganglia to moto-
neurons or other initially infected CNS populations (Ugolini, 2008).

We obtained evidence of this phenomenon when studying the kinetics
of propagation of CVS-11 following intramuscular inoculations into the
bulbospongiosus muscle: rabies virus infected exclusively bulbospongio-
sus motoneurons (first-order) at 2 days postinoculation. In the spinal
cord, subsequent steps of retrograde transneuronal transfer caused the
infection of specific populations of second-order spinal interneurons at
3 days, and higher-order neurons at 4 and 5 days postinoculation (Tang
et al., 1999) (Fig. 4). In this model, retrograde transneuronal transfer
caused the infection of a sympathetic preganglionic population (in the
central autonomic area, in lamina X of lumbar segments), which does not
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innervate the bulbospongiosus muscle (Fig. 4A). Moreover, a great num-
ber of primary sensory neurons were infected bilaterally in the dorsal root
ganglia starting from 4 days postinoculation (Fig. 4A). Bilateral infection
of the dorsal root ganglia in this model cannot be explained by peripheral
uptake (which could only cause the infection of ipsilateral dorsal root
ganglia; see Fig. 4A). It clearly reflected centrifugal propagation of rabies
virus to sensory ganglia via their polysynaptic connections to the infected
motoneurons (Fig. 4A).

Examples of centrifugal propagation of rabies virus to peripheral gang-
lia, occurring already during the preclinical period, were also obtained in
other models. Following intramuscular injection into an extraocular muscle
(the LR) in primates, retrograde transneuronal transfer of rabies virus from
abducens motoneurons caused the infection of the vestibular (Scarpa’s)
ganglia in the inner ear ipsilaterally at 2.5 days (second-order neurons of
linear VOR pathways) and bilaterally at 3 days (higher-order neurons of
VOR pathways; Ugolini et al., 2000, 2006; Fig. 8). Similarly, intracortical
inoculation into the posterior parietal cortex in primates resulted in the
centrifugal propagation of rabies virus to the Scarpa’s ganglion already at
3 days postinoculation, which reflected third-order ascending vestibular
projections from the labyrinth (via the vestibular nuclei and the thalamus)
to the injected cortical area (Prevosto et al., 2006; Ugolini, 2008).

With regard to rabies pathogenesis, the experimental findings show
that the motor route is the privileged route of entry of rabies virus into the
CNS, whereas sensory ganglia can be infected only secondarily, via
transneuronal transfer, which can explain the more prominent involve-
ment of motor versus sensory elements in canine-derived human rabies
(Mitrabhakdi et al., 2005; Sheikh et al., 2005; see also Section III.G).

Although some sensory ganglia can be already involved during the
preclinical period, rabies virus can be recovered from end organs (salivary
gland, skin, hair follicles, muscle fibers) only at late stages of infection,
when animals and humans show clinical features of rabies ( Jackson, 2002).
Thus, centrifugal spread to end organs can only be mediated by transneur-
onal propagation and must ultimately involve anterograde axonal trans-
port (e.g., from infected sensory ganglia to the skin and hair follicles). This
may appear a paradox, in view of the exclusively unidirectional (retro-
grade) propagation of rabies virus during early stages of infection (see
above, Section III.C). However, it is important to consider that the finding
that rabies virus can be recovered from end organs only late, when the
disease is already declared, is in keeping with the experimental demonstra-
tion that anterograde intracellular transport of rabies virus is inefficient
(Klingen et al., 2008; see Section III.C). Thus, anterograde axonal spread to
end organs is probably mediated by passive diffusion, rather than active
transport mechanisms, and likely necessitates a considerable ‘‘virus load’’
of the neurons, explaining why it occurs so late (Ugolini, 2008).
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IV. PERSPECTIVES

A. Methodologies: Genetically modified rabies tracers

The development of reverse genetics (Conzelmann, 1996; Mebatsion et al.,
1996a,b) has made it possible to manipulate directly the genome of rabies
virus, providing outstanding opportunities to improve knowledge of
mechanisms involved in viral functions and to design new vaccines
(Faul et al., 2009; Finke and Conzelmann, 2005; Schnell et al., 2005).

Preliminary results highlight the potential of reverse genetics
approaches also for engineering modified rabies virus tracers that could
be tailored for specific purposes (Callaway, 2008; Ugolini, 2010). Research
in this direction has two main goals. The first is to develop defective
‘‘single-step’’ rabies virus vectors that are not transferred transneuronally,
and that could serve to identify direct connections to single neuron or
selected cell types. Initial steps in this direction involved engineering a
defective (glycoprotein-negative and transcomplemented) rabies virus
tracer that labels only first-order neurons that innervate the injection
site, like a conventional retrograde tracer (Etessami et al., 2000), and
carries a foreign gene as marker (Mebatsion et al., 1996b; Wickersham
et al., 2007). Current efforts are aimed at trying to restrict the uptake of
such ‘‘single-step’’ rabies tracers to chosen cells (see Callaway, 2008;
Ugolini, 2010).

The second major goal is to develop dual transneuronal tracing methods
based on the use of virulent isogenic rabies virus strains that could serve
to identify two different neuronal circuits (controlling two different body
sites) in the same experiment. This would be of great importance because
only dual transneuronal tracing technologies could clarify unequivocally
the extent of convergence and separation of neuronal circuits that control
different targets. In the first attempt of this kind (Ohara et al., 2009),
isogenic rabies virus recombinants were generated by inserting different
reporter genes (b-gal, Venus, or EGFP) into the attenuated HEP-Flury
strain of rabies virus, where the glycoprotein gene was replaced with
that from CVS in order to restore virulence and mimic the properties of
CVS. Tests of dual infection in vitro and in vivo with these recombinants
showed that viral interference for replication was a limiting factor: to
achieve efficient double labeling, the two viruses must infect the same
neurons within a few hours; otherwise, the efficiency of the second
infection decreases exponentially (Ohara et al., 2009). Moreover, the repli-
cation and/or propagation speed of the recombinants is modified by the
length of the inserted foreign genes (Ohara et al., 2009). While these
findings stress the need to adjust the size of the inserted foreign gene
and the dose of each virus to achieve optimal dual transneuronal labeling,
the successful colocalization of the two isogenic recombinants in vitro and
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in vivo (Ohara et al., 2009) clearly illustrates the potential of genetically
engineered rabies viruses for dual transneuronal tracing. Since a direct
comparison with the propagation properties of CVS has not been carried
out yet, it remains to be demonstrated whether such isogenic recombi-
nants are truly as effective as CVS-11 or not, particularly in view of the
fact that they still express the matrix protein of the attenuated HEP-Flury
strain, and there is evidence that propagation of rabies virus also depends
upon the matrix protein (Pulmanausahakul et al., 2008). Thus, isogenic
recombinants derived from the CVS background (or carrying the matrix
protein gene from CVS) may be preferable. Theoretically, it should be also
possible to engineer rabies virus recombinants that would express activity
indicators or light-sensitive ion channels, to allow for monitoring or
manipulating neuronal activity in vivo, which would be a major advance.
The capacity of rabies virus to replicate without altering neuronal func-
tion, at least during the preclinical period, makes it the most promising
viral vector for these purposes.
B. Rabies pathogenesis: Perspectives

While considerable insight has been gained into the mechanisms of prop-
agation of ‘‘fixed’’ strains of rabies virus, neuroanatomical studies of
transneuronal transfer of rabies virus during the preclinical period still
need to be carried out to elucidate possible differences in the modalities of
propagation of ‘‘street’’ rabies virus of canine and bat origin, both in their
natural hosts and in suitable rodents and primate models. It is important
to consider, for example, that only a few studies are available on the
propagation of bat-derived rabies virus variants in vivo. Another question
to be addressed in neuroanatomical models concerns the mechanisms of
neuronal dysfunction, at the level of both single neurons and entire
neuronal networks, which are responsible for the behavioral changes
ultimately occurring in rabies. In view of their relevance to human rabies,
primate models of rabies virus transneuronal propagation would be
particularly valuable also for understanding immune evasion mechan-
isms and testing antiviral strategies, in order to find effective therapies for
this deadly disease, which is still one of themost common lethal infections
worldwide.
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being explored in detail. Despite the potential for high viral muta-

tion levels, the operation of purifying selection appears to effec-

tively constrain lyssavirus evolution. The recent development of

coalescent theory has provided additional approaches to data

analysis whereby the time frame of emergence of viral lineages

can be most reliably estimated. Such studies suggest that all cur-

rently circulating rabies viruses have emerged within the past

1500 years. Moreover, through the capability of analyzing viral

population dynamics and determining patterns of population size

variation, coalescent approaches can provide insight into the

demographics of viral outbreaks. Whereas human-assisted move-

ment of reservoir host species has clearly facilitated transfer of

rabies between continents, topographical landscape features sig-

nificantly influence the rate and extent of contiguous disease

spread. Together with empirical studies on virus diversity, the

application of coalescent approaches will help to better under-

stand lyssavirus emergence, evolution, and spread. In particular,

such methods are presently facilitating exploration of the factors

operating to limit the ability of lyssaviruses to establish new per-

sistent virus–host associations and ultimately control the emer-

gence of new species of this genus.
I. INTRODUCTION

The development of the polymerase chain reaction (PCR), which allows
the rapid amplification of virtually any targeted segment of nucleic acid
(Saiki et al., 1988), together with improved methods for generation of
nucleotide sequence data, have revolutionized the field of molecular
epidemiology. Such developments have been of special importance to
the characterization of many classes of viruses including the lyssaviruses,
as the extensive literature on this subject attests (reviewed by Nadin-
Davis, 2007).

More recently, advances in the mathematical approaches to sequence
data analysis have provided the means to discern greater insights into the
processes that generate current viral diversity. Much of the current theory
of phylogenetic reconstruction is based on the ‘‘coalescent,’’ first intro-
duced in the 1980s by Kingman (2000). Coalescent theory is a retrospec-
tive mathematical analysis tracing the ancestry of alleles within a given
population back to their most recent common ancestor (MRCA). The
point at which two lineages share a common ancestor is the point at
which these two lineages ‘‘coalesce,’’ and the structure of the entire phylo-
genetic tree is revealed through knowledge of the location and timing of all
coalescent points emanating from a given ancient ancestor. If the accumu-
lation of allelic or molecular variation adheres to a constant rate (the
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‘‘molecular clock’’), then the time, as well as the state of the MRCA, can be
derived. In particular, when the dates of samples are known, then both
maximum likelihood (ML) and Bayesian methods can be used to estimate
nucleotide substitution rates and to calculate the time to the most recent
common ancestor (TMRCA) of clades (Drummond and Rambaut, 2007;
Drummond et al., 2002; Rambaut, 2000). Recent theory has facilitated
development of genetic analysis software to extend earlier analysis to
include relaxed clock (nonconstant rate) estimation of coalescent structure
(Drummond et al., 2006). However,manyRNAviruses appear to adhere to
an almost constant clock-like rate of molecular substitution (Biek et al.,
2007), and the use of strict clock coalescent analysis has been very effec-
tively used in a variety of RNA viral diseases (Holmes, 2009).

In addition to predicting time frames of lineage emergence, coalescent
methods of phylogenetic analysis can explore the population dynamics of
viral outbreaks. A basic tenet of population genetics theory is that the
amount of genetic heterogeneity present in a population scales with the
effective population size. The larger the effective population, the greater
will be the magnitude of extant genetic variation. In an expanding and
growing population in which the effective population size is large, it will
take more time for any sample of sequences to coalesce into a common
ancestor; the smaller the population, the less time to converge to an
MRCA. Consequently, knowledge of evolutionary rates and the temporal
pattern of coalescent times can be used to estimate changing effective
population sizes over time. Such patterns of population size variation are
revealed through the construction of the ‘‘Skyline Plot’’ (Drummond et al.,
2005) and have been used to analyze the demography of several impor-
tant viral epidemics both within natural populations (Biek et al., 2007) and
within individual patients (Pybus et al., 2001, 2005).

This chapter will focus on the application of such methods to the
analysis of the large lyssavirus sequence databases that have been accu-
mulated in efforts to provide greater insights into lyssavirus diversity,
spread, evolution, and host adaptation.
II. LYSSAVIRUS PHYLOGENY

As Rhabdoviruses in the order Mononegavirales, members of the Lyssa-
virus genus are, from a phylogenetic standpoint, rather simple viruses.
They have a relatively small (12 kb) nonsegmented negative-sense RNA
genome that encodes just five genes as illustrated in Fig. 1 (and reviewed
byWunner, 2007). Moreover, observations to date suggest that theRhabdo-
viridae family does not undergo recombination to any significant degree
(Chare et al., 2003).While it has been known for some time that the extent of
nucleotide sequence variation between lyssaviruses can varywidely along
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FIGURE 1 A schematic diagram showing the organization of the 12 kb Pasteur Virus

strain of the rabies virus genome (GenBank Accession M13215). A leader (Le) sequence of

58 nucleotides (nt) at the 30 terminus is followed by five genes that encode viral proteins

thus: N (nucleoprotein), P (phosphoprotein), M (matrix protein), G (glycoprotein), and

L (polymerase), The five genes are separated by very short intergenic regions with the

exception of the relatively long noncoding region between the G and L genes. A 70

nucleotide trailer (Tr) occurs at the 50 terminus. Other lyssaviruses exhibit only very

minor deviations in size along the length of the genome.
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the length of the genome (Delmas et al., 2008; LeMercier et al., 1997), studies
that have compared the utility of different genes for generating phyloge-
netic trees find that in general similar tree topologies are produced regard-
less of the genomic region employed (Bourhy et al., 2008; Johnson et al.,
2002; Wu et al., 2007). One notable exception was a study examining bat
rabies virus (RABV) diversity in which different gene regions predicted
rather different tree topologies, perhaps as a result of limitations in repre-
sentation of certain data sets (Davis et al., 2006). The length of the region
targeted will depend in large degree on the purpose of the study. Studies
which seek to explore viral variation within sympatric reservoir hosts
within a defined spatial area often use partial or complete gene sequence
data, usually targeting N or G genes, to discriminate between closely
related viral lineages or strains for surveillance purposes. Studies seeking
to classify the entire genus into meaningful groups or to understand more
fundamental aspects of virus evolution may use several complete gene
sequences if not entire genome sequences.

Both serological and geneticmethods of viral characterization have been
used to classify the lyssaviruses. On the basis, in particular, of theirN gene
diversity theywere, until recently, divided into sevengenotypes (seeNadin-
Davis, 2007) representing classical RABV as well as six groups of related
viruses thus: Lagos Bat virus (LBV), Mokola virus (MOKV), Duvenhage
virus (DUVV), European bat lyssaviruses (EBLVs) types 1 and 2, and Aus-
tralian Bat Lyssavirus (ABLV). All but MOKV were associated with bat
species of theOldWorldorAustraliaand indeed the role ofbats inharboring
most present lyssavirus species suggests that the primordial lyssavirus was
a bat-associated virus that jumped the species barrier to become associated
with terrestrial species during emergence of theRABV lineage (Badraneand
Tordo, 2001). These seven genotypes were divided into two phylogroups
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according to their reported distinct properties of pathogenicity and immu-
nogenicity (Badrane et al., 2001). The more recent discovery of four addi-
tional lyssaviruses associated with bats of Eurasia (Kuzmin et al., 2003,
2008a) complicated this taxonomic scheme, making it more difficult to
define a threshold of genetic distance that would represent meaningful
differences between groups of viruses so as to develop a rational and
systematic means of lyssavirus classification. Comparison of the use of all
five coding regions for this purpose led to the suggestion that an identity
threshold for the completeN gene of 82%be considered (Kuzmin et al., 2005,
2008a). Thus viruses having genetic identities across this locus of <82%
would be considered to belong to distinct groups. On this basis, the lyssa-
virus genus is currently divided into 11 distinct species (Table I). However,
other studies on collections of the LBV group suggest that, on the basis of
these current guidelines, this species should be divided into two distinct
species (Delmas et al., 2008; Markotter et al., 2008). Indeed, yet another
species has been proposed based on the isolation and sequence characteri-
zation of a virus designated Shimoni bat virus (SHIBV; Kuzmin et al., 2010).
Again, while this virus, recovered from an insectivorous bat in Kenya, was
phylogenetically most similar to the LBV group, it is sufficiently distant
genetically to be considered an independent species. Attempts to employ
sequence data from other genomic regions yields less convincing patterns
since intra- and intergenotypic identity values often overlap. In an alterna-
tive approach, the use of concatenated sequence data covering the entire
genomemay be of some value (Delmas et al., 2008).

One compounding problem with the current classification scheme
is that it is basedonhighly variable numbers of isolateswithin each species.
Thus, of the 11 currently defined species, four (ARAV, KHUV, IRKV, and
WCBV) are known by just a single isolate while the other species are
represented by anywhere from a few (DUVV) to thousands (RABV) of
isolates. It can be anticipated that as additional lyssaviruses are recovered
from around the globe, intergroup differences may be further blurred and
the current classification scheme may have to be refined so as to best
represent the degree of diversity represented by this genus.
III. LYSSAVIRUS PHYLOGEOGRAPHY

It is a principal tenet of lyssavirus biology that although most mammals
are susceptible to infection by any lyssavirus, each viral strain is asso-
ciated with and maintained by a reservoir host. Viral infection of a species
that does not normally maintain that virus, referred to as a spillover
infection, occurs fairly frequently, but it rarely results in spread of the
virus within the new species and thus lyssaviruses are considered to be
host adapted at some level (see Section IV). As a result, physical landscape



TABLE I Members of the Lyssavirus genus

Lyssavirus species Abbreviation Phylogroup Host reservoir Range

Rabies virus (prototype) RABV 1 Mammalian carnivores and bats Worldwide, except for Australia,

Antarctica, and a few island

nationsa

Aravan virus ARAV 1 Bats Eurasia
Australian bat lyssavirus ABLV 1 Pteropid and insectivorous bats Australia

Duvenhage virus DUVV 1 Insectivorous bats Africa

European bat lyssavirus 1 EBLV-1 1 Insectivorous bats Europe

European bat lyssavirus 2 EBLV-2 1 Insectivorous bats Europe

Irkut virus IRKV 1 Bats Eurasia

Khujand virus KHUV 1 Bats Eurasia

Lagos bat virus LBV 2 Frugivorous bats Africa

Mokola virus MOKV 2 Unknown—possibly small
mammals

Africa

West Caucasian Bat virus WCBV 2 Bats Eurasia

Shimoni bat virus

(tentative)

SHIBV 2 Insectivorous bat Kenya

a Several western European countries have recently been declared free of rabies.
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features (e.g., large rivers, mountain ranges) that limit spatial spread of a
reservoir host or which act to subdivide the host into distinct subpopula-
tions will limit the spread of any virus that it harbors. The only means by
which the virus can overcome this limitation is to adapt to a new host.
Indeed, for those lyssavirus species for which significant numbers of virus
specimens have been genetically characterized, the viruses do exhibit
pronounced phylogeographical patterns.
A. Rabies virus

By far the most extensive investigations have been performed on mem-
bers of the RABV species since this is the virus most frequently encoun-
tered both in animals and humans. Using sequence data on several
genomic targets (N, G, and P genes and the noncoding G-L region) from
hundreds of specimens from around the world, a clear picture of the
extent of RABV diversity and phylogeny has emerged (see Badrane and
Tordo, 2001; Bourhy et al., 2008; Kissi et al., 1995; Nadin-Davis et al., 2002).
An example of such an analysis using selected representative N gene
sequences, as summarized in Table II, is illustrated in Fig. 2. RABVs can
be grouped into seven major clades designated according to their geo-
graphical distribution as follows: ‘‘American indigenous,’’ which
includes all viruses associated with insectivorous and hematophagous
bats of the Americas as well as a small number of viral strains associated
with nonflying mammals; ‘‘India’’ including mostly dog viruses from
southern India and Sri Lanka; ‘‘Asia,’’ comprising dog viruses from
China and the countries of southeast Asia, the Philippines, and Indonesia;
‘‘Africa 2,’’ canid viruses from western and central Africa; ‘‘Africa 3,’’
viruses of the mongoose biotype of southern Africa; ‘‘Arctic-related,’’
viruses harbored by red and arctic foxes from circumpolar areas of the
northern hemisphere as well as by dogs in several countries of central/
western Asia; the ‘‘Cosmopolitan’’ group that is widely distributed across
Africa, the Americas, the Middle east, and parts of Europe.

Some early studies employed fairly simplistic approaches to apply
time lines to these phylogenies. By applying a single nucleotide substitu-
tion rate to all clades, Badrane and Tordo (2001) estimated that carnivore
RABVs emerged between 888 and 1459 years ago while TMRCA of the
cosmopolitan lineage was dated to 284–504 years ago. In contrast, Holmes
et al. (2002) used case surveillance data on the European red fox lineage to
estimate rates of synonymous and nonsynonymous mutations for this
group and then applied these values to place timescales onto RABV
phylogenies; such analyses suggested that the entire diversity of the
RABV had occurred within the past 500 years. However, this assumes
that the rate of synonymous change does not vary among species.



TABLE II Summary of the sources of sequence data used to construct the phylogenetic tree shown in Fig. 2

Species Country Isolate designation Lineage Reference or source

GenBank

accession no.

RABV Bosnia (formerly

Yugoslavia)

8653.YOU COSMOPOLITAN Bourhy et al. (2008) U42704

RABV Brazil DR.BRZ AMERICAN

INDIGENOUS

Nadin-Davis et al. (2010) AF351847

RABV Burkina Faso 8636.HAV AFRICA 2 Kissi et al. (1995) U22486

RABV Cambodia 9916.CBG ASIA Bourhy et al. (2008) EU086171
RABV Cameroon 8801.CAM AFRICA 2 Kissi et al. (1995) U22634

RABV Canada 783T3ON.CAN ARCTIC Nadin-Davis et al. (1993) L20675

RABV Canada 867SK.CAN COSMOPOLITAN Nadin-Davis et al. (1997) AF344306

RABV Canada 4055T5.CAN ARCTIC Nadin-Davis et al. (1994) U03770

RABV Canada EF31.CAN AMERICAN

INDIGENOUS

Nadin-Davis et al. (2001) AF351831

RABV Canada LAN12.CAN AMERICAN

INDIGENOUS

Nadin-Davis et al. (2001) AF351840

RABV Chile VO13.CH AMERICAN

INDIGENOUS

Nadin-Davis et al. (2001) AF351850

RABV China 02046.CHI ASIA Bourhy et al. (2008) EU086182

RABV China 02045.CHI ASIA Bourhy et al. (2008) EU086181

RABV Colombia CO1-04.COL COSMOPOLITAN Bourhy et al. (2008) EU086161

RABV Estonia RD9342.EST COSMOPOLITAN Bourhy et al. (2008) U43432

RABV Ethiopia 8807.ETH COSMOPOLITAN Kissi et al. (1995) U22637

RABV France 9147.FRA COSMOPOLITAN Kissi et al. (1995) U22474
RABV French Guiana 9001.GUY AMERICAN

INDIGENOUS

Kissi et al. (1995) U22478
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RABV Germany 9202.ALL COSMOPOLITAN Bourhy et al. (2008) U42701

RABV Guinea 9024.GUI AFRICA 2 Kissi et al. (1995) U22641

RABV India AF374721.IN INDIA Jayakumar et al. (2004) AF374721

RABV India RV61.IN ARCTIC-LIKE Kuzmin et al. (2004) AY352493

RABV Indonesia 03003.IND ASIA Bourhy et al. (2008) EU086192
RABV Iran V685.IRN COSMOPOLITAN Nadin-Davis et al. (2003) AY854580

RABV Iran V704.IRN ARCTIC-LIKE Nadin-Davis et al. (2003) DQ521212

RABV Israel YA6530.ISL COSMOPOLITAN David et al. (2007) DQ837485

RABV Laboratory strain PV COSMOPOLITAN Tordo et al. (1986) M13215

RABV Laboratory strain SAD-Bern COSMOPOLITAN Geue et al. (2008) EF206708

RABV Mexico V587.MEX AMERICAN

INDIGENOUS

Nadin-Davis and Loza-Rubio

(2006)

AY854587

RABV Mexico V590.MEX COSMOPOLITAN Nadin-Davis and Loza-Rubio
(2006)

AY854589

RABV Morocco 9107.MAR COSMOPOLITAN Kissi et al. (1995) U22852

RABV Mozambique 8631.MOZ COSMOPOLITAN Kissi et al. (1995) U22484

RABV Myanmar 9909.BIR ASIA Bourhy et al. (2008) EU086164

RABV Namibia SN0080.NAM AFRICA 3 Van Zyl et al. (2010) FJ392392

RABV Nepal 9903.NEP ARCTIC-LIKE Bourhy et al. (2008) EU086198

RABV Nigeria V461.NIG AFRICA 2 Nadin-Davis (2007) AY854600

RABV Pakistan 196p.PAK ARCTIC-LIKE Kuzmin et al. (2004) AY352495
RABV Peru PEHM3230.PR AMERICAN

INDIGENOUS

Warner et al. (1999) AF045166

RABV Philippines 94273.PHI ASIA Bourhy et al. (2008) EU086201

RABV Poland 8618.POL COSMOPOLITAN Kissi et al. (1995) U22840

RABV Republic S. Africa 32-02.AFS AFRICA 3 Van Zyl et al. (2010) FJ392371

RABV Republic S. Africa 381-06.AFS AFRICA 3 Van Zyl et al. (2010) FJ392380

(continued)
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TABLE II (continued )

Species Country Isolate designation Lineage Reference or source

GenBank

accession no.

RABV Republic S. Africa 669.90.AFS AFRICA 3 Van Zyl et al. (2010) FJ392385

RABV Republic S. Africa 1500.AFS AFRICA 3 Kissi et al. (1995) U22628

RABV Republic S. Africa 8721.AFS COSMOPOLITAN Kissi et al. (1995) U22633
RABV Russia 9141.RUS ARCTIC Kissi et al. (1995) U22656

RABV Saudi Arabia 8706.ARS COSMOPOLITAN Kissi et al. (1995) U22481

RABV Siberia (Yakutia) SG19.YAK ARCTIC Kuzmin et al. (2008b) EF611829

RABV Sri Lanka 1077.SRL INDIA Arai et al. (2001) AB041967

RABV Tanzania 9221.TAN COSMOPOLITAN Kissi et al. (1995) U22645

RABV Thailand 8738.THA ASIA Kissi et al. (1995) U22653

RABV Trinidad V325DR.TD AMERICAN

INDIGENOUS

Nadin-Davis et al. (2001) AF351852

RABV USA, AL A7007AL.US ARCTIC Kuzmin et al. (2008b) EF611841

RABV USA, AL A7033AL.US ARCTIC Kuzmin et al. (2008b) EF611845

RABV USA, AZ EF4862AZ.US AMERICAN

INDIGENOUS

Smith et al. Unpublished AY170397

RABV USA, CA LC814CA.US AMERICAN

INDIGENOUS

Smith et al. Unpublished AF394883

RABV USA, FL V125RFL.US AMERICAN

INDIGENOUS

Nadin-Davis et al. (1997) U27220

RABV USA, PA EF136PA.US AMERICAN

INDIGENOUS

Smith et al. Unpublished AY039226

RABV USA, TX CY2204TX.US COSMOPOLITAN Velasco-Villa et al. (2008) FJ228529
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RABV USA, TX V212SKTX.US AMERICAN
INDIGENOUS

Nadin-Davis et al.
Unpublished

EU345003

RABV USA, TX TB01TX.US AMERICAN

INDIGENOUS

Nadin-Davis et al. (2001) AF351849

RABV USA, WA MC2847WA.US AMERICAN

INDIGENOUS

Smith et al. Unpublished AF394872

RABV Zimbabwe 22107.ZIM AFRICA 3 Van Zyl et al. (2010) FJ392391

Nonrabies lyssaviruses

ABLV Australia ABLVFF.AUS Gould et al. (1998) AF006497
ABLV Australia ABLVIB.AUS Gould et al. (2002) AF081020

ARAV Kyrgizstan ARAV.KYR Kuzmin et al. (2003) AY262023

EBLV1 France EBLV1.FRA Bourhy et al. (1992) U22845

EBLV1 Poland EBLV1.POL Bourhy et al. (1992) U22844

EBLV2 Finland EBLV2.FIN Bourhy et al. (1992) U22846

EBLV2 The Netherlands EBLV2.NTH Bourhy et al. (1992) U22847

KHUV Tajikistan KHUV.TAJ Kuzmin et al. (2003) AY262024

IRKV Russia IRKV.RUS Kuzmin et al. (2005) AY333112
DUVV Republic S. Africa DUVV1.AFS Bourhy et al. (1993) U22848

DUVV Republic S. Africa DUVV2.AFS Delmas et al. (2008) EU293120

LBV Ethiopia LBV.ETH Mebatsion et al. (1993) AY333110

LBV Nigeria LBV.NIG Bourhy et al. (1993) U22842

MOKV Ethiopia MOKV.ETH Mebatsion et al. (1993) AY333111

MOKV Zimbabwe MOKV.ZIM Bourhy et al. (1993) U22843

SHIBV Kenya SHIBV.KYA Kuzmin et al. (2010) GU170201

WCBV Russia WCBV.RUS Kuzmin et al. (2005) AY333113
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FIGURE 2 A phylogenetic analysis of 80 viral isolates representative of known lyssavirus

diversity. The phylogenetic tree was generated from an alignment of complete N gene

coding sequences (1350 bases) produced using the CLUSTALX package (available from

http://www.clustal.org/) and analyzed by the neighbor joining method implemented in

MEGA version 4 software (available from http://www.megasoftware.net/). The N gene

sequence of the vesicular stomatitis virus (Indiana subtype) was used as an outgroup

(branch not shown). Subdivision of the genus into its two phylogroups is shown in the

boxes at bottom left. Species assignments of all clades are shown to the far right of the

figure with inclusion of the tentative new species SHIBV. The subdivision of the rabies

virus species into seven established viral clades is also indicated thus: Cosmopolitan,
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More recently, the application of ML and Bayesian coalescent
approaches to analyze lyssavirus nucleotide sequence data provides
more robust methods for estimating nucleotide substitution rates and
their use for time-line predictions. The substitution rate (number of nucle-
otide substitutions/site/year) has been reported for a range of strains and
genomic targets (Table III). In general, estimates for the substitution rate for
RABV-coding regions range from 1 � 10�4 to 4 � 10�4 with no clear
variation according to reservoir host or viral gene targeted although
some G genes (e.g., the mongoose G gene with a value of 6.875 � 10�4)
did yield rather higher values. Rates for the noncoding G-L region tend to
be higher (0.777 � 10�3 to 1.676 � 10�3) doubtless due to the relaxed
constraints on this segment of the genome. Such values are in line with
estimates made on other RNA viruses (Belshaw et al., 2008; Drake, 1993).
Using these rates of nucleotide substitution, the time of emergence ofmany
lyssavirus lineages has been estimated. Thus, Bourhy et al. (2008) estimated
that based on N gene data, TMRCA of all RABVs existed 749 years ago
(with a 95% highest posterior density (95%HPD) range of 363–1215 years);
an even shorter time period of 583 years ago (95% HPD 222–1116) was
estimated usingG gene data. Further, again usingN gene data, Bourhy et al
(2008) estimated that TMRCA for the nonflying mammal-associated
viruses circulated 761 years ago (95% HPD of 373–1222 years), a date
very close to that calculated for the entire RABV clade. The conclusion
was that emergence of the two distinct RABV branches that circulate in
American bats and terrestrial hosts occurred at around the same time.
1. Rabies virus lineages
a. India clade The highly divergent Indian clade (Nanayakkara et al.,
2003), which is harbored by dogs, has the most basal position of all RABV
lineages associated with nonflying mammals; on this basis, it has been
proposed that the ancestor of this clade may have been the progenitor for
all RABV lineages except for the American indigenous lineage (Bourhy
et al., 2008).
Arctic/Arctic-like, Africa 2, Africa 3, India, Asia, and American indigenous. To the left of

each clade name, the countries affected and the main reservoir species are indicated.

The scale in the upper left corner depicts the genetic distances represented by all

horizontal lines in the tree. Bootstrap values >70%, which strongly support the illu-

strated branch patterns, are shown either below or to the left of many major branch

points. The country of origin of each isolate employed in this analysis is indicated by a

two or three letter suffix as indicated in Table II together with additional source

information.



TABLE III Estimated nucleotide substitution rates for various lyssaviruses

Species/clade/lineage Gene target

Nucleotide substitution rate

Mean (and 95% HPD range) Reference

RABV

All lineages N 2.3 � 10�4 (1.1-3.6 � 10�4) Bourhy et al. (2008)

All lineages G 3.9 � 10�4 (1.2–6.5 � 10�4) Bourhy et al. (2008)

ASIA G 3.24 � 10�4 (2.17–4.36 � 10�4) Gong et al.(2010)

ASIA G 3.96 � 10�4 (2.17–5.99 � 10�4) Ming et al.(2010)
COSMOPOLITAN N 2.7 � 10�4 (1.8–3.7 � 10�4) David et al. (2007)

COSMOPOLITAN (European red fox strain) N 3.89 � 10�4 (0.51–6.70 � 10�4) Kuzmin et al. (2008b)

COSMOPOLITAN (Africa 1) G-L 16.8 � 10�4 (6.9–28.0 � 10�4) Davis et al. (2007)

AFRICA 2 N 3.82 � 10�4 (2.62–5.02 � 10�4) Talbi et al. (2009)

AFRICA 2 G 3.25 � 10�4 (2.22–4.32 � 10�4) Talbi et al. (2009)

AFRICA 3 N 2.50 � 10�4 (1.36–3.76 � 10�4) Van Zyl et al. (2010)

AFRICA 3 G 6.88 � 10�4 (5.18–8.51 � 10�4) Van Zyl et al. (2010)

AFRICA 3 G-L 8.26 � 10�4 (1.49–15.12 � 10�4) Davis et al. (2007)
ARCTIC-RELATED N 1.23 � 10�4 (0.68–1.83 � 10�4) Kuzmin et al. (2008b)

ARCTIC-RELATED (Ontario fox strain) G 3.64 � 10�4 (3.24–4.04 � 10�4) Real et al. (2005)

AMERICAN INDIGENOUS (Bat strains) N, P 2.5–4.0 � 10�4 Davis et al. (2006)

AMERICAN INDIGENOUS (Bat strains) N 2.32 � 10�4 Hughes et al. (2005)

AMERICAN INDIGENOUS (Big brown bat strains) P 1.77 � 10�4 Nadin-Davis et al. (2010)

AMERICAN INDIGENOUS (Raccoon strain) G-L 7.77 � 10�4 (7.69–7.85 � 10�4) Szanto et al. (2010)

AMERICAN INDIGENOUS (Raccoon strain) G, N 2.9 � 10�4 Biek et al. (2007)

EBLV

EBLV-1 N 0.61 � 10�4 (0.114–1.09 � 10�4)a Davis et al. (2005)

EBLV-1 G 0.51 � 10�4 (0.03–0.92 � 10�4)a Davis et al. (2005)

EBLV-1 N 1.1 � 10�4b Hughes (2008)

a Using strict molecular clock.
b Using relaxed molecular clock.
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b. Asia clade The large heterogeneous Asia clade, estimated variously to
have emerged from an MRCA around 1412 (95% HPD 1006–1736; Ming
et al., 2010) or around 1654 (95% HPD 1514–1812; Gong et al., 2010), is
widely distributed across much of this continent and can be subdivided
into a number of regionally localized subgroups (Bourhy et al., 2008; Ito
et al., 1999), many of which have been identified in various parts of China
(Meng et al., 2007; Zhang et al., 2006, 2009). The dog is the principal
reservoir host across the range of this lineage. Phylogenetic studies are
consistent with past spread of RABV variants from China to other Asian
countries and island nations such as Indonesia and the Philippines during
periods of extensive human migration from China (Bourhy et al., 2008;
Gong et al., 2010; Nishizono et al., 2002; Susetya et al., 2008). Spatial
clustering of viral variants is of course very pronounced in such island
nations where human-assisted movements of animals are required for
virus spread (Susetya et al., 2008).

c. Cosmopolitan clade The cosmopolitan clade, which includes the
group previously referred to as ‘‘Africa 1’’ (Kissi et al., 1995), is believed
to have been widely distributed as a result of human-assisted movement
of diseased animals from Europe to many parts of the world during
colonial activities (Smith et al., 1992; Nadin-Davis and Bingham, 2004).
Thus, this clade includes viruses from several parts of the Americas and
the Caribbean and large areas of northern, eastern, and southern Africa
and those of the Middle East and Europe. In Europe, in recent times, this
clade is represented by viruses harbored by the red fox and raccoon dog
reservoir species and at least four main clades of viruses associated with
these hosts were spatially separated by major rivers and mountain ranges
(Bourhy et al., 1999). The emergence of the present European/Middle-
eastern variants of this lineage was dated to approximately 1870 (David
et al., 2007).

d. Africa 2 clade Examination of the origins of the Africa 2 lineage
suggests its introduction into Africa within the past 200 years (TMRCA
dated to 1845), a time frame corresponding to a period of extensive
colonial activity by Europeans, particularly by the French, in the region
(Talbi et al., 2009). This lineage is harbored by canids across western and
central Africa. The Sahara desert forms a strong barrier separating this
lineage from the Africa 1 lineage that circulates in northern Africa and
evidence for an east–west axis of viral spread of the Africa 2 lineage was
presented (Talbi et al., 2009). In contrast, another study that explored
Bayesian methods for inferring the phylogeographic history of this line-
age concluded that the population size of this virus has remained fairly
constant over the past 150 years and that it has spread in a continuous
manner with little overall directionality, thereby confounding efforts to
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identify the location of its original introduction into this region of Africa
(Lemey et al., 2009).

e. Africa 3 clade The mongoose lineage of southern Africa (Africa 3)
comprises a rather heterogeneous group of viruses that exhibit strong
phylogeographical structure with subdivision into five spatially separate
subclades (Nel et al., 2005; Van Zyl et al., 2010). Estimates of TMRCA for
this lineage range quite widely depending on the gene targeted as well as
the data set and assumptions applied. Using sequences of the G-L inter-
genic region, Davis et al. (2007) estimated TMRCA for this entire lineage at
73 years, 95% HPD 55–181. Van Zyl et al. (2010) obtained values varying
from 229 years, 95% HPD 135–360 (N gene data), to 159 years, 95% HPD
119–202 (G gene data). In this study, it was noted that the different ages
predicted by these analyses reflect differences in the rates of nucleotide
substitution calculated for the three databases; mean values for the rates
of nucleotide substitutions were 2.495 � 10�4 (N gene), 6.875 � 10�4 (G
gene), and 0.826 � 10�3 (G-L intergenic region). Thus, the more con-
served the genetic region and the lower the nucleotide substitution rate,
the greater the age estimate for the lineage, a feature also observed by
Bourhy et al. (2008) and that will need to be resolved in future studies.
Based on a comparative study using G-L sequences of canid RABV in
southern Africa, which yielded a mean age for TMRCA of just 30 years, it
is clear that the mongoose lineage is the most ancient RABV of the area.
Considering anecdotal case records that suggest rabies was present in
wildlife of the area in the late 1700s, Van Zyl et al. (2010) suggest that the
mongoose lineage emerged from a canid RABV that was brought into
South Africa during a period of extensive human migration well before
the introduction of the cosmopolitan lineage into this region of Africa.

A comparison of the population dynamics of these two distinct RABV
variants using a relaxedmolecular clock suggested that mongoose RABVs
evolve more slowly than those associated with canids (mean evolutionary
rates of 0.826 and 1.676 � 10�3, respectively, for the G-L region). This
observation suggests the importance of employing relaxed molecular
clocks when examining viruses from multiple host species, whereas
when studying viruses within a species, this consideration may be less
important. Moreover, this same study revealed that canid RABV popula-
tion size has remained fairly constant since being introduced into the area
in the 1940s, while the mongoose viral biotype has grown exponentially
with a mean epidemic doubling time of about 5 years (Davis et al., 2007).
The different population dynamics of these two lineages may be due in
part to differences in rabies control efforts in the two hosts; some limited
dog rabies control was attempted in the early period of this epizootic
while no control was ever instigated for the mongoose reservoir. Differ-
ences in host ecology could also of course have impacted viral spread and
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evolution of the two lineages. The mongoose lives underground in
close-knit communities with limited intergroup contact, while dogs and
wild canids are less restricted in their movements and contacts (Davis
et al., 2007).

f. Arctic-related clade The existence of a group of distinct viruses that
circulated in several countries of northern climes had been known for
some time and was referred to as arctic rabies (reviewed by Crandell,
1991), but only relatively recently, with the genetic characterization of
several specimens from parts of Asia, including Nepal, India, Pakistan,
Korea, and Inner Mongolia as well as the Middle East, was the true extent
of this lineage realized (Hyun et al., 2005; Kuzmin et al., 2004; Mansfield
et al., 2006; Nadin-Davis et al., 2003; Shao et al., 2011). Given its geographi-
cal distribution, it has now come to be referred to more accurately as the
arctic-related or arctic-like lineage. Phylogenetic analysis suggested the
basal position of samples from India within this clade (Nadin-Davis et al.,
2007), thus suggesting that the entire lineage had evolved from Indian
dog viruses. Subsequent coalescent studies identified two arctic-like
clades from the Middle East and the Indian subcontinent (Arctic-like-1)
and eastern Asia (Arctic-like-2) as well as four arctic clades (Arctic-1 to 4)
distributed across different ranges of the polar and northern regions
(Kuzmin et al., 2008b). The date of TMRCA for the entire lineage was
estimated to range between 1255 and 1786, with the Arctic-like-2 clade
diverging first followed by the Arctic-like-1 clade; this lineage, in turn,
apparently spread northward to spawn the emergence of the true arctic
viruses. In North America, this lineage has frequently spread southward
in the red fox host into southern populated regions of Canada and such an
incursion was well documented in the mid to late 1950s (Tabel et al., 1974).
This outbreak entered the province of Ontario, with two distinct waves of
infection responsible for populating the eastern and southwestern regions
of the province, and caused an epizootic that persisted well into the 1990s
until rabies control measures were implemented. Subsequent genetic
characterization of viruses collected in the early 1990s identified four
main N gene variants across the affected zone (Nadin-Davis et al., 1993)
with even further variation identified by G gene analysis (Nadin-Davis
et al., 1999). It was speculated that the pattern of variation observed might
be due to localized viral drift and/or adaptation as a result of fox host
population subdivision by waterways and other landscape features. Later
reanalysis of these viral variants showed how their spatial distribution
reflected the historical movement of rabies into the area and that the
observed patterns of viral variation could be explained by a model
based solely on isolation by distance (Real et al., 2005). The MRCA of the
Ontario fox strain was estimated to have occurred at around year 1960 in
fairly close concordance with the surveillance records.
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g. American indigenous clade This clade, which has often been desig-
nated the American bat clade, is more accurately referred to as the
American indigenous clade since it includes not only all bat viruses of
the Americas, but also strains associated with skunks (south central skunk
strain of the southern United States and Mexican skunk strain), raccoons
in eastern North America, and a marmoset species in Brazil (Favoretto
et al., 2001). However, the bat variants form the deepest roots of this clade
suggesting that all of these strains emerged directly or indirectly from a
bat-associated progenitor. Such speculation is supported by the recent
emergence of a new RABV–skunk association following a species jump of
a big brown bat variant to this new host (Leslie et al., 2006). Throughout
the continent, several different viral lineages are associated with particu-
lar species of insectivorous bats (de Mattos et al., 2000; Kuzmin and
Rupprecht, 2007; Nadin-Davis et al., 2001; Oliveira et al., 2010; Velasco-
Villa et al., 2006), whereas in Latin America, the viruses associated with
vampire bats (Desmodus rotundus) frequently spillover into livestock spe-
cies and cause large economic losses. In Brazil, the vampire bat strain has
been reported to exhibit strong geographical partitioning according to the
topography of various mountain ranges; this phylogeographic effect was
explained by the limitation that higher ground elevation exerts on vam-
pire bat range (Kobayashi et al., 2008). In Canada, examination of the
distribution of RABV variants associated with the big brown bat found
that several variants were restricted to particular geographical areas with
the RockyMountain range in the west forming a significant barrier to both
host and virus dispersal (Nadin-Davis et al., 2010). This study identified
five main viral lineages and demonstrated that recent increases in popu-
lation size of the lineage were due primarily to the emergence of a
relatively new variant that had spread rapidly across much of the host’s
range. TMRCA for these viruses was dated to around 1573 (Fig. 3; Nadin-
Davis et al., 2010), whereas in contrast, a U.S. study dated this progenitor
to the early 1800s and suggested moreover that the diversity of all Ameri-
can bat variants arose from a common progenitor around the mid 1600s
(Hughes et al., 2005). This latter estimate would appear to be inconsistent
with the timescale presented by Bourhy et al. (2008) for global RABV
emergence, but the reasons for these discrepancies are unclear.

The raccoon rabies virus (RRABV) strain originally emerged in Florida
with the first reported cases in the 1940s and was subsequently translo-
cated to West Virginia through movement of diseased animals, resulting
in the emergence of the mid-Atlantic strain which was identified in the
early 1970s. Since then it has spread throughout the eastern seaboard of
the United States. Dating of viral phylogenies generated from various
regions of the genome accurately estimated the original emergence of this
lineage in Florida to 1946 (Szanto et al., 2011) and the year of origin of the
mid-Atlantic variant of this strain to 1973 (Biek et al., 2007), dates that
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FIGURE 3 A maximum clade credibility tree generated by partial P gene sequences of

the five main viral variants (BBB1 to BBB5) associated with the big brown bat host in
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each lineage occurred in relatively recent times, as illustrated in particular by the BBB5a

subgroup that is restricted spatially to Ontario and its provincial borders, and which

emerged around the year 1991.
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agree well with the surveillance case reports. Moreover, the latter study
examined the evolution of the RRABV strain over a 30-year period and
demonstrated the validity of using coalescent approaches for exploring
viral population history (Biek et al., 2007), a feat that was possible because
of the relatively recent emergence of this strain, the availability of exten-
sive epidemiological data for this epizootic, and the fortunate availability
of historical viral samples collected from different time points during the
course of epidemic expansion that were amenable to nucleotide sequenc-
ing. The authors identified seven genetic lineages within the mid-Atlantic
strain and showed how each radiated from the first reported cases inWest
Virginia. Once an area was colonized by a lineage, it persisted within that
area. Using sequence data from isolates representing each lineage, it was
possible to estimate total numbers of RRABV infections during the course
of the epizootic. The data suggested that, rather than a uniform increase,
there had been periods of exponential growth followed by periods of
population size stasis (Fig. 4). These predictions, as determined by the
coalescent approach, matched well with the epidemiological data on the
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temporal and spatial expansion of the epizootic with periods of reduced
diffusion corresponding to the time at which the wave front of epidemic
expansion reached major mountain ranges (i.e., the Allegheny and the
Adirondack Mountains). The inference from this study is that the demo-
graphic history of a RABV outbreak can be inferred from the genetic
signature of its viral variants and that the revealed ecological dynamics
can uncover landscape barriers to spread or highlight the effectiveness of
spatially specific control strategies, including oral rabies vaccination
(ORV) delivery (Biek and Real, 2010). Similar inferences have emerged
through study of other RNA viruses (Pybus and Rambaut, 2009).

2. Central role of the dog in spreading RABV
With the exception of the American indigenous clade, it is notable that the
dog is the main reservoir host for many RABV clades, including the more
basal clades that circulate in India and Asia. While many viral strains are
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specifically associated with other species of the Canidae and with other
carnivore hosts, their lineages are generally interspersed with various
dog-associated lineages; this is true for both the arctic-related clade and
particularly for the cosmopolitan clade, which includes RABVs that are
maintained in a variety of reservoir hosts (foxes, skunks, dogs, mongoose
populations of several Caribbean islands, and several other wild canids,
possibly including jackals and wolves). This suggests that the emergence
of the RABV progenitor was closely associated with dogs, in keeping with
the public association of rabies and mad dogs, but that spillover transmis-
sions to other species does, on rare occasions, result in new self-perpetu-
ating virus–host associations. Several regional studies have reported viral
phylogenies most consistent with the emergence of RABV strains in
wildlife following successful species jumps from dogs. Examples include
the emergence of red fox rabies in Europe in the 1930s (Bourhy et al., 1999)
andmore recently in Turkey ( Johnson et al., 2003), the origins of fox rabies
in Colombia (Páez et al., 2005) and Brazil (Bernardi et al., 2005; Carnieli
et al., 2008), and the emergence in South Africa of distinct rabies lineages
in bat-eared foxes (Sabeta et al., 2007) and jackals (Zulu et al., 2009).
Despite the many instances of viruses making successful species jumps,
the rate of success of this process is relatively low compared to the
number of intraspecific virus transmissions. Factors that may limit the
success rate of such jumps are addressed in Section IV.

3. Mechanisms of RABV spread
The global study of RABV phylogeny by Bourhy et al. (2008) identified
strong population subdivision according to geographical region for most
lineages with viral spread occurring mostly across geographically neigh-
boring regions. Two main modes of virus dissemination were discerned:
(i) human-assisted migration (e.g., from the Kazakhstan/Russia region to
Canada and Greenland, and from China to the Philippines and Indone-
sia); (ii) viral dispersal by gradual spatial spread of the virus through
intraspecific transmission (e.g., canid RABV movements within Africa).
Indeed, in many instances, the observed RABV phylogenetic patterns
appear to reflect a mixture of human-assisted introduction followed by
gradual viral dispersal within its host, with physical landscape features
such as mountain ranges, deserts, and large water masses such as rivers
and lakes, influencing spread through their effects on reservoir host
population structure.

Where surveillance records document the emergence and spread of
particular RABV lineages, it has generally been observed that phyloge-
netic data of current circulating viruses can accurately estimate the time
frame of emergence of a specific strain. Undoubtedly as time lines get
longer, their 95% confidence range will increase and some inconsistencies
have emerged (e.g., American bat lineage). Nevertheless, it is notable that
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the time frame of emergence of all RABVs currently in circulation appears
to stretch over less than a millennium.
B. EBLVs

EBLV-1, which is harbored by the serotine bat, Eptesicus serotinus, is the
most widespread bat lyssavirus in Europe. It clusters into two phylogen-
etically distinct subgroups that occupy largely overlapping ranges (Davis
et al., 2005). Interestingly, EBLV-1a viruses originating from Germany, the
Netherlands, and Denmark showed no geographical clustering, indicat-
ing relative ease of movement of host and virus across this region of
Europe, whereas French and eastern European samples of this strain
were more divergent. The EBLV-1b group, in contrast, exhibited greater
genetic diversity and much stronger phylogeographic structure with iso-
lates from specific countries tending to cluster together and those from
France forming a basal group. These data suggested a north–south axis of
spread of EBLV-1b in western Europe and an east–west axis of spread for
EBLV-1a in northern Europe.

With estimated mean values of 5–6 � 10�5 for N and G genes, the
EBLV-1 species was reported to exhibit significantly lower substitution
rates than RABVs (Davis et al., 2005) and it was argued that the ecology of
the reservoir host and the potential existence of nonclinical host carriers
might place especially high constraints on these viruses. However, reanal-
ysis of these data using a relaxed molecular clock in place of the strict
clock implemented in the original study generated an EBLV-1 substitu-
tion rate estimate of 1.1 � 10�4, a value more in line with that of other
lyssaviruses (Hughes, 2008). Since the value of the nucleotide substitution
rate directly influences the length of the time line for a group of
sequences, optimal estimation of this value through use of the appropri-
ate molecular clock becomes important. TMRCA for the EBLV-1 lineage
was estimated to have circulated between 500 and 750 years ago (Davis
et al., 2005) or 70 and 300 years ago depending on the substitution rate
employed (Hughes, 2008).

Isolates of EBLV-2 have been recovered from two bat species, Myotis
dasycneme andMyotis daubentonii, in several European countries, but more
detailed phylogeographic analysis of this virus must await recovery of
more specimens.
C. ABLV

Interestingly, the ABLV species is associated with two distinct reservoir
hosts, Pteropid bats (flying foxes) of the megachiroptera and insectivo-
rous bats. While viruses of these two biotypes are clearly separate popu-
lations that appear to be distributed across the range of their respective
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hosts, within each host, the viruses exhibit very limited diversity, perhaps
an indication that these two lineages have emerged independently, but
relatively recently from a common ancestor (Guyatt et al., 2003). Possible
candidates include putative bat lyssaviruses of the Philippines, which to
date are proposed to exist based solely on serological information (Arguin
et al., 2002). Similarly, serological evidence has suggested the circulation
of viruses related to ABLV or those from Eurasia in bats on the Asian
mainland (Kuzmin et al., 2006; Lumlertdacha et al., 2005; Reynes et al.,
2004), but to date no viral specimens have been recovered for genetic
analysis.
D. African nonrabies lyssaviruses

Despite relatively limited numbers of isolations of both MOKV and LBV
across Africa, it is recognized that different regions of Africa harbor
distinct strains of these two viruses (Markotter et al., 2008; Nel et al.,
2000). The host reservoir for MOKV is unknown with isolations of this
species having been made primarily from shrews and domestic animals,
whereas frugivorous bats are believed to harbor LBV. Very few isolates of
DUVV, thought to be harbored by insectivorous bats, have been made.
These have come mostly from southern Africa where the virus exhibits
high levels of genetic identity (Paweska et al., 2006), whereas a single
isolate that originated from Kenya was more divergent (Van Thiel et al.,
2009). Since it appears that all the RABV lineages currently circulating in
Africa (Africa 1, 2, and 3) were all introduced at various times from
different European sources, the LBV, MOKV, and DUVV species, together
with the proposed SHIBV species, which is currently known by a single
isolate from a bat in Kenya (Kuzmin et al., 2010), are probably the only
true indigenous lyssaviruses on this continent. However, examination of
these species over a wider geographical area will be needed before a
detailed understanding of their phylogeographic patterns can be
discerned.
E. Eurasian nonrabies lyssaviruses

The Aravan virus (ARAV) was isolated from a lesser mouse-eared bat
(Myotis blythi) in southern Kyrgyzstan in 1991, whereas Khujand virus
(KHUV) was isolated in 2001 from a whiskered bat (Myotis mystacinus) in
northern Tajikistan; both were recovered during active surveillance of bat
populations in central Asia (Kuzmin et al., 2003). Two other viruses were
isolated in 2002; Irkut virus (IRKV) was recovered from a greater tube-
nosed bat (Murina leucogaster) in the town of Irkutsk in the Baikal lake
region of Eastern Siberia, whereas the West Caucasian bat virus (WCBV)
originated from a common bent-winged bat (Miniopterus schreibersi) from
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the Krasnador region of Western Russia northeast of the Black Sea
(Kuzmin et al., 2005). Serological and phylogenetic analysis of all four
viruses have demonstrated the distinct nature of each of these viruses and
supported their classification as individual lyssavirus species, but since
only single isolates of these viruses have been retrieved to date, their
natural host reservoirs and spatial distribution are currently unknown.
IV. LYSSAVIRUS ADAPTATION

A. Viral features

Given that particular strains of lyssaviruses aremaintained in specific hosts,
there is much interest in better understanding the mechanisms that cause
this association. While the ecology and behavioral traits of each reservoir
species may facilitate specific virus–host associations, it would seem likely
that there are certain molecular features of individual viral strains that
enable them to adapt to their hosts. Simple alignments of predicted protein
sequences have often identified specific amino acid replacements that are
associated with variants that circulate in particular hosts; for example, see
Oliveira et al. (2010)whichdescribes a studyon thediversityof insectivorous
bat viruses of South America and which identified several amino acid
sequences specific to genus-specific clusters of viruses. However, the chal-
lenge is to differentiate functionally important changes from neutral muta-
tions that have arisen within a particular lineage purely by chance. Thus, as
is the case for many viruses (Holmes and Drummond, 2007), a clear under-
standingof the factors that operate to influence the success of lyssavirushost
species jumps remains elusive. Due to their high mutation rates, large
population sizes, and in some species, the ability to reassort and recombine,
RNA viruses often comprise genetically highly variable constellations of
sequences. These highly variable populations have been termed quasispe-
cies (Domingo et al., 1985; Eigen and Biebricher, 1988; Holland et al., 1992),
but the term has recently become quite controversial. The original formula-
tion of the concept required that selection act on the entire constellation of
variable sequences rather thanon the fitness of individual sequence variants
co-occurring within a given population. Selection on the population of
sequences can lead to a reduction in the overall average fitness of viral
variants but are maintained at this lower fitness level due to the high
mutation rate. The evidence for such population-level selection is weak
(Holmes, 2010), but under some conditions, especially in the laboratory,
such selection may generate true quasispecies (Lauring and Andino, 2010).
Given the ambiguity in the evidence and the confusion over themeaning of
the term quasispecies, we prefer to use the more accurate and general
measure of population sequence heterogeneity to characterize the genetic
structure of viral populations.
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Many of the lyssaviruses have been characterized by their levels of
genetic sequence variation. Benmansour et al. (1992) examined a dog
strain of RABV by investigating the genetic diversity of the G gene of
the viral population and found significant levels of heterogeneity; more-
over, when this virus was passaged in cell culture, changes in the distri-
bution of sequence variants occurred suggesting that the virus was able to
readily adapt to a new environment. Another study that examined the
genetic variation in the mouse-adapted RABV CVS-24 found that, upon
passage in BHK cells, a dominant variant (CVS-B2c), distinct from that of
the brain-adapted virus (CVS-N2c), was rapidly selected; this transforma-
tion was associated with a number of nonsynonymous G gene mutations
and a distinct pathogenicity (Morimoto et al., 1998). Both these studies
concluded that the variable nature of RABV promoted the emergence of a
minor subpopulation of the original virus to be the dominant population
when the virus was subjected to environmental change. The ready emer-
gence of viral variants with the greater fitness for the current situation
would suggest that RABV might frequently jump over the host species
barrier and form new virus–host associations.

As a follow-up to these studies, Kissi et al. (1999) studied the dynamics
of RABV mutation and genetic population structure during serial pas-
sages of a European fox virus in several heterologous hosts, including
mice, cell culture, and domestic animals (dogs and cats). Perhaps a little
surprisingly, despite confirmation of the highly variable nature of the
virus, in most cases, even after multiple passages, the consensus sequence
obtained from several regions of the genome (N, a short segment span-
ning across the N-P intergenic region, a portion of G and the G-L region)
remained unchanged; only one exception to this result was observed in
the virus that was passaged through adult mice where a single nonsynon-
ymous mutation was observed. The greatest mutation rates were
observed in the mouse-passaged virus with nonsynonymous changes
predominating in the G gene. The authors explained their findings by
proposing two mechanisms of RABV evolution: a slow accumulation of
limited numbers of mutations with retention of the original consensus
sequence and rarer rapid selective overgrowth of favored variants sug-
gestive of a positive selection process.

In addition to making the connection between population-level varia-
tion and response to selection, modern molecular evolutionary techniques
can be used to assess if selection is operating (and even identify specific
sites under positive selection) through analysis of the pattern of nucleotide
substitutions for a group of viruses (Nei and Kumar, 2004). Methods for
identifying such selection rely on the estimation of the rates of synonymous
(dS) and nonsynonymous (dN) substitutions; the former type of substitu-
tion reflects general genetic drift and neutral evolutionary trends while the
latter may, if sufficiently pronounced, indicate positive selective forces.
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In contrast to the above laboratory constructed populations, when
patterns of nucleotide substitution using dN–dS ratios for RABV field
specimens are examined, the evidence for positive selection is very limited.
By anML analysis ofN and G gene sequences derived entirely from RABV
field specimens collected from around the world, Holmes et al. (2002)
explored these substitution patterns. Both genes were highly constrained
and exhibited a fairly constant dS value between 4 and 5.3 � 10�4 indica-
tive of an overall neutral evolutionary process. For both genes, the overall
dNwas low compared to several other RNA viruses, with the value for the
G gene being approximately twice than that for the N gene (5 � 10�5 vs.
2.85 � 10�5), an observation that might be interpreted as indicating some
localized positive selection on the G gene. Comparison of complete lyssa-
virus genomes revealed decreasing genetic identities for the five proteins in
the order N > L > M > G > P (Delmas et al., 2008) with a fourfold differ-
ence in the mean dN/dS ratio between the N and P genes reflecting
differences in the selective constraints operating on these proteins. Indeed,
studies that compare the best fit of RABV sequence data to various models
of nucleotide substitution often support the operation of positive selection
(Holmes et al., 2002; Szanto et al., 2008). However, in contrast, the majority
of studies of RABV field isolates, at both localized and global levels, have
concluded that RABV populations exhibit relatively low genetic diversity,
with high dS/dN values indicating a high level of constraint operating
across the genome and that purifying selection is the predominant evolu-
tionary process (Bourhy et al., 1999, 2008; Kobayashi et al., 2010). Indeed, a
broader-based study on several RNA viruses suggested that purifying
selection operates generally on these organisms to remove a high propor-
tion of mutations which are deleterious and normally transient in nature,
thereby limiting the extent of viral adaptation (Pybus et al., 2007).

Despite this overall evolutionary trend of purifying selection, the
possibility remains that a small number of individual amino acids are
important for host adaptation by the virus and several efforts to explore
this possibility have been documented by identification of specific codons
for which the dN/dS value is >1. By this process, the following residues
were identified: (i) position 101 of the N gene (Bourhy et al., 1999); (ii)
positions 1, 5, and 175 (Bourhy et al., 1999) and residues 183 and 370
(Holmes et al., 2002) of the G gene (the highly variable 183 residue may
impact cell tropism since it is next to antigenic site II within a neurotoxin-
like region that may be responsible for binding to the nicotinic acetylcho-
line receptor, one of many putative RABV receptors); and (iii) position 62
of the L gene (Szanto et al., 2008) as identified for the RRABV strain
compared to other RABVs. The significance of these findings remain
unclear given that other studies failed to identify positive selection at
these sites (e.g., Hughes et al., 2005 in a study on N gene variation of
American bat rabies variants).
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It has been speculated that the life cycle of RABV, which requires the
virus to replicate in a variety of cell types (neurons, muscle tissue, salivary
glands) may impose particularly high constraints on the evolution of
these viruses. Moreover, viral evasion of host immune responses through
sequestration of the virus within the CNS may limit the effect of immune
selective pressures on evolution of the RABV glycoprotein, unlike the
pressures exerted on surface proteins of other RNA viruses (Holmes
et al., 2002).

In terms of their ability to adapt to particular hosts, the influenza A
viruses are amongst the most studied group of RNA viruses due to their
ability to elicit human pandemics. While the receptor-binding capability
of its surface hemagglutinin (HA) protein is clearly important with
respect to conferring host specificity and virulence, it is now known that
other viral proteins, including the products encoding polymerase func-
tions (e.g., PB2), are also important in this regard (Hatta et al., 2001;
Matrosovich et al., 2009). Certain amino acids in both the HA and PB2
proteins were shown to be critical for transmission of the H5N1 avian
influenza viruses in mammals (Gao et al., 2009), and activity-enhancing
mutations of the viral polymerase complex are reported to mediate adap-
tation to mammalian hosts (Gabriel et al., 2005).

Despite extensive studies on G gene variation within the RABV, to
date specific residues that are thought to be important for host adaptation
have not yet emerged. Moreover, sequence characterization of the L gene
that encodes the polymerase product has been performed on relatively
few lyssavirus isolates although recent interest in whole genome charac-
terization is now focusing more attention on this gene (see Delmas et al.,
2008); a search in GenBank (October 5, 2010) yielded 72 complete genome
entries. Given the requirement for the L gene product to interact with
many host cell factors, it is possible that a few critical residues within this
protein could significantly impact viral propagation efficiency within
specific hosts and thereby contribute substantially to host adaptation.
However, until a more extensive lyssavirus L gene database is available,
its role in this regard will remain unknown.
B. Impact of host behavior and genetics

Two recent studies have explored the effect of genetic divergence of
donor and recipient hosts on the emergence of new virus–host associa-
tions. Streicker et al. (2010) examined the influence of the host on emer-
gence of the American bat RABVs. Since these RABVs have a
phylogenetic structure that closely reflects their reservoir host species,
clearly most transmissions occur intraspecifically with occasional host
shifts that allow emergence of new lineages. Drawing from sequence
data on a large collection of bat RABVs originating from across the United
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States, it was estimated that cross-species transmissions occur once for
approximately every 73 intraspecies transmission events. However, the
vast majority of these cross-species events were evolutionary dead-ends
for the virus. The role of bat host ecological overlap in affecting rates of
cross-species transmission was explored, but it was concluded that simi-
larity of donor and recipient host species in terms of their evolutionary
proximity, and hence conservation of cellular and immunological traits,
was the primary factor in determining whether infection took place.
Secondary effects impacting the likelihood of physical contact of the two
bat species (e.g., roosting habits, feeding preferences) also played some
role. In other words, geographic overlap of bat hosts is likely to determine
the rate of RABV exposure, while the greater the evolutionary distance
between the host species, the lower the frequency of RABV infection. In
essence, host phylogenetic distance was identified as the principal con-
straint limiting cross-species events that might result in a successful host
jump with emergence of a new successful virus–host association. Sus-
tained transmission of an RABV in a specific host requires optimal bal-
ance of intrahost viral replication and viral shedding in salivary glands,
achieved through fine-tuning of the virus’s association with cell receptors
and the cellular machinery that it employs for propagation and spread. It
might thus follow that the amount of viral evolution needed to achieve
such an optimal state will be lower for a recipient host that is in evolu-
tionary terms close to the donor host, and host species barriers may often
prove to be an insurmountable obstacle to RNA virus emergence despite
the intrinsic mutability of these pathogens (Streicker et al., 2010).

In a similar type of study generalized to a comparison among all the
bat hosts of the lyssaviruses, Rogawski and Real (unpublished data)
characterized the influence of genetic and geographic distance between
bat hosts as determinants of successful host jumping among all 11 lyssa-
virus species. Subsequent to the construction of both lyssavirus and bat
host phylogenies, host jumps were identified using TreeMap (Bederson
et al., 2002), and genetic distance matrices among hosts and virus were
computed. Rogawski and Real compared the genetic distances between
hosts and overlap of geographic bat ranges for identified host jumps to
the same distances for random pairings of hosts. Eight host jumps were
identified to explain the current bat host–virus associations. Genetic simi-
larity between donor and recipient hosts does not appear to constrain
successful host jumping, and host jumps occurred between both closely
related and more distantly related hosts. The genetic distances between
hosts of identified jumps were not significantly smaller than those for
random pairings of hosts. Conversely, host jumps were more common
between hosts with greater overlapping geographic ranges, and hosts
involved in jumps generally shared similar foraging and roosting habi-
tats. While genetic similarity may also have an impact, these results
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suggest that geographic proximity to new hosts and the number and
intensity of contacts between species are the driving factors in host jump-
ing events.

It is important to recognize that these two studies on host jumping
analyzed two different data sets at two different scales of genetic related-
ness. Streicker et al. (2010) examined only the RABV among bat hosts for
this particular species of lyssavirus, while Rogawski and Real examined
host jumping at the level of the lyssavirus genus. It may be a general
feature of coevolutionary relationships that propensity for genetic relat-
edness to constrain host switching deteriorates as one moves to higher
levels of taxonomic relationship.
V. CONCLUDING REMARKS

Despite the extensive nucleotide sequence information now available for
many lyssavirus isolates, a better understanding of the role played by
viral variation in host adaptation will emerge only with the characteriza-
tion of complete viral genomes, since it remains unclear what residues
may impact the ability of the virus to propagate optimally in its preferred
host. In this regard, more emphasis on L gene characterization is needed.
Through its ability to apply time frames to phylogenies and examine viral
population dynamics, coalescent methodology is becoming a vital tool for
studying lyssavirus emergence and spread. By correlating the informa-
tion obtained by coalescent investigations with accurate disease surveil-
lance records, insights into the effects of landscape features and host
habitat on disease spread can be appreciated. Further, we may glean
better understanding of host factors that may impact on emergence of
new viral–host associations.

One conundrum revealed by recent estimates of the time line of RABV
emergence has become evident through such investigations. The clade
comprising all terrestrial RABVs is estimated to have emerged in the past
millennium, but this appears to be at odds with the interpretation of
historical records suggesting the recognition of a rabies-like disease asso-
ciated with dogs in ancient times of both Western and Eastern civiliza-
tions (Baer, 2007; Wu et al., 2009). If indeed current estimates of the
evolutionary time line of all RABVs are accurate, this would require that
either the disease interpreted as rabies by historical scholars was actually
a different disease or alternatively rabies has emerged in this species
independently on at least two occasions with die-off of the lineage respon-
sible for cases recorded over 1500 years ago. Given the dynamic nature of
virus–host associations, other lyssavirus lineages are likely to emerge in
the future; identifying such outbreaks and responding to their threat in a
timely manner will be facilitated by genetic characterization (preferably
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complete viral genome sequencing) coupled with epidemiological data
that together should provide essential insights into viral phylodynamics
(Holmes and Grenfell, 2009).
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Rabies in marmosets (Callithrix jacchus), Ceará, Brazil. Emerg. Infect. Dis. 7:1062–1065.
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Abstract Numerous bat species have been identified as important reservoirs
of zoonotic viral pathogens. Rabies and rabies-related viruses con-

stitute one of the most important viral zoonoses and pose a

significant threat to public health across the globe. Whereas rabies

virus (RABV) appears to be restricted to bats of the New World,

related lyssavirus species have not been detected in the Americas

and have only been detected in bat populations across Africa,

Eurasia, and Australia. Currently, 11 distinct species of lyssavirus

have been identified, 10 of which have been isolated from bat

species and all of which appear to be able to cause encephalitis

consistent with that seen with RABV infection of humans. In con-

trast, whereas lyssaviruses are apparently able to cause clinical

disease in bats, it appears that these lyssaviruses may also be able

to circulate within bat populations in the absence of clinical dis-

ease. This feature of these highly encephalitic viruses, alongside

many other aspects of lyssavirus infection in bats, is poorly under-

stood. Here, we review what is known of the complex relationship

between bats and lyssaviruses, detailing both natural and experi-

mental infections of these viruses in both chiropteran and nonchir-

opteran models. We also discuss potential mechanisms of virus

excretion, transmission both to conspecifics and spill-over of virus

into nonvolant species, and mechanisms of maintenance within bat

populations. Importantly, we review the significance of neutralizing

antibodies reported within bat populations and discuss the poten-

tial mechanisms by which highly neurovirulent viruses such as the

lyssaviruses are able to infect bat species in the absence of clinical

disease.
I. INTRODUCTION

The most significant zoonotic pathogen of bat origin is rabies virus
(RABV). This virus and other members of the genus to which it belongs,
the lyssaviruses, cause fatal encephalitis for which there is no effective
treatment. Approximately, 20% of mammalian species are bats with
more than 1100 species being recognized worldwide (Teeling et al.,
2005). They have many characteristics that differentiate them from
other mammalian species, and at the same time, they exhibit an
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enormous degree of intraspecies diversity. Bats are hypothesized to have
evolved between 50 and 70 million years ago and have undergone a
rapid diversification during this period (Simmons et al., 2008, Teeling
et al., 2005). All bat species belong to the Order Chiroptera that is
subdivided into two suborders, Yangochiroptera and Yinpterochiroptera,
the latter including the superfamily Pteropodidae, the old world fruit
bats, and Rhinolophoidea (Giannini and Simmons, 2003). Scientific inter-
est in bats has increased substantially following the identification of bats
as important reservoirs of pathogens of both zoonotic and veterinary
importance (Calisher et al., 2006; Dominguez et al., 2007; Field, 2009;
Towner et al., 2009; Wang and Eaton, 2007).

Lyssavirus infection of bats occurs across much of the globe, although
different virus species are present in different regions and tend to infect
particular bat species (Streicker et al., 2010). In the Americas, only RABV is
associated with bats, whereas across Europe, Africa, Asia, and Australia,
the remaining lyssaviruses predominate in the complete absence of bat-
associated RABV. The reasons for this geographical separation of viruses
in bat populations remain the subject of much speculation, and the evolu-
tion of bat lyssaviruses remains an enigma (Vos et al., 2007). The current
global distribution of bat lyssaviruses is illustrated in Fig. 1. The exception
to this geographical partitioning is RABV (species 1; Anonymous, 2009),
which is endemic worldwide in carnivores with the exception of a num-
ber of regions where the disease has been controlled or excluded (Aus-
tralia and Great Britain) or eliminated through vaccination campaigns
(Western Europe). Well-established RABV reservoir hosts are present in
North America (e.g., skunks, foxes, and raccoons), Africa (e.g., mongoose,
bat-eared foxes, and jackals), and Eurasia (e.g., foxes and raccoon dogs).
Terrestrial wildlife reservoirs are apparently absent in South America and
Australasia. RABV variants have been reported to undergo genetic adap-
tation to particular hosts, sometimes leading to a diversity of clades or
biotypes with infection of wild terrestrial carnivore reservoirs varying
according to species present within the local fauna. For example, in
South Africa, RABV circulates in dogs and jackals in the northern region,
dogs in the eastern region, bat-eared foxes in the western region, and
mongooses (Herpestidae) (a different biotype) in the interior (Nel and
Rupprecht, 2007).

Phylogenetic analyses and virus–host relationships suggest that all
lyssaviruses, including RABV, likely originated in bats. With the excep-
tion of Mokola virus (MOKV), all lyssaviruses have been isolated from
bats (Badrane and Tordo, 2001; Nel and Rupprecht, 2007). Thus, it
remains of great importance to study bat lyssaviruses to understand
both virus and chiropteran host ecology and to determine the potential
for spill-over transmission into both humans and nonvolant mammal
populations. The current taxonomic classification of the lyssaviruses is
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based on genetic analyses of the viral genome (Kuzmin et al., 2005, 2010)
and differentiates viruses into 11 genetically divergent species: (1) Rabies
virus (RABV), (2) Lagos bat virus (LBV), (3) Mokola virus (MOKV),
(4) Duvenhage virus (DUVV), (5) European bat lyssavirus type 1 (EBLV-1),
(6) European bat lyssavirus type 2 (EBLV-2), (7) Australian bat lyssavirus
(ABLV), (8) Irkut virus (IRKV), (9) Aravan virus (ARAV), (10) Khujand
virus (KHUV), and (11) West Caucasian Bat Virus (WCBV) (Anonymous,
2009). A 12th genetically related virus, Shimoni bat virus (SHIV), is yet to be
classified but is believed to represent a further lyssavirus species, given
that it has 80% nucleotide identity with other lyssaviruses (Kuzmin et al.,
2010).

Representative isolates from all lyssaviruses have been sequenced and
all are approximately 12 kb in length (Gould et al., 2002; Kuzmin et al.,
2003, 2005, 2008a, 2010; Marston et al., 2007). A phylogenetic analysis of
the lyssaviruses and representative mammalian species that they have
each been found to infect is shown in Fig. 2. The arrangement of the five
gene-coding regions (nucleoprotein (N)-phosphoprotein (P)-matrix pro-
tein (M)-glycoprotein (G)-polymerase protein (L)) is conserved across the
genus (Tordo et al., 1988). Each gene is flanked by intergenic regions that
have a high degree of divergence both inter- and intragenotypically
(Marston et al., 2007). Variation at intergenic regions is typically seen in
the form of sequence divergence or the presence of short insertions
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( Johnson et al., 2007; Marston et al., 2007), as well as in some isolates, the
presence of a long uncharacterized genetic element present between the
G- and L-coding regions (Ravkov et al., 1995; Tordo et al., 1986). The cause
of variation within genomes is not clear but could be related to polymer-
ase errors during replication (Assenberg et al., 2010).

The lyssavirus species can also be grouped into phylogroups (Badrane
et al., 2001) (Fig. 2). Within the lyssavirus genus, phylogroup I includes all
species apart from LBV, MOKV, WCBV, and SHIV. LBV, MOKV, and the
recently isolated SHIV are each distributed in Africa and are members
of phylogroup II (Badrane et al., 2001; Horton et al., 2010; Kuzmin et al.,
2005, 2010). The phylogroup II viruses have greater divergence at the
amino acid level on the glycoprotein ectodomain and were initially
reported to be less pathogenic than phylogroup I lyssaviruses. However,
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this property of phylogroup II viruses has been challenged by more
complete pathogenicity studies (Markotter et al., 2009). In addition, the
sporadic spill-over infections of these viruses to a number of host species
argue that they share the pathogenic characteristics of other phylogroups
(Fig. 2). WCBV could be categorized in a new phylogroup, phylogroup III.
However, only a single isolation of this virus has beenmade, and clarifica-
tion through detection of furtherWCBV isolates must occur before a novel
phylogroup distinction can be officially accepted (Kuzmin et al., 2005).
The division of lyssaviruses into phylogroups is partly due to antigenic
divergence, and vaccines derived from classical RABV strains have been
shown to confer little or no protection against members of phylogroups II
and III in experimental studies (Badrane et al., 2001; Hanlon et al., 2001,
2005; Weyer et al., 2010). However, as forWCBV, few isolates are available
for a number of the lyssaviruses and early studies were limited to mouse
models, so the influence of genetic and antigenic variation to biological
differences between species requires further study. Recently, phyloge-
netic analysis has suggested greater genetic diversity within the LBV
isolates than observed for other species, with four lineages suggested
(Kuzmin et al., 2010). Currently, it is thought that all four LBV
phylogroups are present in Africa, with serological evidence of WCBV
having been reported in African bat populations (Kuzmin et al., 2008c;
Wright et al., 2010). The greater genetic diversity and serological cross-
reactivity of African lyssaviruses have led to the hypothesis that lyssa-
viruses originated from Africa (Badrane and Tordo, 2001; Badrane et al.,
2001; Nel and Rupprecht, 2007).
II. BAT LYSSAVIRUSES: EURASIA AND AUSTRALASIA

There are currently seven distinct lyssaviruses associated with bats in
Europe, Asia, and Australia. Of these, four have been associated with
human fatalities, and a clinical presentation consistent with rabies has
been observed (Table I; Allworth et al., 1996; Belikov et al., 2009; Fooks
et al., 2003; Selimov et al., 1989). Available data suggest that, like RABV,
bat lyssaviruses are neurotropic viruses with similar pathogenesis, that is,
retrograde axonal transport of virus through the peripheral nervous
system with ascension within the spinal cord followed by extensive
replication in the brain (Fig. 3A; Johnson et al., 2006a). However, these
viruses show clear epidemiological differences with RABV in their
restricted geographical distribution and their association with particular
bat species. This may represent reduced virulence when compared to
RABV or coevolution with a particular reservoir species. As well as
infection in humans, there have been rare reports of nonrabies lyssa-
viruses present in nonvolant mammals (Dacheux et al., 2009; Muller



TABLE I Bat-associated human cases of lyssaviruses of Europe, Asia, and Australia

Virus Distribution Bat species Latin name

Incidence

in humans Reference

EBLV-1 Continental Europe Serotine bat Eptesicus serotinus 3a Roine et al. (1988),

Selimov et al. (1989),

Botvinkin et al.

(2005)

EBLV-2 The Netherlands,

Switzerland, Finland,
United Kingdom,

Germany

Daubenton’s bat Myotis daubentonii 2 Lumio et al. (1986),

Fooks et al. (2003)

ABLV Australia Pteropid and

insectivorous

bat species

ND 2 Allworth et al. (1996),

Hanna et al. (2000)

ARAV Kyrgyzstan Lesser mouse-eared

bat

Myotis blythi None n/a

IRKV Russia Greater tube-
nosed bat

Murina leucogaster 1 Belikov et al. (2009)

KHUV Tajikistan Whiskered bat Myotis mystacinus None n/a

WCBV Russia Common bent-

winged bat

Miniopterus schreibersii None n/a

n/a, not applicable; ND, not determined.
a Two further reports of human deaths have been reported following encounters with bats in Europe, although neither has been confirmed as EBLV-1.
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FIGURE 3 (A) Detection of lyssavirus nucleoprotein (brown staining) in a cross section

of the spine of a Daubenton’s bat naturally infected with EBLV-2 (5�). Neurons show

staining in the gray matter of the spinal cord and particularly involve ventral horn cells.

(B) Detection of lyssavirus antigen (brown staining) in a taste bud within the tongue of a

serotine bat experimentally infected with EBLV-1 (40�). More than 50% of the taste buds

observed showed immunolabeling for antigen. Images courtesy of Dr. Alex Nunez,

Department of Histopathology, Veterinary Laboratories Agency.
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et al., 2004; Tjornehoj et al., 2006). Below we discuss the particular features
of each of the Eurasian and Australian lyssaviruses with emphasis on
the pathogenesis studies undertaken on each to assess virulence and
transmission within the reservoir host.
A. European bat lyssavirus type 1

The first report of a rabid bat in Europe was made from observations in
1954 (Mohr, 1957). Only with the advent of antigenic typing using mono-
clonal antibodies (Schneider and Cox, 1994) could the virus isolated in
European bats be distinguished from RABV present in both European fox
populations and North American bats. Genomic sequencing has enabled
further characterization and has led to an estimation of between 500 and
750 years for EBLV-1 divergence from the other lyssavirus species (Davis
et al., 2005, 2006). EBLV-1 has only been reported in Europe, although
some authors have speculated that it may be present in North Africa due
to shared bat populations north and south of the Mediterranean Sea
(Freuling et al., 2009a). Two lineages of EBLV-1 have been defined
(Amengual et al., 1997). EBLV-1a is detected throughout northern Europe
with most isolations reported from France, the Netherlands, Germany,
and Poland. Surveillance in Germany for EBLV-1 has reported most cases
from the northern regions of the country that are at lower elevations and
where the highest density of serotine bats (Eptesicus serotinus) is suspected
(Muller et al., 2007). In contrast, EBLV-1b has been reported from southern
Germany, France, and Spain. However, bat surveillance is variable in
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Europe, and a recent report demonstrated an EBLV-1b isolate in central
Poland (Smreczak et al., 2008), suggesting that the distribution of this
lineage is more widespread in Europe than previously considered
(Fig. 4). Despite the presence of serotine bats in southern England and
long-term active and passive surveillance for lyssaviruses in the native
bat population, EBLV-1 virus has never been isolated. However, specific
antibodies have been detected in a single serotine bat, suggesting that the
virus may also be present in UK bat populations (Harris et al., 2009).

Both EBLV-1 lineages are mainly associated with the serotine bat with
99% of cases being associated with this species. The exception to this
appears to be in Spain where EBLV-1 has been reported from a range of
species including the greater mouse-eared bat (Myotis myotis), the Nat-
terer’s bat (Myotis nattereri), the greater horseshoe bat (Rhinolophus ferru-
mequinum), and the common bent-winged bat (Miniopterus schreibersii;
Amengual et al., 2007; Serra-Cobo et al., 2002). However, caution should
be exercised when identifying a reservoir species, and the species most
frequently reported may prove misleading. For example, the species most
likely to be submitted for diagnosis may also be those with an anthro-
pophilic habitat, those that are not experiencing a decline in population
size or those that succumb to clinical infections. The distribution of
E. serotinus is widespread across Western Europe (including southern
regions of the United Kingdom), north to Denmark and southern Sweden,
south to North Africa, eastward to the Himalayas, and north to Korea and
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is possibly expanding its range in Europe. This species is not commonly
migratory, but movements of up to 330 km (200 miles) have been
recorded from Eastern Europe. It appears that most bats survive infection,
as evidenced by the repeat captures of individual seropositive bats over a
number of years during both active and passive serological surveillance
initiatives across Europe (Brookes et al., 2005; Echevarria et al., 2001;
Harris et al., 2009; Serra-Cobo et al., 2002). Indeed, Amengual et al. (2007)
provided evidence for subclinical infection with EBLV-1 in a longitudinal
study of naturally infected greater mouse-eared bats (M. myotis) in mater-
nal colonies in Spain; however, the finding of lyssavirus antigen in blood
clots remains a controversial observation. This study used capture–mark–
recapture (CMR) techniques to understand EBLV-1 infection within the
colonies (range 120–804 bats/colony) over a 12-year period. The study
generated data on both survival rate and population size ofM. myotis and
provided evidence of fluctuating antibody titers, with 20 of 37 seroposi-
tive recaptured bats losing detectable immunity during this period
(Amengual et al., 2007).

Where clinical disease is seen, bats are often weak and unable to fly
and display abnormal behavior, including uncoordinated movements,
spasms, and occasionally paralysis. Serotine bats usually inhabit rela-
tively small roosts, although nursery colonies may include up to 300
animals. This species is also known to cohabit roosts with other insectivo-
rous bat species, although nursery colonies are usually species specific.
Incidents of spill-over infections of EBLV-1 into a stone marten (Muller
et al., 2004), sheep (Tjornehoj et al., 2006), and domestic cats (Dacheux
et al., 2009) have occurred but are rare and none have led to the establish-
ment of a terrestrial reservoir for the virus as seen in North America with
spill-over of rabies from bats to both skunks and foxes (Daoust et al., 1996;
Leslie et al., 2006).

Experimentally, EBLV-1 causes disease in bats indistinguishable from
that observed with RABV infection of North American bats. Direct inocu-
lation of EBLV-1 into the brain of Egyptian flying foxes (Rousettus aegyp-
tiacus) caused neurological disease and death in five of eight (63%)
inoculated animals, although surprisingly not all (Van der Poel et al.,
2000). Bats surviving in this instance must be considered to have had an
aborted infection, although such observations are rare and further expla-
nations for such unusual outcomes cannot preclude inoculation failure
or error. This was also observed in one of two experimental studies of
EBLV-1 in the North American big brown bat (Eptesicus fuscus) (Franka
et al., 2008). In the E. fuscus study, inoculation by the intramuscular route
led to the development of disease in 50% of challenged animals. In a
further study by the same authors, using the proposed EBLV-1 reservoir
host, the serotine bat, 100% induction of rabies by intracranial inoculation
was demonstrated (Freuling et al., 2009b). Intramuscular inoculation was
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less successful in causing productive infection with only one of seven bats
developing disease. By contrast, subdermal inoculation caused the devel-
opment of disease in three of seven bats with concomitant shedding of
virus in saliva immediately before the development of disease. Further,
clear evidence for virus infection of taste buds was observed (Fig. 3B),
which has been reported previously in human rabies ( Jackson et al., 1999),
although it remains unclear if infection of taste buds could result in viral
excretion. The principal experimental observations of bat studies with
EBLVs are summarized in Table II.
B. European bat lyssavirus type 2

EBLV-2 was originally isolated from a Pond bat (Myotis dasycneme) in the
Netherlands (Nieuwenhuijs, 1987). Since then the virus has been isolated
sporadically across a number of countries of Northern Europe but has
only been associated with Myotis daubentonii, the Daubenton’s bat. Virus
detection has also occurred in Switzerland (Amengual et al., 1997), the
United Kingdom (Banyard et al., 2009), Germany (Freuling et al., 2008),
and Finland ( Jakava-Viljanen et al., 2010). Two cases of human infection
have been reported (Fooks et al., 2003; Lumio et al., 1986) and, as with
spill-over in humans with EBLV-1, the clinical presentation was similar to
that observed for infection with RABV. EBLV-2 infection in bats also
results in disease indistinguishable from rabies. Typically, the infected
animal is grounded, agitated, and aggressive. When approached, infected
bats have made repeated attempts to bite the handler or objects that are
placed in front of them ( Johnson et al., 2003). In diseased bats, EBLV-2
was always detected in the brain and to a lesser extent in other organs,
including the tongue and salivary glands ( Johnson et al., 2006b). In
comparative studies in a variety of species, EBLV-2 appears less virulent
than EBLV-1 (Brookes et al., 2007; Cliquet et al., 2009; Vos et al., 2004).

Little is understood about the persistence of EBLV-2 in its natural host.
In the United Kingdom, the virus is endemic within the Daubenton’s bat
population with isolation of virus being reported on at least one occasion
each year (Banyard et al., 2010). Seroprevalence studies also suggest a
low-level persistence in the bat population (Harris et al., 2009) with a
prevalence estimate between 1% and 4%, but when, where, and how
transmission occurs in the natural environment are still unclear. Infection
studies with Daubenton’s bats have demonstrated that direct intracranial
inoculation leads to rapid development of disease. However, inoculation
via peripheral routes, such as intramuscular and intranasal, did not lead
to infection or seroconversion of the animals challenged. One of seven
bats inoculated by the subdermal route developed disease (Table II).
This implies that the most effective route of transmission is through
biting, because virus was detected in oral swabs of the infected bat



TABLE II Experimental studies on Eurasian lyssaviruses in bats

Virus Bat species Latin name

Inoculation

routes

Mortality

(%)

Incubation

period

(days)

Salivary

excretion Reference

EBLV-1 Egyptian fruit bat Rousettus aegyptiacus IC 62.5 11–34 NM Van der Poel et al. (2000)

ABLV Gray-headed
flying fox

Pteropus poliocephalus IM 33 15–24 Y McColl et al. (2002)

ARAV Big brown bat Eptesicus fuscus IM 75 16–22 N Hughes et al. (2006)

KHUV 60 14–20 Y

IRKV 54.5 7–16 Y

EBLV-1 Big brown bat Eptesicus fuscus IM 44 12–58 Y Franka et al. (2008)

SD 0 – N

PO 0 – N

IN 0 – N
EBLV-2 Daubenton’s bat Myotis daubentonii IC 100 12–14 N Johnson et al. (2008a)

IM 0 – N

IN 0 – N

SD 14 33 Y

EBLV-1 Serotine bat Eptesicus serotinus IC 100 7–13 N Freuling et al. (2009b)

IM 14 26 N

IN 0 – N

SD 43 17–20 Y

IC, intracranially; IM, intramuscular; SD, subdermal; PO, oral (per os); IN, intranasal; Y, yes; N, no; NM, not measured.
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( Johnson et al., 2008a). Scratches or bites might explain the infection of
two bat biologists with histories of encounters with Daubenton’s bats
(Fooks et al., 2003). However, in a number of in vivo studies, there have
been no reports of an infected bat biting another bat and that bat devel-
oping disease. The potential for infection via low transmissibility (basic
reproduction number, R0) rates may confer an evolutionary advantage to
these viruses. Indeed, if transmissibility rates are high, disease may occur
and individuals succumb, reducing the potential for further spread. The
dissemination of EBLV-2 within experimentally infected bats is identical
to that reported in bats infected with RABV, and neuroinvasion activates
the same innate immune responses ( Johnson et al., 2006a), both suggest-
ing a similar pathology. However, the limited geographical distribution
and host range imply that EBLV-2 is different than RABV. Whether this
constraint is virological or ecological is yet to be defined (Vos et al., 2007).
C. Australian bat lyssavirus

Australia was reported to be free of rabies within its wildlife population
with only occasional cases of imported human rabies being observed
( Johnson et al., 2008b; McCall et al., 2000). However, in 1996, investigation
of a female black flying fox (Pteropus alecto) that was unable to fly resulted
in the isolation of a lyssavirus (Crerar et al., 1996; Fraser et al., 1996).
Surveillance initiatives also confirmed the presence of lyssavirus in both
Pteropid (Gould et al., 1998) and insectivorous bats (Gould et al., 2002;
Hooper et al., 1997), and later, human infections were reported following
encounters with both fruit and insectivorous bats (Allworth et al., 1996;
Hanna et al., 2000; Warrilow, 2005; Warrilow et al., 2002). Indeed, ABLV
has now been isolated from five different bat species, all four species of
Pteropodidae in Australia and from an insectivorous bat species, the yel-
low-bellied sheath-tailed bat (Saccolaimus flaviventris), with two distinct
lineages apparently circulating in insectivorous and frugivorous bats
(Fraser et al., 1996; Gould et al., 1998, 2002; Guyatt et al., 2003). Phylogen-
etically and serologically, ABLV isolates appear to be more closely related
to RABV than any of the other Old World lyssaviruses (Fig. 2). Although
the black flying fox is a native fruit bat to Australia and is present on
islands to the north, ABLV has only been isolated in Australia. However,
serosurveillance of bat populations in the Philippines has suggested that
lyssavirus infection of bats might be more widespread than previously
thought (Arguin et al., 2002).

Experimental infections with ABLV have been undertaken in one of
the native fruit bat species, the gray-headed flying fox (Pteropus polioce-
phalus). Intramuscular inoculation resulted in 3 of 10 animals developing
clinical signs of disease (Table II), including muscle weakness, trembling,
and limb paralysis (McColl et al., 2002). ABLV was detected in the brain of
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each animal. The remaining animals all survived to the end of the study
with evidence of neutralizing antibodies against ABLV. Further ABLV
inoculation experiments have been conducted to assess the susceptibility
of companion animals to infection (McColl et al., 2007). Although a num-
ber of subjects, both dogs and cats, showed occasional neurologic signs,
these did not develop further and all survived to the end of the experi-
mentation. All animals seroconverted, and no ABLV antigen or viral
genome was detectable in tissue samples investigated following
necropsy.
D. Eurasian lyssaviruses

Four Eurasian lyssaviruses have been identified from diverse locations
throughout Eurasia (Table I). ARAV and KHUV viruses were isolated
from bats trapped in Kyrgyzstan and Tajikistan, respectively (Botvinkin
et al., 2003; Kuzmin et al., 1992, 2003). IRKV was isolated from a bat
trapped in Eastern Siberia, whereas WCBV was isolated from a bat in
southern Russia near the border with Georgia (Botvinkin et al., 2003). All
have been fully sequenced and fit into the phylogeny of the lyssavirus
genus (Kuzmin et al., 2003, 2005).

Little is known about the epidemiology of these lyssaviruses because
only single isolations from bats have been made. Serosurveys of bats in
Asia and Africa have identified cross-reactivity with existing lyssaviruses
with bat serum samples taken during surveys demonstrating neutraliza-
tion with: ARAV, KHUV, IRKV, and ABLV in Thailand (Lumlertdacha,
2005); ARAV and KHUV in Bangladesh (Kuzmin et al., 2006); and WCBV
in Kenya (Kuzmin et al., 2008a). These studies suggest that these viruses
may be more widespread, but such studies have not been supported by
isolations of virus in any of the bat species collected. A recent report has
suggested that a human case of rabies has occurred due to infection with
an Irkut-like virus (Belikov et al., 2009) in East Siberia. It seems likely that
more lyssaviruses will be isolated in bat species, particularly in Asia.
Interestingly, there have been anecdotal reports of RABVs being detected
across Asia with evidence being found in fruit bats in Thailand (Smith
et al., 1967), India (Pal et al., 1980), and China, where a bat bite was
suspected in relation to a human infection. Postmortem analysis was
not, however, attempted in the human case, and so it cannot be verified
as RABV or a related lyssavirus (Tang et al., 2005).

Experimental infections in bat models have been conducted with all of
the Eurasian bat lyssaviruses (Hughes et al., 2006; Kuzmin et al., 1994,
2008d). In each, a number of experimental subjects developed rabies-like
clinical signs following inoculation, although some survived to the end of



Bats and Lyssaviruses 253
the experimental period (Table II). Analysis of virus tissue distribution
revealed the brain as the most highly infected tissue confirming the
neurotropism of these viruses. Further, virus excretion in saliva was
demonstrated shortly before the development of clinical signs. In these
experiments, uninoculated bats were held in the same cage as those that
developed an infection, and no evidence for horizontal transmission was
identified (Hughes et al., 2006).

WCBV has only been isolated from a singleM. schreibersi in southeast-
ern Europe (Botvinkin et al., 2003), althoughWCBV seropositive bats have
been detected in Kenya (Kuzmin et al., 2008c), suggesting a large
geographical distribution. WCBV is the most divergent member of the
lyssavirus genus, and has long genetic distances and lacks serological
cross-reactivity to other lyssaviruses (Horton et al., 2010; Kuzmin et al.,
2005, 2008a; Wright et al., 2010). Pathogenicity of lyssavirus isolates for
different species is of scientific interest, especially following reports of
highly variable pathogenicity between phylogroups I and II lyssaviruses
in mice. Interestingly, infection of ferrets with IRKV caused substantial
clinical disease and death, whereas experimental infection in ferrets with
ARAV and KHUV suggested little or no pathogenicity (Hanlon et al.,
2005).

Experimental infection of 21 North American big brown bats with
WCBV led to three of eight animals inoculated intramuscularly in neck
muscles succumbing to rabies between 10 and 18 days postinoculation
(Kuzmin et al., 2008d). Of the surviving animals inoculated in the mas-
seter (n ¼ 7) and neck muscles (5 of 8), or orally (n ¼ 6), all survived to 6
months with no antigen detectable in those tissues tested. Four surviv-
ing bats inoculated in the masseter muscles seroconverted with WCBV
neutralizing antibodies detectable until the end of the experiment 6
months later (Kuzmin et al., 2008d). Interpretation of these observations
is complicated, however, not only because these studies were under-
taken in bats of North American origin but also because of the fact that
the animals were either of wild origin (and therefore of unknown
immunological status against RABV, which circulates among North
American bats) or were survivors of a previously undertaken IRKV
challenge study. In those bats previously infected with IRKV, IRKV-
neutralizing antibodies were detected to the end of observation. This
was despite being 12 months after the IRKV challenge and included
those not boosted by WCBV inoculation. This in vivo bat study, as with
those involving other members of the lyssavirus genus (detailed below),
has only just begun to attempt to address some of the questions regard-
ing lyssavirus pathogenesis and host immune response to infection
in bats.
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III. BAT LYSSAVIRUSES: AFRICA

Given the diversity of lyssaviruses detected in Africa and with most
nonrabies lyssaviruses being isolated from bats, there is substantial cir-
cumstantial evidence to support the hypothesis that lyssaviruses origi-
nated and evolved in African bats (Badrane and Tordo, 2001; Nel and
Rupprecht, 2007). The ecology of MOKV has not been investigated and is
poorly understood. Bats were first suggested as the hosts in which lyssa-
viruses evolved in the 1980s, when authors suggested that plant and
arthropod rhabdoviruses had adapted to mammalian hosts (Shope,
1982). Subsequently, authors have suggested that the close genetic rela-
tionship between EBLV-1 and DUVV may provide evidence of viruses
fromAfrica entering Europe (Amengual et al., 1997; Serra-Cobo et al., 2002;
Schneider andCox, 1994). In contrast, the isolation ofWCBV from theWest
Caucuses anddetection of antibodies againstWCBV inAfrica provides the
first evidence of a bat lyssavirus infection throughout the Old World
(Botvinkin et al., 2003; Kuzmin et al., 2008c). The geographical distribution
of the African lyssaviruses, including the serological detection of WCBV
neutralising antibodies, is detailed in Fig. 5. Below, we describe what is
currently understood regarding host tropism, pathogenicity, and phylo-
genetic relationships between each of the viruses currently characterized.
A. Lagos bat virus

There have been more isolations of LBV than any of the other African bat
lyssaviruses recognized, with the virus apparently circulating among bats
in sub-Saharan Africa. Several bat species have been associated with LBV
infection, including Wahlberg’s epauletted fruit bat (Epomorphorus wahl-
bergi), the straw-colored fruit bat (Eidolon helvum) (Fig. 6), the Egyptian
fruit bat (R. aegyptiacus), and an insectivorous bat, the Gambian slit-faced
bat (Nycteris gambiensis). Spill-over events of LBV from bats into other
mammals have been reported, albeit infrequently (Markotter et al., 2006a,
b) with infection of humans never having been demonstrated (Markotter
et al., 2008a). It is of note that whereas LBV has not been implicated in
human fatalities, rabies cases are grossly under-diagnosed in Africa
(Mallewa et al., 2007) and testing of tissues at postmortem, where under-
taken, typically uses nonspecific tests that may allow fatal LBV infections
to be categorized as RABV infections.

LBV was first isolated from pooled E. helvum brain material in Nigeria
in 1956 (Boulger and Porterfield, 1958). Initially, lack of Negri body
formation in experimentally infected mice and an inability of the virus
to be neutralized by rabies immune serum led researchers to disregard its
relationship to RABV (Boulger and Porterfield, 1958). However, in 1970,
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reactivity in complement fixation and virus neutralization tests estab-
lished a link with RABV (Shope et al., 1970). Since 1956, there have been
numerous isolations of LBV (Table III).

More recent studies have revealed a high seroprevalence of antibodies
against LBV in two colonial fruit bat species, E. helvum and R. aegyptiacus
(Dzikwi, et al., 2010; Hayman et al., 2008; Kuzmin et al., 2008b). Seroprev-
alence ranged from 14% to 67% in E. helvum and 29% to 46% in
R. aegyptiacus, with adult R. aegyptiacus having a higher seroprevalence
(60%) than subadults (31%). As previously reported, a substantial propor-
tion (38%) of sera that neutralized LBV also neutralized MOKV (Badrane
et al., 2001; Hanlon et al., 2005; Kuzmin et al., 2008b; Wright et al., 2010).
Studies by Kuzmin et al. (2008b) have reported an absence of detectable
LBV from 931 oral swabs from healthy bats by nested RT-PCR but gener-
ated sequences from brain material of one dead bat from which LBV was
isolated (Kuzmin et al., 2008b). Other studies have also demonstrated
seropositivity in both E. helvum and the Gambian epauletted fruit bat
(Epomorphorus gambianus) in Nigeria (Dzikwi et al., 2010; Hayman et al.,
2008).

The discovery of further LBV isolates and their genome analysis have
suggested that LBV phylogeny is more complex than originally thought
(Kuzmin et al., 2008b, 2010; Nadin-Davis et al., 2002). A Senegalese (1985),
a Kenyan (2007), and a French isolate (either Togolese or Egyptian origin,
1999) are highly similar (>99% nucleotide identity across theN gene) and
constitute lineage A. The original isolate (Nigeria, 1956) is genetically
distant from lineage A isolates and constitutes lineage B, whereas a
third lineage (C) is made up of isolates from the Central African Republic,
Zimbabwe, and South Africa (Markotter et al., 2006a). Most recently, a
fourth lineage (D) has been characterized in Kenya from an Egyptian fruit
bat having only 79.5–80.9% similarity to lineages A–C (Kuzmin et al.,
2010) (Fig. 2; Table III). These four distinct groups are geographically
clustered with the eight isolates from South Africa showing very little
sequence variation, despite isolations occurring over a 25-year period
(Markotter et al., 2008a). Divergence between lineages is high with lineage
A sharing <80% identity with the other lineages across a fragment of the
N gene, a percentage cutoff value previously suggested as suitable for
lyssavirus genotype division (Bourhy et al., 1993; Kissi et al., 1995). How-
ever, differentiation criteria must be scrutinized, as phylogeny on alter-
native regions of the genome shows less divergence between lineages.
Virus classification (ICTV) does not recognize ‘‘genotypes,’’ accepting
only ‘‘species.’’ Differentiation using N gene sequences is sufficient to
characterize a virus to a particular ‘‘genotype,’’ but sequence identity
alone is not sufficient for acceptance as a species. Characteristics such as
antigenic properties, geographical distribution, and host range must also
be taken into consideration. Consequently, whereas the LBV isolates



TABLE III Detection/isolation and genetic characterization of LBV

Bat species Latin name Year Location

Detection

method

Clinical disease/

comments Lineage Reference

Straw-colored

fruit bat

Eidolon

helvum

1956

Nigeria

VI Unknown/

isolation from

a pool of eight

brains

B

Boulger and

Porterfield (1958)

1985 Senegal VI Unknown A Swanepoel (1994)

2007 Ghana S Healthy ND Hayman et al. (2008)

2007 Kenya VI Dead A Kuzmin et al. (2008b,

2010)

2006–2007 Kenya S Healthy ND Kuzmin et al. (2008b)

2008 Nigeria S Healthy ND Dzikwi et al. (2010)

Dwarf epaulet

fruit bats

Micropteropus

pussilus

1974 Central African

Republic

VI Unknown C Sureau et al. (1977)

Wahlberg’s

epauletted

fruit bat

Epomophorus

wahlbergi

1980 South Africa VI Clinical rabiesa C King and Crick (1988)

1990 South Africa VI Dead ND Swanepoel (1994)

2003–2004 South Africa VI Dead C Markotter et al. (2006b)
2005 South Africa VI Clinically rabid,

then died

C Markotter et al. (2006b)

Egyptian fruit bat Rousettus

aegypticus

1999 France (ex-Togo

or Egypt)

VI Clinical rabies A Aubert (1999)

2008 Kenya VI Healthy D Kuzmin et al. (2010)

(continued)



TABLE III (continued )

Bat species Latin name Year Location

Detection

method

Clinical disease/

comments Lineage Reference

Gambian

epauletted fruit

bat

Epomophorus

gambianus

2007 Ghana S Healthy ND Hayman et al. (2008)

Buettikofer’s
epauletted fruit

bat

Epomops

buettikoferi

2007 Ghana S Healthy ND Hayman et al. (2008)

Gambian slit-faced

bat

Nycteris

gambiensis

1985 Guinea VI Unknown ND Swanepoel (1994)

Domestic cat Felis catus 1982 South Africa VI Clinical rabies ND King and Crick (1988)

1986 Zimbabwe VI Clinical rabies C King and Crick (1988)

Domestic dog Canis

familiaris

1989–1990 Ethiopia VI Dead ND Mebatsion et al. (1992)
2003 South Africa VI Clinical rabies ND Markotter et al. (2008b)

Water mongoose Atilax

paludinosus

2004 South Africa VI Clinical rabies C Markotter et al. (2006a)

Animal previously vaccinated against rabies. S, serological detection; VI, virus isolation; lineage A, light gray; lineage B, dark gray with black text; lineage C, dark gray with white text; lineage
D, black with white text; ND, not determined.
a Ten further LBV cases were reported but not isolated; where genetic characterization has been possible, lineage differentiations are shaded.
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studied could be differentiated into four separate lineages (Table III), they
are proposed as a single species (Kuzmin et al., 2010). This phylogenetic
relationship is depicted in Fig. 2.

Experimental infection in vivo with LBV has been examined to deter-
mine the relative pathogenicity of the virus in different species. Early
studies suggested that LBV was not able to cause disease in guinea pigs
(n ¼ 2, intramuscular inoculation), rabbits (n ¼ 2, one intramuscular
and one intracerebral inoculation), or an individual Cercocebus torquatus
monkey (subcutaneous inoculation; Boulger and Porterfield, 1958). Such
experimental studies and others (Badrane et al., 2001) led to suggestions
that the phylogroup II viruses characterized at the time, LBV and
MOKV, had a reduced pathogenicity, when compared with studies
with RABV isolates, with inoculation by the peripheral route. In con-
trast, both LBV and MOKV caused death when inoculated intracranially
into dogs and monkeys (Tignor et al., 1973). These limited studies were,
however, undertaken using only a single representative of each lyssa-
virus species (Badrane et al., 2001). Genetic differences including the
amino acid substitution at position 333 of the viral glycoprotein were
suggested to play a key role in the reduced pathogenicity, as had been
reported for some fixed (laboratory-adapted) RABV isolates (Coulon
et al., 1998; Dietzschold et al., 1983; Seif et al., 1985). The correlates of
pathogenicity, however, remain poorly understood for the lyssaviruses,
and both host-driven restrictions and tissue culture-derived mutations
may affect the pathogenicity of any one virus isolate. Evidence for such
restrictions is provided by spill-over events, which have caused rabies in
a range of species (Crick et al., 1982; King and Crick, 1988; Markotter
et al., 2006a,b; Mebatsion et al., 1992). One recent experimental study
compared LBV isolates to RABV and MOKV isolates in the murine
model via different routes of inoculation (Markotter et al., 2009). Intra-
cranial inoculation of mice with each lyssavirus produced 100% mortal-
ity, whereas intramuscular inoculation caused comparative mortality
between LBV and RABV and survivorship following infection with
MOKV remained higher than with LBV and RABV (Markotter et al.,
2009). Therefore, despite the early reports of low pathogenicity of LBV in
the laboratory (Badrane et al., 2001; Boulger and Porterfield, 1958),
subsequent investigation has shown that there is substantial variation
in pathogenicity between LBV isolates (Markotter et al., 2009). Unfortu-
nately, no original unpassaged virus exists for the primary Nigerian
LBV isolate and, hence, analysis of its pathogenic potential cannot cur-
rently be undertaken. However, molecular tools may be used to generate
this virus in future from full genome sequence data derived from origi-
nal material and establish growth characteristics in vitro and pathoge-
nicity in vivo.
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B. Mokola virus

Whereas MOKV has not been isolated from bats, isolates are available
from other species and the host reservoir(s) remain unknown (Meredith
et al., 1996; Sabeta et al., 2007). MOKV clearly has an African distribution
and is closely related genetically to the other lyssaviruses. MOKV was
first isolated from shrews (Crocidura sp.) in Nigeria in 1968 (Kemp et al.,
1972) and since then has also been isolated from domestic cats in South
Africa in 1970 and 1995–1998 (Nel et al., 2000; Schneider et al., 1985),
shrews (Crocidura sp.) in Cameroon in 1974 (Le Gonidec et al., 1978;
Swanepoel, 1994), domestic cats and a dog in Zimbabwe in 1981 and
1982 (Foggin, 1982), the rusty-bellied brush-furred rat (Lophuromys sika-
pusi) from the Central Africa Republic in 1983 (Swanepoel, 1994), and
between 1989 and 1990 in domestic cats in Ethiopia (Mebatsion et al.,
1992). Two human infections have also been reported in Nigeria in 1969
and 1971, although only one of these was fatal (Familusi et al., 1972)
whereas the other isolation may have been a laboratory contaminant
(Familusi and Moore, 1972). Cross-neutralization shown by LBV seropos-
itive bat sera (Dzikwi et al., 2010; Kuzmin et al., 2008b) suggests that bats
cannot yet be ruled out as reservoirs; however, the lack of sampling of
rodents, shrews, and other potential reservoirs in Africa is notable.
C. Duvenhage virus

DUVV was first isolated in South Africa in 1970 from a human who died
following a bat bite (Meredith et al., 1971). Further isolations from insec-
tivorous bats occurred from M. schreibersii in South Africa in 1981 and
Nycteris thebaica in Zimbabwe in 1986 (King and Crick, 1988; Paweska
et al., 2006). Interestingly, the N. thebaica was trapped in a survey, with no
clinical signs of rabies reported (Foggin, 1988). Two further cases of
DUVV in humans have been reported, one from South Africa (Paweska
et al., 2006) and the other from the Netherlands, the virus being of Kenyan
origin (van Thiel et al., 2008).
D. West Caucasian bat virus

As detailed in Section II, WCBV appears to have a wide geographical
range, including both Eurasia and at least parts of Africa. A recent study
reported neutralizing antibodies against WCBV in Miniopterus bats col-
lected in Kenya with prevalence ranging from 17% to 26% in sampled bats
(Kuzmin et al., 2008c). WCBV seropositive bats were detected in four of
five locations sampled across Kenya. This report provides evidence that
WCBV, originally isolated in Europe, may emerge in other continents.
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Further isolations ofWCBV or serological detection are required to under-
stand its epidemiology and relationships with the other lyssaviruses.
E. Shimoni bat virus

Isolated in 2009, SHBV represents the most recently detected bat lyssa-
virus, potentially a new species, isolated from the brain of a dead
Commerson’s leaf-nosed bat (Hipposideros commersoni) in Kenya. The
virus lies antigenically within phylogroup II, being classified phylogen-
etically betweenMOKV andWCBV (Kuzmin et al., 2010). TheHipposideros
subfamily has a broad distribution in the Old World from tropical Africa
to China. Therefore, further sampling of these genera will be interesting
to determine if this is another virus that may have crossed from Africa to
Eurasia, as appears to have been the case from the limited data available
from WCBV (Kuzmin et al., 2010).

Interestingly,M. schreibersii, a species fromwhich EBLV-1, DUVV, and
WCBV have been isolated or RNA detected, has a distribution from the
Middle East and Caucasus, across southern Europe and down through
Africa. This species may, therefore, act as a host to facilitate the cross-
continental transmission and emergence of lyssaviruses from Africa,
along with species from the Hipposideros subfamily.
IV. BAT RABIES AND THE AMERICAS

The Americas are geographically divided into three major regions encom-
passing a total of 48 defined countries, island nations, and territories:
North America including the United States, Mexico, and Canada; Central
America, including all the mainland countries as well as the island
nations of the Caribbean; and South America, including some of the
most densely populated countries of the Americas. Whereas terrestrial
rabies in domestic animals is reported to have been eliminated from
North America (Belotto et al., 2005), other sylvatic terrestrial reservoirs
remain. These reservoirs appear to maintain RABV variants within popu-
lations that can spill-over into domestic animals and occasionally into
humans. Bat-associated rabies is also reported frequently and now con-
stitutes a recognized public health threat in North America. Domestic-
and bat-associated rabies also continues to be an important economic and
public health concern in Latin America. As in North America, concerted
mass vaccination campaigns targeting domestic cats and dogs have led to
a dramatic decrease in urban rabies. However, RABV transmitted by
hematophagous bats is currently an increasing problem across Latin
America, and vampire bat rabies is now considered the most significant
threat to livestock health as well as posing considerable risk to humans
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(Ruiz and Chavez, 2010; Schneider et al., 2005). Indeed, RABV occurs in
both hematophagous and nonhematophagous bats across the NewWorld
and, despite widespread surveillance, only RABV has been isolated,
without documentation of detection of the other recognized lyssavirus
species. Here, we document what is currently understood regarding
diversity, transmission, and virus–host dynamics within bat populations
in the Americas.
A. Vampire bat rabies

The human population across Central America and vast regions of South
America remains at risk of RABV transmission from bats, in particular,
hematophagous or vampire bats. There are only three species of hema-
tophagous bat that consume blood exclusively as their diet: the common
vampire bat (Desmodus rotundus), the white-winged vampire bat (Diaemus
youngi), and the hairy-legged vampire bat (Diphylla ecaudata). The com-
mon vampire bat is present across much of Latin America. It has been
postulated that the introduction of domesticated livestock to the Amer-
icas has increased vampire bat densities considerably over the past 300
years through an increase in available prey species such as cattle, horses,
goat, and sheep (Altringham, 1996; Constantine, 1988). Its current distri-
bution is considered to be increasing as a result of alterations in climatic
conditions. It has been suggested that an increase in temperature over the
next few decades could result in a substantial expansion of its current
habitat along the east and west coasts of Mexico and into Southern states
of the United States, potentially including Texas, Florida, and Arizona.
(Shahroukh andMoreno-Valdez, 2009). Alongside this, both deforestation
and the introduction of prey species such as livestock into new areas
provide a food source that will help increase populations of vampire
bats. The white-winged vampire bat is found from Mexico to southern
Argentina and is also present on the islands of Trinidad and Isla
Margarita. In Trinidad, white-winged vampire bats have been found
cohabiting roosts in caves with D. rotundus as well as insectivorous bats
such as the great sac-winged bat (Saccopteryx bilineata). The hairy-legged
vampire is subdivided into two subspecies withD. ecaudata centralis being
present from Western Panama to Mexico whereas D. ecaudata ecaudata is
found from Brazil and eastern Peru to eastern Panama (Greenhall and
Schmidt, 1988; Nowak, 1999).

The hematophagous nature of these bats provides a unique mecha-
nism of transmission for RABV. Interestingly, there appears to be some
preference in prey species utilized for feeding in that the common vam-
pire bat appears to prefer predation on bovids; the hairy-legged bat is
most commonly associated with feeding on bovids and equids, whereas
the white-winged vampire bat favors avian species (Greenhall, 1961).
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Transmission events from hematophagous bats to livestock species were
first documented in Central and South America at the beginning of the
past century (Carini, 1911; Hurst and Pawan, 1931) with attacks on live-
stock species causing rabies outbreaks in cattle in the 1920s (Haupt and
Rehaag, 1921). Indeed, the RABV lineage associated with vampire bats is
postulated to be phylogenetically the most ancient among American bat
isolates (Hughes et al., 2005), although the actual origin of the virus
remains unknown (Davis et al., 2006).

Mechanisms of transmission between vampire bats within roosts
remain speculative, but their roost structure and behavioral adaptation
to feed on blood suggest several obvious mechanisms for spread of
infection within the roost. Vampire bats not only have a unique adapta-
tion in their requirement for blood but are also known to regurgitate
ingested blood for mutual feeding purposes. This may serve as a mecha-
nism of transmission alongside potential delivery of virus through allo-
grooming, biting, licking, or inhalation of aerosolized virus. Experimental
studies to attempt to elucidate mechanisms of transmission of virus
between bats have addressed the possibility of excretion from vampire
bats. Whereas salivary excretion has been documented in swabs from bats
just before the onset of clinical disease, excretion from healthy animals has
not generally been detected (Moreno and Baer, 1980) apart from in excep-
tionally rare cases where human error could not be ruled out (Franka
et al., 2008). A recent study looked at the effect of dose on survivorship
within vampire bats (Almeida et al., 2005). This study corroborated earlier
observations that are of general interest. First, the detection of early
clinical signs was not possible merely through observation, and it was
not until animals were separated and forced to move around that disease
signs were evident. This suggests that bats that have become separated
from a roost with clear clinical disease may be in a late stage of infection,
although it remains unknown how clinical disease progression correlates
with virus excretion. This may have significant consequences for contact
and transmission rates within bat species. Second, as reported previously
(Aguilar-Setien et al., 1998; Pawan, 1936; Rodrigues and Tamayo, 2000),
not all animals that succumbed to infection displayed observable clinical
disease. These findings, however, may not be surprising, given that
checks were performed daily, and it is likely that diagnosing signs of
disease in wild animals may be difficult. This is especially true if during
the prodromal phase animals display nonspecific clinical signs and/or if
progression to death is rapid. Those that may have had clinical illness did
not necessarily display the aggressive behavior reported in other studies
either (Pawan, 1936). Another similar study by Aguilar-Setien et al. (2005)
sought to assess virus excretion in the vampire bat model using a large
dose (106 MICLD50) of a vampire bat rabies virus isolate. As previously
reported, a decrease in feeding was observed following the onset of
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clinical disease in those that succumbed leading to dehydration and
reduced salivation. Infected bats were swabbed prior to and following
the onset of clinical disease. No viral material was detected in swabs from
clinical animals; however, virus isolation in tissue culture was successful
from three bats that survived infection after 6 (n ¼ 2) or 21 (n ¼ 1) days
postinoculation. All three bats remained healthy and had rabies neutra-
lizing antibodies by the end of the experimentation (Aguilar-Setien et al.,
2005). Clearly, mechanisms by which virus is maintained, excreted, or
cleared remain poorly understood, and future experimentation is needed
to confirm these findings. However, design of future experimentation
must rationalize dose administration because a very high viral dose
may cause an ‘‘unnatural infection’’ with neurological disease and
death occurring before virus is shed in salivary glands.

Vampire bat rabies infections of humans and herbivores appear to be
increasing in Central and South America (Ruiz and Chavez, 2010) with
D. rotundus being themain reservoir across Mexico, Brazil, Argentina, and
Chile (Cisterna et al., 2005; Mayen, 2003; Nadin-Davis and Loza-Rubio,
2006; Yung et al., 2002). Often, high human population densities are
associated with people living in conditions of extreme poverty in these
regions (Castilho et al., 2010). Such areas have been associated with high
incidences of vampire bat rabies transmission to both humans and herbi-
vores and have identified the circulation of specific virus lineages within
localized geographical locations. It is hypothesized that topological fea-
tures such as dense jungle may restrict vampire bat movement and that
this results in the generation of viral sublineages circulating within dis-
tinct regions (Castilho et al., 2010; Kobayashi et al., 2007, 2008; Paez et al.,
2007; Velasco-Villa et al., 2006).
B. Insectivorous bat-associated rabies

Initial detection of RABV in insectivorous and frugivorous bats was made
during surveys into hematophagous bat populations and rabies transmis-
sion in South America (Carini, 1911; Pawan, 1936). It was not until the first
detection of rabies in an insectivorous bat in the early 1950s that insectiv-
orous bats were also found to harbor the virus in North America (Baer
and Smith, 1991; Brass, 1994; Sulkin and Greve, 1954). A recent study in
Brazil documented that 41 species of bat have historically been associated
with transmission of bat rabies, including 25 genera and three bat
families: the Phyllostomidae, the Vespertilionidae, and the Molossidae
(Sodre et al., 2010). Across the Americas, 16% of wildlife-associated rabies
cases were reported from bat species, mostly nonhematophagous bats,
between 1993 and 2002 (Belotto et al., 2005). With the elimination of
terrestrial RABV in companion animals across North America, the trans-
mission of RABV to humans from bats has become of increasing
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importance as a public health risk (Messenger et al., 2002). Both increased
surveillance and general scientific interest in RABV as a viral pathogen
and the ecology and biology of bat species has seen a dramatic surge in
the number of bat rabies cases being reported in the United States
(Blanton et al., 2010). Despite the large number of different bat species
associated with RABV transmission in Central and Southern America,
association of RABV infection in North America has highlighted a key
role in infection of certain bat species. The big brown bat (E. fuscus), the
little brown bat (Myotis lucifigus), and the Brazilian (Mexican) free-tailed
bat (Tadaria brasiliensis) are most commonly submitted for rabies testing,
although only a fraction of those submitted are found to be positive
for RABV infection (Blanton et al., 2010). Interestingly, the species that
are most frequently associated with transmission to humans are silver-
haired bats (n¼6) (Lasionycteris noctivagans), eastern pipistrelle bats (n¼4)
(Perimyotis subflavus) and Brazilian (Mexican) free-tailed bats (n¼5)
(T. brasiliensis) in the United States between 2000 and 2009 (Blanton et al.,
2010; Brass, 2009). Recent studies have also highlighted an apparent host
restriction seen within circulating bat RABV variants in North America
with a suggestion that phylogenetic barriers exist to cross-species trans-
mission at the level of both initial infection and sustained transmission
within the newly infected species (Streicker et al., 2010). Current genetic
data depicting the phylogenetic relationship between different bat rabies
isolates from species across the Americas are shown in Fig. 7 and Table IV.
As with lyssavirus infections seen across Europe, a skewed geographical
distribution exists for the detection of RABV following human encounters
due to disproportionate density of human populations alongside the
acknowledgment of preferred roost habitats for different bat species
(Streicker et al., 2010).

Numerous experimental studies have been undertaken with nonhe-
matophagous bat rabies variants in vivo both in chiropteran and in terres-
trial animal models. A series of experiments in the late 1950s highlighted
potential mechanisms for virus persistence by virtue of body temperature
as well as suggesting a possible role for the adipose tissue of hibernating
bats in the maintenance of RABV (Sulkin, 1962; Sulkin et al., 1957, 1960),
although later studies were unsuccessful in corroborating an involvement
of brown fat in virus maintenance through periods of torpor (Kuzmin
et al., 1994). Throughout the 1960s, extensive studies were undertaken in
caves where naturally infected insectivorous bats were present to attempt
to elucidate potential transmission mechanisms. Caged coyotes and foxes
were positioned under large roosts andmonitored, and the caged animals
invariably developed clinical rabies (Constantine, 1962, 1967) highlight-
ing the potential for aerosol transmission of RABV (Constantine, 1966).
However, it is not clear that biting can be ruled out as a potential trans-
mission mechanism in this study. Whereas natural exposure via the
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aerosol route has been reported (Winkler, 1968; Winkler et al., 1973), more
recent experimental attempts to infect mice by this route have had success
with RABVs but not with other lyssaviruses ( Johnson et al., 2006c). In
other experiments with bats, rabid animals have been observed biting
cage mates, although disease did not develop in these animals (Shankar
et al., 2004). Most recently, the effect of multiple exposures to virus has
been addressed in E. fuscus with a RABV isolate (Turmelle et al., 2010).
Following initial exposure, mortality reached almost 40% with only 35%
developing neutralizing antibodies. Of the 17 bats (39%) that succumbed
following the first inoculation, only one bat had developed neutralizing
antibody titers, and then only on the day of euthanasia. Those that
survived the first inoculation were kept for a total of 175 days between
inoculations and prior to the second inoculation, the number of seroposi-
tive bats had decreased to 12%. This suggests that antibody titers wane to
levels that are not detectable using the current tests. A similar factor was
hypothesized previously when vampire bats selected for experimental
inoculation were seronegative prior to inoculation but developed a strong
antibody response following RABV inoculation (Aguilar-Setien et al.,



TABLE IV Details of samples used to generate Fig. 7

Species of bat

Abbreviated

name

Year of

isolation Location

Accession

number

Antrozous pallidus A. pal 2005 USA, Arizona GU644641

Artibeus lituratus A. lit 1998 Brazil AB117969

Artibeus planirostris A. pla 1998 Brazil AB117972
Corynorhinus

townsendii

C. tow 2003 USA, California GU644759

Desmodus rotundus D. rot 1986 Brazil AF351847

Desmodus rotundus D. rot 1995 Trinidad AF351852

Eptesicus furinalis E. fur 2001 Brazil AB201812

Eptesicus fuscus E. fus 2004 USA, Georgia GU644652

Eptesicus fuscus E. fus 2004 Arizona GU644642

Eptesicus fuscus E. fus 2003 USA, Michigan GU644659
Eumops auripendulus E. aur 1998 Brazil AB201809

Human ex vampire bat Hu ex D. rot 1996 Peru AF045166

Insectivorous bat (?) Ins 1988 Chile AF351850

Lasionycteris

noctivagans

L. Noc 2005 USA, Idaho GU644923

Lasiurus blossevillii L. blo 2002 USA, California GU644696

Lasiurus borealis L. bor 2005 USA, New Jersey GU644702

Lasiurus cinereus L. cin 2005 USA, Idaho GU644715
Lasiurus intermedius L. int 2002 USA, Florida GU644914

Lasiurus seminolus L. sem 2003 USA, Georgia GU644732

Lasiurus xanthinus L. xan 2004 USA, California GU644740

Molossus molossus M. mol 1999 Brazil AB201815

Myotis austroriparius M. aus 2001 USA, Florida GU644742

Myotis californicus M. cal 2004 USA, Washington GU644745

Myotis evotis M. evo 2005 USA, Washington GU644747

Myotis lucifugus M. luc 2005 USA, Michigan GU644749
Myotis velifer M .vel 2004 USA, Arizona GU644960

Myotis yumanensis M. yum 2004 USA, California GU644753

Nycticeius humeralis N. hum 2003 USA, Florida GU644969

Nyctinomops

laticaudatus

N. lat 1998 Brazil AB201806

Parastrellus hesperus P. hes 2004 USA, Arizona GU644755

Perimyotis subflavus P. sub 2005 USA, Georgia GU644975

Tadarida brasiliensis T. bra 2004 USA, Florida GU644777
Tadarida brasiliensis T. bra 1988 USA, Florida AF394876

Tadarida brasiliensis T. bra ? USA, Texas AF351849

Tadarida brasiliensis T. bra 1987 Chile AF070450

Tadarida brasiliensis T. bra 2009 Mexico GU991832
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2005). These observations may suggest that bats had undetectable levels
of antibody prior to inoculation through natural exposure and support
the use of techniques that measure binding antibodies (e.g., ELISA) rather
than relying solely on methods that detect neutralizing antibodies (e.g.,
RFFIT, FAVN) for prescreening of sera. In the repeat exposure study,
mortality following the second inoculation was not significantly lower
than that observed following primary inoculation (36%) and only 60%
seroconverted (including three of the nine that succumbed). A tertiary
inoculation was also performed and one further animal succumbed.
Following tertiary exposure, 17% of bats seroconverted (Turmelle et al.,
2010). Clearly, the role of antibody development following infection dif-
fers between individuals, and ultimately, other immunological compo-
nents such as cell-mediated mechanisms play an important role in host
response to infection.

Other studies have addressed the susceptibility of different bat species
to infection and again there appears to be a virus–host dependence on the
outcome of infection. Numerous observations suggest that both hema-
tophagous and nonhematophagous bats that form highly social roosts
appear to be less susceptible to disease with indigenous RABV isolates.
Where infection occurs, clinical disease is observed as a nonaggressive,
paralytic form of rabies. In direct contrast, less social bats appear to have a
heightened susceptibility to RABV variants and appear more likely to
develop a furious form of the disease following infection (reviewed in
Kuzmin and Rupprecht, 2007). Further studies have analyzed serological
responses to both natural and experimental infection with lyssaviruses
with some demonstrating fluctuation through time in antibody responses
within some species (Constantine, 1967; O’Shea et al., 2003; Shankar et al.,
2004; Steece and Altenbach, 1989; Turmelle et al., 2010). Despite these
studies, the development, role, and significance of seropositivity within
a bat population remain poorly understood.
C. Bat rabies and host switching

Successful species-to-species transmission of viral pathogens is an impor-
tant factor in the emergence and evolution of microorganisms. For
viruses, such transmission can lead to host switching whereby a virus
can spill-over into a novel host and theoretically alter its genome to enable
efficient replication and maintenance within the recipient species. This
fact is of particular importance for zoonotic pathogens where host switch-
ing may lead to establishment of novel human pathogens with altered
virulence. Host switching has been proposed as the evolutionary mecha-
nism by which lyssaviruses have evolved through spill-over from bats to
infect terrestrial mammals (Badrane and Tordo, 2001). The mutability of
lyssaviruses to enable such transmission and adaptation is thought to be a
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result of the error prone nature of the virally encoded RNA-dependent
RNA polymerase enzyme that facilitates both transcription and replica-
tion of the viral genome (Assenberg et al., 2010).

In the majority of cases, spill-over events are dead-end infections.
However, if productive infection is established in the new host and
excretion occurs, then further transmission within the new species may
occur. This is the mechanism by which lyssaviruses successfully switch
hosts and establish further cycles of infection. Genetic analysis of glyco-
protein sequences from viruses circulating in both bat and terrestrial
carnivore species suggests that host switching of lyssaviruses from bats
to other mammals has occurred repeatedly and successfully in history
(Badrane and Tordo, 2001).

The rabies situation in wildlife across the Americas is complicated due
to the presence of different terrestrial and bat vector species. Among
domestic animals, cats and dogs are the most important animal reservoirs
for spill-over cases of RABV to humans, whereas within wildlife species,
foxes, raccoons, and skunks constitute the greatest threat to spill over into
both humans and domestic animals. Despite the complexity of the situa-
tion, these terrestrial species may be limited in their distribution: with
raccoons (Procyon lotor) being present across much of the eastern United
States; the gray fox (Urocyon cinereoargenteus) in Arizona and Texas; and
both red (Vulpes vulpes) and arctic (Alopex lagopus) foxes in Alaska and
parts of Canada; although precise species distributions have not been
defined. Oral vaccination programs have, however, successfully reduced
the number of rabies cases in foxes reported in some regions (MacInnes
et al., 2001; Sidwa et al., 2005). Terrestrial rabies associated with both
raccoons and skunks, particularly the striped skunk (Mephitis mephitis)
and the eastern spotted skunk (Spilogale putorius), covers much of the
north central and south central United States with a combined total of
3930 cases, 64% of the total cases reported from wild terrestrial species,
being reported in 2009 (Blanton et al., 2010).

Whereas RABV infection attributed to specific species is clearly
defined, spill-over into other wildlife species occurs, but only rarely
initiates a new cycle of maintenance of virus within the new host. Trans-
mission between animals of the same species maintains the levels of
infected individuals and at the regional level may lead to continued
circulation of a virus variant within a local population for decades
(Blanton et al., 2010; Childs et al., 2001). Whereas it is apparently rare,
two case reports provide evidence for maintenance of virus in a terrestrial
species following presumed transmission from a bat species. In 1993, a
small outbreak of rabies cases occurred in foxes on Prince Edward Island,
Canada. The genetic detection of a bat RABV variant within this fox
population was confirmed, and from the detection of low levels of virus
in salivary gland material, it was assumed that some degree of
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intraspecific transmission among the foxes had occurred (Daoust et al.,
1996). A second report from Arizona, USA in 2001, highlighted the infec-
tion of a number of skunks with a bat RABV variant. This virus was
phylogenetically most similar to that known to be present in Eptesicus
and Myotis sp. populations from the same region (Leslie et al., 2006).
Sustained intraspecies transmission of this bat variant of RABV in the
skunk population was the most likely explanation as the skunk cases
occurred over a period of only 7 months (Leslie et al., 2006).
V. DISCUSSION

The role that bats play in the maintenance, transmission, and evolution of
lyssaviruses is complex and generally poorly understood. The protected
nature of numerous bat species across the developed world has made
experimental studies with lyssaviruses, in what are considered to be the
reservoir host species, problematic. The zoonotic potential of these
viruses coupled with the lack of protection afforded by standard rabies
vaccines against some of these pathogens has further complicated the
issue through the need for experimentation to be undertaken in high
containment with stringent biosecurity. There is currently a lack of knowl-
edge at both the pathogen and the host level, and further studies are
necessary to bridge this gap in knowledge. Below we attempt to address
the current thinking regarding bat exposure and infection with lyssa-
viruses and highlight questions that need to be answered if we are to
gain further insight into lyssavirus infection of bats.
A. Receptor usage and virus replication upon exposure

It is widely recognized that lyssaviruses are neurotropic. However, the
receptors utilized by different lyssavirus isolates, and under what circum-
stances, are not known. It is clear, however, that for bats to transmit virus
either within roosts or to terrestrial mammals, there has to be a mecha-
nism for virus cell entry. At the molecular level, this interaction is deter-
mined primarily by receptor availability and usage. Currently, three
receptors are proposed to act as key molecules by which RABVs gain
entry into cells. These include the nicotinic acetylcholine receptor
(nAchR), responsible for interneuronal communication within the central
nervous system and the peripheral nerve network; neural cell adhesion
molecule (NCAM), present at the nerve termini and deep within the
neuromuscular junctions at the postsynaptic membranes; and the neuro-
trophin receptor (p75NTR), which plays a role in cellular death, synaptic
transmission, and axonal elongation (Dechant and Barde, 2002; Lafon,
2005). However, recent studies have suggested that the p75NTR molecule
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is probably not important for RABV entry (Tuffereau et al., 2007). When
observed in bats, clinical manifestations of disease include neurological
signs, indicating that bat virus variants are also highly neurotropic.
These receptor molecules, however, have primarily been implicated in
cell entry using murine and canine in vitro and in vivo systems, and the
presence of viable receptors in bat and other species tissues has received
little attention. Again, despite partial characterization of these molecules
as receptors for RABV, it is currently unknown to what extent each of
these proposed receptors is utilized by lyssaviruses. Replication of lyssa-
viruses in other cell lines has suggested that there may be a ubiquitous
receptor molecule utilized by different isolates, although the replication
of wild-type isolates in nonneuronal cell lines other than baby hamster
kidney (BHK) cells has not been studied in detail. Novel species-specific
bat cell lines that have recently been developed (Crameri et al., 2009) may
further elucidate mechanisms by which lyssaviruses enter cells and help
determine whether or not they can be maintained in nonneuronal cells
in vitro.

Such studies may also elucidate restrictions that appear to be in
place for infection of different species. Certainly, infection with EBLV-1
and -2 appears in the main to be restricted to E. serotinus andM. daubento-
nii, respectively. European bat species have been suggested to mix at both
swarming sites and within roosts, potentially enabling a mechanism of
cross-species transmission. However, the inaccessibility of underground
roosts and caves means that our understanding of bat ecology across
Europe remains poor (Rivers et al., 2006). Whether or not the species
restriction of EBLVs is real or whether, like some bat variants of RABVs,
virus can be maintained in numerous bat reservoirs requires further
analysis (Streicker et al., 2010). In addition, further receptor analysis is
required for lyssaviruses, such as LBV, that appear to be promiscuous and
infect several bat species across several genera. How lyssaviruses com-
pare with regard to their receptor usage may give important insights into
host restriction mechanisms and is an area for future study. In the absence
of extensive in vivo research, novel in vitro methodologies may provide
answers to such questions.
B. Bat population structures, sizes, and ecology

Our current understanding of bat ecology and epidemiology is not suffi-
cient to explain maintenance and transmission of lyssaviruses within bat
populations. It is clear that lyssaviruses are able to infect a wide range of
bat species across the globe. However, bat species have an incredibly
wide range of habitats, life cycles, and population sizes. The movement
of bats between roosts in widely dispersed locations may also influence
virus maintenance. Some bat species have relatively localized
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movements, for example, insectivorous bats such as M. daubentonii,
whereas larger migratory bat species (e.g., E. helvum) fly great distances
between roosts for as yet undefined purposes. Indeed, in such large
migratory species, telemetry has been used to track individual bats
moving over 370 km in a single night and traveling over 2500 km during
migration, although tracking individuals often proves difficult (Richter
and Cumming, 2008). Whereas it is clear that some bats move to locations
that are known to be roost sites, bats also ‘‘disappear’’ for considerable
lengths of time occasionally returning to known roosts. This includes both
insectivorous species where maternal roosts are unknown and migratory
species such as E. helvum where 100,000s of bats migrate annually
(Thomas, 1983). Knowledge of the size and structure of such metapopula-
tions, and the degree of connectivity between them where they exist
across continents, would greatly enhance our understanding of the poten-
tial for virus maintenance and transmission within them. Numerous
studies have reported virus-specific neutralizing antibodies within
healthy individuals of such bat species. However, isolation of live virus
is rare, and mechanisms of maintenance remain unknown. In addition,
the aging of wild animals is difficult and precludes a detailed analysis of
age-specific seroprevalence, in turn reducing the information available
from serological surveys.
C. Bat immunobiology and the carrier state hypothesis

The basic immunobiological status of bats, particularly with respect to
exposure to lyssaviruses, is poorly understood. With the recent detection
of numerous zoonotic pathogens in bats, considerable studies are now
being focused on both bat ecology and pathogen interactions (Calisher
et al., 2006; Cui et al., 2007; Dominguez et al., 2007; Field, 2009; Towner
et al., 2009; Wang and Eaton, 2007; Wibbelt et al., 2007). Early findings in
this novel area of host–pathogen interactions have looked at bat genomics
for indicators of immune regulators and have made comparisons with
established findings in more extensively studied experimental animal
models (Allen et al., 2009; Mayer and Brunner, 2007; Omatsu et al., 2008).
The concept of the existence of an RABV carrier state in bats has been
postulated for many years. This hypothesizes that bats are somehow able
to support virus infection in an as yet undefined tissue type but remain
free of clinical disease for long periods and being able to transmit virus to
conspecifics within roosts. However, there is little empirical evidence to
support this hypothesis. Further, it is plausible that bats may eventually
succumb to disease during periods of reduced immunocompetence, with
the protracted incubation times of lyssaviruses perhaps providing a more
heterogeneous immunological landscape over time for lyssaviruses than
for other classical acute RNA viral infections. Clearly, both baseline



Bats and Lyssaviruses 273
immunological characteristics of bats and the immunological response
following infection are poorly understood. For many species, the bat life
cycle is intrinsically linked to numerous ecological factors that determine
key stages of bat biology such as periods of hibernation and/or torpor, the
necessity to migrate, and the timing of mating and resultant birth of
offspring. The role of the environment, including temperature, humidity,
food availability, parasite load, and infection with other bat pathogens
may also all play a role in the outcome of exposure to lyssaviruses. The
effect of torpor, for example, was experimentally demonstrated to pro-
long mean incubation period by the duration of torpor itself (Sulkin, 1962;
Sulkin et al., 1960). The biological diversity within bat species means that
these factors and requirements are particularly varied across different
species, and as such, potential carrier status and/or reactivation of virus
from a latent stage may be plausible but without any evidence to support
it. However, there is scant knowledge on the driving forces behind a
number of these factors, and so mechanisms of virus maintenance within
healthy bats remain unknown. It is interesting to postulate that alterations
to environmental conditions may affect the potential for bats to resist,
transmit, or even expose other mammalian populations to virus through
spill-over events. Long incubation periods have been described for dead-
end hosts such as humans ( Johnson et al., 2008b) and also in instances in
which captive bats have been apparently healthy upon capture and have
developed disease while in captivity (Aguilar-Setien et al., 2005; Almeida
et al., 2005; Turmelle et al., 2010), occasionally following long periods
(Pajamo et al., 2008). This may reflect the variable incubation period or
possibly a delicate host–pathogen relationship in which the immune
status may be essential for resisting active viral replication; however,
ultimately, these reports may be related to the route of exposure, viral
dose received, primary site of replication, and other unknown factors.
Continued research into basic bat immunobiology is essential, therefore,
to gain a better understanding of the host–pathogen relationship in these
unique mammals.
D. Bat lyssavirus serology: Infection or exposure?

The continued serological assessment of different bat species for exposure
to lyssaviruses, as well as other viral pathogens of interest to the scientific
community, has established that bat populations across the globe are
frequently exposed to lyssaviruses. Numerous serosurveillance initiatives
have reported serological positivity for virus exposure for several repre-
sentatives of lyssavirus species (Harris et al., 2009, 2006; Hayman et al.,
2008; Kuzmin et al., 2006, 2008b,c; Lumlertdacha 2005; Pal et al., 1980;
Smith et al., 1967; Wright et al., 2010). Indeed, the presence of virus-
neutralizing antibodies in healthy bats remains an interesting aspect of
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lyssavirus biology (Arguin et al., 2002; Serra-Cobo et al., 2002; Turmelle
et al., 2010). In nonchiropteran hosts, infection with lyssaviruses generally
leads to the development of disease, and ultimately death, with serocon-
version either occurring late during the symptomatic phase or not at all.
Few studies have reported circulation of virus in terrestrial species with
rare seropositivity within terrestrial carnivore populations being sug-
gested (East et al., 2001; Lembo et al., 2007). In bat species, so-called
abortive infection, that is, the development of a neutralizing antibody
response in the absence of disease, appears to be relatively common.
Indeed, what constitutes an exposure that is able to prime an immune
response in the absence of development of disease remains an enigma.

Studies with lyssaviruses in a wide spectrum of animal models have
shown that both the route of exposure and viral dose play important roles
in the outcome of infection. Experimental studies in insectivorous bats
have attempted to explain the importance of route of inoculation in the
natural host, but a clear trend with regard to how virus is transmitted
between bats in the roost has not yet been fully defined. Most reliably as
an experimental route of inoculation, direct inoculation of viable virus
intracranially invariably leads to infection, neurological disease, and
death. In limited studies, intranasal inoculation does not appear to be a
successful route of exposure if clinical disease is sought (Franka et al.,
2008; Freuling et al., 2009b; Johnson et al., 2008a), perhaps reflecting the
scarcity of reports on natural infection via this mechanism (Winkler,
1968). Lack of clinical disease following attempted infection via this
route may be through a lack of exposure to aerosols containing high
enough concentrations of virus for initiation of a productive infection.
Studies with T. brasiliensis, however, did report intranasal infection to be a
viable infection route, resulting in extreme aggression in the inoculated
bat (Baer and Bales, 1967). It has also been postulated that aerosolized
RABV, possibly encountered at roosting sites, is sufficient to lead to
seroconversion (Davis et al., 2007), although not necessarily clinical dis-
ease. Certainly in species that roost at high density in caves, this mecha-
nism could lead to exposures. However, for other species such as the
Daubenton’s bat in the United Kingdom, where comparatively small
colonies form, and tree roosting species such as E. helvum, even where
high roosting densities are seen, such a mechanism seems unlikely.

Experimental inoculation at intramuscular or subdermal locations has
also proved to be of limited success in different animal models. However,
where different peripheral routes have been assessed, there are often
differences in virus origin, tissue culture passage history prior to inocula-
tion, and inoculated viral dose. With little or no standardization of sample
preparation seen between different reports, comparison between studies
becomes difficult. However, it seems likely that for peripheral inocula-
tion, the degree of innervation at the inoculation site plays a significant
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role in experimental outcome, although as discussed earlier, receptor
usage is also of great importance and remains largely unknown although
clearly wild-type viruses will have evolved to exploit natural entry routes.

In no study has a bat been observed to survive following development
of clinical disease, and there is little evidence for subclinical infection,
although in natural infections, the presence of antibodies supports this
observation. Interestingly, however, excretion of virus in the absence of
disease development has been reported twice (Aguilar-Setien et al., 2005;
Franka et al., 2008) although these findings need to be confirmed by
additional studies. Generally, most studies indicate that transmission
between bats is likely to be through bites from an infected animal to a
conspecific and not by aerosolization of virus within bat roosts. In support
of this means of transmission, salivary excretion of virus has been
observed immediately before the development of disease in a number of
studies (Freuling et al., 2009b; Hughes et al., 2006; Johnson et al., 2008a).
However, this is at low levels, usually requiring molecular tools to detect
viral genome or repeated passage in tissue culture to detect live virus.
There is also some evidence from experimental studies with EBLV-1 that
dose may influence the period between exposure to virus and develop-
ment of disease (Franka et al., 2008). This has been demonstrated for
RABV within experimental models (Niezgoda et al., 1997) and combined
with the low levels of virus being excreted by bats suggest that the
incubation period for naturally infected bats is measured in months,
particularly in adults. This may explain why conspecific infection in
experimental studies has not been observed as most have been terminated
after 3 months. There has been one example of a Daubenton’s bat devel-
oping disease after 9 months in isolated captivity, and in this instance, an
unknown mechanism of latency and virus reactivation may have
occurred (Pajamo et al., 2008). Potential mechanisms for a delay in the
establishment of a productive infection are unknown but may be similar
across all species where reports of variable incubation periods have been
made. Long incubation periods would be beneficial to the virus in bats
from temperate climates enabling persistence during extended winter
hibernation and emergence during the following spring when temperate
insectivorous bats become active. Long incubation periods may also allow
persistence in migratory populations and species when contact rates in
colonies change from high to low, such as during mating or seasonal
movements. These factors are hypothesized to select for long incubation
periods to allow persistence within metapopulations by increasing
chances of an infected individual being introduced into a colony (Boots
and Sasaki, 1999; Boots et al., 2004; Ewald, 1993; Keeling and Grenfell,
1999). The same factors are, however, also expected to select for reduced
pathogenicity and prolonged infectious periods so as not to reduce the
probability of infection transmission between individuals by removing
infected individuals from the population (Boots and Sasaki, 1999).
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Long-term studies in the greater mouse-eared bat suggest that sero-
prevalence can reach high levels and fluctuate within colonies over time
(Amengual et al., 2007). To attempt to explain this observation, at least two
possible hypotheses should be considered: (1) the bat has been infected,
although replication in the peripheral and/or central nervous systemmay
not have occurred, and survived infection; (2) the bat has been exposed to
virus, possibly repeatedly, at levels that are sufficient to trigger an immune
response but not to cause neuronal infection. These two hypotheses are not
mutually exclusive. These hypotheses challenge our current understand-
ing of lyssavirus biology, and whereas the second may be possible, there
are currently no biological tools available with which to address these
issues. Where repeat infection has been attempted, myriad serological
outcomes have been encountered. Further experimental data from studies
with bats have only increased uncertainty regarding the role of the anti-
body response with some experiments showing seroconversion in
response to inoculation of high titers of virus (Franka et al., 2008; McColl
et al., 2002), whereas other studies using similar titers have failed to find
any evidence of seroconversion (Freuling et al., 2009b; Johnson et al., 2008a)
despite administration of significant inocula. A recent study looking at the
effect of multiple exposures to RABV infection in the North American big
brown bat highlighted significant differences between seroconversion
probabilities of those that survived and those that succumbed to infection.
Interestingly, whereas high seroconversion rates following primary inoc-
ulation generally led to survival following repeat exposure, seropositivity
did not necessarily preclude survivorship as some bats did not serocon-
vert but still survived repeat exposure (Turmelle et al., 2010). This factor
may be a consequence of limited sensitivity of current neutralization tests
to assess serologic status and, indeed, bats chosen for experimental studies
may have been naturally exposed to RABV previously but have been
seronegative prior to experimental inoculation by neutralization tests.
Again, interpretation of serologic status may need revision especially if
relying solely on the detection of neutralizing antibodies. Seroprevalence
studies continue to be used as a useful means of studying virus epidemi-
ology in protected bat species. However, the significance and interpreta-
tion of results with respect to host–virus interaction are unclear.
E. Virus transmission between bats

Fundamentally, it appears that bats are able to transmit lyssaviruses
between conspecifics within roosts. The mechanisms by which these
viruses can be passed between animals in the absence of clinical disease
remain unknown. Whereas clinical disease in bats appears to be rare,
there have been unusual reports of large numbers of animals succumbing
to RABV infection (Baer and Smith, 1991). A number of lyssavirus species
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have only been detected as a result of a bat exhibiting clinical disease, and
when possible, such occasions have resulted in the isolation of live virus
from samples, generally brain material, of the infected animal (Banyard
et al., 2009). Where bats are seen to exhibit clinical disease, the potential
transmission rates to conspecifics is also completely unknown, although if
a bat is acting aggressively and potentially shedding virus within a roost
then it would be logical to assume that transmission would occur through
biting and scratching. However, as yet the rate of transmission from one
rabid bat within a population to conspecifics remains unknown. Further,
the potential for a bat exhibiting clinical disease to be actively excreting
virus is not defined. Experimental studies have suggested that bats may
shed virus during a prodromal stage (Aguilar-Setien et al., 2005), whereas
others have detected virus excretion in saliva immediately preceding or
during clinical disease (Franka et al., 2008; Freuling et al., 2009b; Hughes
et al., 2005; Johnson et al., 2008a; McColl et al., 2002; Turmelle et al., 2010).
The restricted use of bats for large-scale pathogenesis studies and difficul-
ties of observational field studies has prevented evaluation of the timing
and role of excretion following infection and the onset of clinical disease.
F. Vaccine protection and the bat lyssaviruses

Of importance to public health is the efficacy of current rabies vaccines
against infection with other lyssaviruses. Rabies vaccines are all based on
a number of classical RABV strains, and a fundamental question is
whether they provide sufficient cross-reactivity for African and Eurasian
lyssaviruses. Vaccination and challenge studies in animal models suggest
that there is protection provided by rabies vaccines against both the
EBLVs and ABLV (Brookes et al., 2006) and some of the recently identified
Asian lyssaviruses (Hanlon et al., 2005). LBV infection in rabies-vacci-
nated companion animals has highlighted the lack of protection against
nonrabies lyssaviruses following vaccination (King and Crick, 1988;
Markotter et al., 2008b). Further, pre- and postexposure vaccination failed
to prevent disease and death in an animal model of WCBV infection
(Hanlon et al., 2005). These factors suggest that more cross-reactive vac-
cine formulations may be necessary in areas where a threat to the human
population comes from nonrabies lyssaviruses. Recent advances in the
antigenic characterization of different lyssaviruses may also aid future
cross-reactive vaccine design (Horton et al., 2010).
G. Concluding remarks

Clearly, a number of important factors remain to be addressed to enable a
better understanding of bat lyssavirus infections. It is worth considering
what is most advantageous for these viruses both at the ‘‘within-host’’
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and the ‘‘within-population’’ levels. Novel in vitro cell culture systems
may improve our understanding of host-specific receptor usage as well as
the potential requirement of different viruses for host cell proteins to
enable efficient replication. At the population level, evolutionary theory
predicts that virulence at the host level should be subject to selection for
an optimal level, which is determined by trade-offs between transmission
and/or recovery with immunity (O’Keefe, 2005). Highly virulent patho-
gens kill their hosts rapidly but are classically associated with higher
transmission rates; however, these diminish once virulence increases to
a level that individuals are killed too rapidly and therefore equilibrate
where intermediate mortality and transmission rates occur. Whereas
some analyses with spatially structure populations and long-lived immu-
nity in the hosts have shown that viruses can increase pathogen virulence
even in directly transmitted viruses (Boots et al., 2004), bat lyssaviruses
may be a special case worth further analysis, if the case-fatality rate is the
same as canine rabies. Hampson et al. (2009) demonstrated that the basic
reproductive rate for rabies in dogs across the globe did not vary in a
density-dependent way. Therefore, given the different life histories of
bats across the world, this genus of viruses may be a useful model to
test theories regarding pathogen virulence and infection maintenance
within populations. In summary, through as yet undefined mechanisms,
it appears that lyssaviruses have evolved to enable their perpetuation
within this unique group of flying mammals, bats.
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vaccine cost by �60–70%. Although PEP in humans can prevent

death, controlling the canine vector by sustained vaccination

remains the mainstay of rabies elimination.
I. INTRODUCTION

Rabies is an acute progressive fatal encephalitis, caused by RNA viruses
from the family Rhabdoviridae, genus Lyssavirus, which includes seven
genotypes (Rupprecht et al., 2002). Although a number of carnivore and
bat species serve as natural reservoirs, worldwide rabies in dogs is the
source of 99% of human infections and poses a threat to >3.3 billion
people (Knobel et al., 2005). There are an estimated 60,000 human rabies-
related deaths worldwide each year. Most cases occur in Asia and Africa
(Warrell et al., 2007).

In humans, rabies is almost invariably fatal once clinical symptoms
develop. However, rabies deaths are virtually always preventable,
provided postexposure prophylaxis (PEP) is implemented promptly
and competently after an exposure. It has been estimated that>15 million
people receive PEP yearly (Anonymous, 2010). PEP, for people bitten by
rabidmammals, consists of a combination of aggressive wound cleansing,
passive immunization with rabies immunoglobulin (RIG), and active
immunization with tissue culture rabies vaccine. This has proven highly
effective in preventing infections and deaths (Anonymous, 2005, 2007).
II. LOCAL WOUND CARE

After a potential rabies exposure, rabies PEP should be initiated as soon as
possible. Rabies PEP consists of thorough local wound care and adminis-
tration of both rabies vaccine and RIG. The importance of wound care
with soap and an antiseptic agent was documented decades ago (Dean
et al., 1963), but it is often completely neglected in rabies-endemic
countries. First aid treatment of rabies-exposed victims requires immedi-
ate vigorous wound cleansing with flowing water and soap or detergent,
preferably under pressure, of all bite wounds or scratches (for at least
15 min, depending on the number of injuries). Washing with water may
decrease the size of the viral inoculums (Anonymous, 1997). Soap and
antiseptic agents denature the virus and may prevent invasion. All
wounds must be irrigated with either iodine-containing or similar viru-
cidal agents before going to the nearest health-care center for risk evalua-
tion and consideration of vaccination and RIG injection. Wound suturing
should be postponed to reduce the risk of infection, and definite wound
closure is best done several days later. During this time, wound
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inspection and daily dressing of wounds should be done. Antitetanus
vaccination and antibiotics should be administered as indicated. If it is
necessary to approximate a severely lacerated or large bleeding wound by
suturing on the first day, then intensive wound cleansing, antiseptic
application, and RIG injection should first be carried out. Suturing the
wound should be as minimal as possible and should follow waiting for a
period of one or more hours after RIG injection in order to allow neutrali-
zation of virus.
III. EVALUATION OF RISK OF RABIES EXPOSURE

Factors that should be considered to determine whether PEP is initiated
include (1) extent of exposure and the type of contact (Table I), (2) species
of and the behavior of the suspect animal, and (3) availability and
TABLE I Postexposure rabies prophylaxis

Category

Type of contact with

the suspected animala Treatment

I Touching or feeding of

animals
Licks on intact skin

None. May be opportunity

to provide preexposure for
certain subjects at future risk

II Nibbling of uncovered skin

Minor scratches or abrasions

without bleeding

Start vaccine immediatelyb and

stop treatment if FAT negative

or dog/cat remains well after

10 daysc

III Single or multiple

transdermal bites or

scratches, licks on broken
skin

Contamination of

mucous membrane

with saliva (i.e., licks)

Exposures to batsd

Inject RIG into and around bite

sites. Remainder of volume

(if any) IM, followed by
vaccine series immmediatelyb.

Stop vaccine if FAT negative

or dog/cat remains healthy

after 10 daysc

a Exposure to rodents, rabbits, and hares in rabies-endemic area may require rabies PEP, but expert opinion
should be obtained where available.

b In a low rabies-endemic or rabies-free region, observing a biting dog for 10 days before starting rabies
prophylaxis may be an option after expert consultation. However, doing this in a canine rabies-endemic
country could place patients at grave risk.

c Observation prior to PEP applies only to dogs and cats; other domestic and wild animals suspected as rabid
should be humanely killed and their brains examined for the presence of rabies antigen using appropriate
laboratory techniques.

d Postexposure prophylaxis should be considered when contact between a human and a bat has occurred
unless the exposed person can rule out a bite or scratch, or exposure to a mucous membrane. Bat bites can be
virtually painless.
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reliability of laboratory testing of the responsible animal. The World
Health Organization (WHO) classified risk of exposures into three cate-
gories and their guidelines depend on the severity of the exposure
(Anonymous, 2010).

Category I. Touching or feeding of animals. Licks on intact skin. These
are not exposures, and they require no treatment. There
may be an opportunity for preexposure prophylaxis
(PREP) if patient remains at risk.

Category II. Nibbling of uncovered skin, minor scratches, or abrasions
without bleeding. These are potential exposures and they
require rabies vaccination without RIG.

Category III. Single or multiple transdermal bites or scratches, contami-
nation of mucous membrane with saliva, licks on broken
skin, any exposure to bats. They are the most severe form
and require immediate RIG injection into and around the
wounds and rabies vaccination. Bat bite exposures may be
trivial resulting in undetectable wounds that are often pain-
less. They are also listed as category III exposures because
of the unique ability of this virus to replicate in the epider-
mis and dermis.

The next step issue before initiation of PEP is to evaluate the species
and history of the responsible animal and whether it is likely to carry
rabies in the environment where the bite occurred. Rabies virus can infect
any mammal, but dogs and cats are the most important vectors for
transmission to humans. Rabies is most commonly transmitted by bites
or scratches. However, the virus can be transmitted through aerosol in
cave explorers and in laboratory accidents ( Johnson et al., 2006;
Rupprecht et al., 2002). Human-to-human transmission can occur by
transplantation of infected tissues (Anonymous, 1981; Baer et al., 1982;
Bronnert et al., 2007; Houff et al., 1979). Regions with unsupervised dog
populations present the greatest risk to humans. Canines that live in close
proximity to humans are the principal vectors worldwide. Raccoons,
skunks, foxes, wolves, bats, and other wild carnivores are threats in
some parts of the world but account only for a relatively small portion
of the large number of human rabies deaths. Monkeys, cats, rats, and
other domestic and agricultural mammals are all potential accidental
vectors as they live in close proximity to dogs and bats. Proven reports
of rabies in rats and other rodents are extremely rare (Kamoltham et al.,
2002; Smith et al., 1968; Wimalaratne, 1997), although rat bites are com-
mon in many countries. Documentation of rabies in rats has occurred in
Bandicota rats (B. bengalensis, indica, or savilei) but not in marsupial bandi-
coots of Australia. Rats are quite numerous in many Asian cities and are
able to survive an attack by a rabid dog or cat. It is virtually impossible for
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a nurse or physician to distinguish a large Norwegian or Brown rat from a
Bandicota. Rat bites are, therefore, being treated in the samemanner as dog
or cat bites in several Asian countries.

The history of symptoms and signs of rabies in offending dogs is not
always reliable. Provoked or unprovoked bites do not predict the risk of
rabies in dogs (Siwasontiwat et al., 1992). A history of prior rabies vaccina-
tion in dogs cannot guarantee that the animal will not be infected. A signifi-
cant number of dogs that had been immunized with rabies vaccine were
found rabid in a Thai study (Tepsumethanon and Mitmoonpitak, 2010).
Some Asian countries (notably Indonesia) manufacture their own canine
vaccines and they may have very low potency. The immune response to
rabies vaccine is influenced bymany factors such as the route of immuniza-
tion (intramuscular or subcutaneous), the number of vaccinations, the age of
the dogwhen vaccinated, the quality of vaccine, and the frequency of repeat
vaccinations (Cliquet et al., 2003; Mansfield et al., 2004; Sage et al., 1993;
Tepsumethanon et al., 1991). Even in the United States, rabies has been
found in previously vaccinated dogs and cats (Murray et al., 2009).

In well-developed countries, which have a low incidence of rabies, it is
usually decided to observe a suspected dog or cat or to euthanize and
examine it by a competent laboratory. However, in the developing world,
with a large stray dog population, the animal is often unavailable for
observation and laboratory examination. Moreover, there are few local
animal quarantine facilities and reliable diagnostic laboratories. The risk
of rabies virus infection in such an endemic area is much higher, and the
threshold for PEP should be very low. It is best to initiate PEP unless
immediate competent necropsy and laboratory examination of the respon-
sible animal exclude rabies. Delays in starting PEP during animal obser-
vation should be avoided in order to prevent PEP failures due to delay.

PEP may be discontinued if (1) the suspected animal is proven to be
free of rabies by a reliable laboratory using direct fluorescent antibody
testing of animal brain by an experienced staff (Tepsumethanon et al.,
1997), and (2) the responsible animal is a domestic dog or cat that remains
well after 10 days observation counting from the day of exposure
(Tepsumethanon et al., 2004).
IV. POSTEXPOSURE PROPHYLAXIS OF PREVIOUSLY
UNVACCINATED PATIENTS

A. Rabies vaccines

In unvaccinated rabies-exposed patients, after local wound care, RIG and
vaccine administration must be started as soon as possible. If there has
been delay, PEP should be initiated regardless of the time interval
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between exposure and initiation of PEP. The incubation period may be as
short as a few days or as long as several years. This depends on the site of
the bite (distance to the CNS and presence of many peripheral nerve
endings), the size of the inoculum, and unknown host factors
(Hemachudha and Rupprecht, 2004).

Purified cell-culture and embryonated egg-based rabies vaccines have
been proved to be safe and effective in preventing rabies. Vaccines can be
used for pre- and postexposure rabies prevention. PEP has been safely
administered to millions of people worldwide. WHO recommends that
all cell-culture vaccines should have a minimum potency of 2.5 IU per
single intramuscular dose from 0.5 or 1.0 mL volumes after reconstitution
of the lyophilized ampoule. This depends on the type of vaccines, which
are supplied with either 0.5 or 1.0 mL diluents (Anonymous, 2010). WHO
also recommends that the volume injected using an intradermal schedule
should always be 0.1 mL, whether it comes from a 0.5 or 1.0 mL ampoule.
Following reconstitution with the accompanying sterile volume of dilu-
ent, the vaccines should be used within 6–8 h if kept at þ2 to þ8 �C.
Despite the availability of cell-culture vaccines on the international mar-
ket, Pakistan is still producing and using nerve-tissue-derived vaccine
(Semple type), which can induce severe adverse reactions and which is of
questionable immunogenicity. This vaccine should be avoided and WHO
has long recommended that manufacture of nerve-tissue-derived vac-
cines should be discontinued.

Active immunization with rabies vaccine stimulates the host immune
response, and rabies-neutralizing antibodies (RNAb) appear in the circu-
lation �7–10 days after start of vaccination. RNAb reach a peak on day
14–30 (Khawplod et al., 2002a,b; Shantavasinkul et al., 2010a,b,c) at a level
of at least 0.5 IU/mL (Anonymous, 2010), which is maintained until day
28 or 30 (Anonymous, 2007) and for at least one year. This is generally
considered adequate to prevent human rabies. Therefore, there is a win-
dow period for up to 7–10 days before a protective natural antibody level
from vaccine has been reached. This is the rationale for injecting RIG into
and around wounds in order to neutralize the virus and prevent its entry
into peripheral nerves, where it would be in an immune-protected envi-
ronment allowing transit to the central nervous system.

Currently, the rabies expert committee of WHO has recognized
three rabies PEP schedule of which only the first is also approved by the
US CDC:

1. The Essen intramuscular regimen
This gold standard regimen consists of one IM injection of cell-culture
vaccine in the deltoid or anterolateral thigh area on days 0, 3, 7, 14, and 28.
It consumes five ampoules of vaccine (0.5 or 1mLvolumedepending on the
type of vaccine) and requires five clinic visits over 1 month. Recently, the
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American Advisory Committee on Immunization Practice (ACIP) has
revised the PEP treatment guideline (Rupprecht et al., 2010). The new
recommendation reduced the number of vaccinations from 5 to 4 doses on
days 0, 3, 7, and 14. Accumulated evidence indicates that four vaccinations
in combination with RIG, when indicated, elicit an adequate immune
response. The fifth injection on day 28 does not contribute tomore favorable
outcomes in immunocompetent individuals. Nevertheless, immunocom-
promised persons such as those that are currently taking corticosteroids,
antimalarial drugs, and other immunosuppressive agents, or have HIV
infection, should receive the original 5-dose IM vaccine regimen. The
WHO approved the 4-dose IM regimen, initially as an alternative regimen
for healthy and immunocompetent individuals (Anonymous, 2010).

Rabies vaccine should be administered IM at the deltoid area of the
arm. For small children, vaccine can be injected at the anterolateral thigh
area. The gluteal area is not a reliable site for injection due to the presence
of fat, which may retard an adequate RNAb response and may result in
PEP failures (Fishbein et al., 1988; Shill et al., 1987).

2. The Zagreb or 2-1-1 regimen
This regimen requires two intramuscular injections at two different sites
on day 0 and at one each on days 7 and 21. It consumes four full ampoules
of vaccine and requires three clinic visits over 3 weeks. The disadvantage
of this regimen is that the physician cannot assess early signs of infection of
the bite wound on day 3, which often become manifest by that time.

3. The two-site ID regimen (TRC-ID regimen)
Rabies ID vaccination is capable of achieving a comparable immune
response to the intramuscular route, yet using a lower vaccine dose
(Chutivongse et al., 1990), and reduces vaccine cost by �60–70% com-
pared to the standard IM regimen (Wilde et al., 1999). Further, previous
studies showed that ID rabies vaccination results in detectable cell-
mediated immunoreactivity by day 7, which is earlier than with the
‘‘gold standard’’ Essen intramuscular regimen (day 14; Phanuphak
et al., 1987; Ratanavongsiri et al., 1985). This faster reactivity can be
attributed to repeated intradermal injections at different lymphatic drain-
age sites. Intradermal injections are more immunogenic than equivalent
single intramuscular ones due to the presence of dendritic cells in skin
(Nicolas and Guy, 2008). Recently, it has been shown that the ID route
induces a predominant Th2 response, as compared to the predominant
Th1 response induced by IM injections of rabies vaccine (Saraya et al.,
2010). This presumably enhances the transport of antigen to receptors.

Originally, the TRC-ID regimen consisted of two injections of 0.1 mL of
any WHO recognized tissue culture vaccine at two different lymphatic
drainage sites on days 0, 3, 7, and one injection on days 28 and 90.



298 Prapimporn Shantavasinkul and Henry Wilde
It consumed 0.8 mL of vaccine and required five clinic visits over 3
months. Many patients did not return for the day 90 injection and there
were no known treatment failures among this group in Thailand. It was
then simplified to two injections on days 0, 3, 7, and 28 and the original
day 90 visit was omitted (Khawplod et al., 2006). This schedule has been
approved by WHO and replaces the original version (Anonymous, 2010;
Table II).

The eight-site intradermal (Oxford) regimen consisted of one injection
of vaccine at eight different body sites on day 0, at four sites on day 7, and
at one site on days 28 and 90 (Warrell et al., 1985). In order to simplify and
facilitate the use of intradermal PEP, the consultation of WHO experts
recommended deleting the rarely used eight-site ID regimen from the list
of WHO-approved postexposure rabies regimens (Anonymous, 2010).

Recent research from Queen Saovabha Memorial Institute, Bangkok,
Thailand, indicated that it might be possible to develop a 1-week ID PEP
that would reduce travel time and costs as well as noncompliance. The
1-week ID PEP consists of four-site ID injections over both deltoids and
thighs on days 0, 3, and 7 with or without RIG. RNAb were found to be
present after vaccinations for at least 1 year. The new regimen could
induce significantly higher RNAb on days 14 and 28 over the standard
two-site ID PEP (Shantavasinkul et al., 2010a,b,c). The study looks
promising and is now being reassessed in additional Phase III studies at
three other Asian centers.
TABLE II WHO-approved rabies vaccination schedules

Schedules Details

ESSEN

regimen (IM)

One full dose of cell-cultured vaccine injected

intramuscularly into deltoid or anterolateral thigh
on days 0, 3, 7, 14, and 28. The days 14 and 28 dose

of the vaccine can be omitted if the animal is

known to have remained healthy

Zagreb

regimen (IM)

Two full vaccines doses injected intramuscularly at

different sites on day 0 and one dose on days 7 and

21. The day 21 dose of the vaccine can be omitted if

the animal is known to have remained healthy

Thai Red Cross
Intradermal

regimen (ID)

Two intradermal injections of 0.1 mL at both deltoids
on days 0, 3, 7, and 28. The day 28 dose of the

vaccine can be omitted if the animal is known to

have remained healthy

Modified from WHO, US CDC, and Thai Red Cross Society recommendations (Anonymous, 2010; Rupprecht
et al., 2010).
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Rabies is a fatal disease once clinical signs develop and there is no
contraindication for rabies PEP. PEP has been shown to be safe in 202
pregnant mothers and their infants (Chutivongse et al., 1995). The infants
were followed for 1 postpartum year, and complications were comparable
to the matched control group.

Immunocompromised individuals or subjects who are on immuno-
suppressive agents, antimalarial drugs, or chloroquine may not produce
an adequate RNAb response from rabies vaccinations. AIDS patients with
very low CD4 counts may not mount an adequate RNAb response to
rabies vaccines ( Jaijaroensup et al., 1999). Thorough wound cleansing,
followed by RIG injection and a full PEP series, is nevertheless of utmost
importance in such cases. Providing preexposure vaccination (PREP) for
HIV infected children in canine endemic regions while they are still
immunocompetent has been recommended (Thisyakorn et al., 2000,
2001). In immunocompetent persons, no routine antibody screening is
recommended following PREP or PEP. Patients with immune-
compromising medications or conditions should have evaluation of
RNAb 14–28 days after vaccination in order to consider additional vacci-
nation and possible changes in lifestyle. Consultation with a rabies expert
or infectious diseases specialist is indicated after a rabies exposure of an
immunocompromised individual.
B. Rabies immunoglobulins

RIG is indicated only once in previously unvaccinated persons to provide
passive immunity and neutralize rabies virus until endogenous antibody
production commences. A protective endogenous level of RNAb cannot
be expected before days 7–10. During this window period, passive immu-
nity by using RIG must be provided as soon as possible after exposure.
RIG must be administered in combination with rabies vaccine on day 0 or
as soon as possible after exposure in all category III patients and also in
immunocompromised patients with category II exposures (Anonymous,
2010). RIG can be safely administered up to 7 days after the first vaccine
dose (Khawplod et al., 1996a,b). RIG is not indicated after day 7 when
natural antibody has been generated, which may then be neutralized by
the delayed RIG injection. None of the vaccine regimens can substitute for
the use of RIG. Although some regimens can induce higher RNAb titers,
none can elicit a protective antibody level before day 7 (Wilde et al., 2002).
RIG must therefore be used as indicated to reduce the risk of PEP failure.

There are two types of RIG. Human rabies immunoglobulin (HRIG) is
preferable when it is available. If it is not, equine rabies immunoglobulin
(ERIG) is also effective to neutralize virus. The dose of HRIG is 20 IU/kg
of body weight. For ERIG, the dose is 40 IU/kg because ERIG has a
shorter half-life. RIG should not be administered in the same syringe or
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at the same body site as vaccine since RIG may inactivate the vaccine. No
more than the recommended dose should be administered in order to
avoid immune suppression. Skin testing for sensitivity to equine serum
products is virtually useless (Tantawichien et al., 1995). There is no stan-
dardization of the skin testing method or of the interpretation of skin test
results. Skin testing does not predict serum sickness. Anaphylaxis with
modern purified ERIG is extremely rare. Of the patients who received
ERIG at the Thai Red Cross Society, Bangkok, Thailand and who devel-
oped serum sickness, all had negative skin tests. We have encountered
only two cases in more than 150,000 subjects that had received ERIG. Both
patients had negative skin tests and fully recovery after treatment using
adrenaline and diphenhydramine. Corticosteroids were not used in
serum sickness or anaphylaxis because they might suppress the antibody
response from rabies vaccination (Suwansrinon et al., 2007).

RIG administration should be done after aggressive wound cleansing.
It must be infiltrated into and around all bite wounds slowly. All of the
calculated RIG dose, or as much as anatomically possible, should be
infiltrated into the wound. The remaining RIG should be injected intra-
muscularly at a distant site from the area of vaccine injection (usually at
the lateral thigh and avoiding the gluteal area). Fingers or toes, where
there is little space for expansion, are often the sites of canine or cat bites.
These areas are associated with a high risk of rabies virus infection since
there are many nerve endings. Many physicians try to avoid RIG injection
of fingers and toes because it is painful and they fear a compartment
syndrome. Actually, it is a safe procedure if carried out with care by
experienced staff (Suwansrinon et al., 2006). RIG injection is performed
using number 26 or 28 needles through one or two skin puncture-sites or
directly into the open bite wounds. Some pressure can be exerted, but
injection is stopped when blanching or excessive swelling of the digit
becomes apparent. In a prospective study of 100 such injections of digits
at our clinic, neither have we encountered a compartment syndrome nor
can we recall any past cases over the past two decades. We are aware of
the fact that several other clinics use local anesthetics to block the RIG
injection site. It has, however, been our experience that this can be as
painful or more painful than primary RIG injection into and around the
bite wound (Suwansrinon et al., 2006). Almost 50% of animal bites and
rabies cases worldwide are in children. This is because they are small and
often bitten in high risk areas such as face, head, neck, or hands. With a
child’s low body weight, the calculated volume of RIGmay not be enough
to infiltrate all wounds. RIG can be diluted to a sufficient volume for all
wounds to be effectively and safely infiltrated. RIG injection into some,
but not all, bite wounds may be a cause of PEP failures (Wilde, 2007). All
bite wounds are contaminated by animal saliva and many patients come
to the clinic with delay. The bite wounds often show evidence of infection
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at presentation. We have shown in a prospective study that an infected
wound can be injected safely with RIG as long as it is properly cleansed
and antibiotics are administered (Wilde et al., 1992).
V. POSTEXPOSURE PROPHYLAXIS IN PREVIOUSLY
VACCINATED PATIENTS

Previously vaccinated patients are those who have received a complete
course of PREP or PEP with cell-cultured vaccine. Such subjects require
no routine booster vaccination unless an exposure occurs. It has been
shown that cell-cultured vaccines establish long lasting immunity that
results in an accelerated antibody response if booster injections are admi-
nistered. Persons who had received a prior PREP or PEP with a cell-
culture vaccine up to 21 years earlier, all developed good anamnestic
responses after booster injections (Suwansrinon et al., 2006).

Patients with a history of prior nerve-tissue-derived (Semple or suck-
ling mouse brain) vaccine in the past are treated as if they have never been
rabies vaccinated (vaccine plus RIG when indicated). The reason for this
is that nerve-tissue-derived vaccines do not always provide a reliable
immune response. In one study, some recipients had high anamnestic
responses to new vaccination and others had no detectable titers prior to
revaccination and did not show an accelerated immune response to PEP
(Khawplod et al., 1996a,b). This was presumably due to absent or low
potency of some batches of the nerve-tissue vaccine used (Semple or
suckling mouse brain products in this study).

When a rabies exposure occurs in a previous recipient of PREP or PEP,
local wound care is still an important part of rabies PEP and booster
vaccination should be administered immediately. However, RIG is con-
traindicated because it may actually interfere with the antibody response.
Currently recommended booster vaccination consists of only two vaccine
doses with cell-culture vaccine. The first dose is administered immedi-
ately and the second dose 3 days later at the deltoid or lateral thigh. The
US CDC (Manning et al., 2008; Rupprecht et al., 2010) recommends only
intramuscular booster administration. However, it has been proven that
two booster vaccinations using the intradermal method are as effective as
the IM route (Kositprapa et al., 1997; Suwansrinon et al., 2006). The
currently recommended booster regimens require two clinic visits and
are inconvenient for many rural residents in developing countries
where they usually have to travel considerable distances and thereby
lose working time and incur transportation expenses that they can ill
afford. Moreover, tourists may have to change travel schedules in order
to receive the second dose on day 3 (Table III).



TABLE III Rabies postexposure prophylaxis

Vaccination status Treatment Regimen

Previously
unvaccinated

Wound care Immediate thorough
wound cleansing with

water and soap. If

available, use a

virucidal agent

(hypochloride—

Dakin’s solutiona or

povidone-iodine) to

irrigate the wounds
Rabies

immunoglobulin

Administer HRIG 20 IU/

kg body weight or

ERIG 40 IU/kg. Skin

test is not

recommended by

WHO before ERIG

administration

Vaccine Full series of rabies
vaccine as per Table II

Previously

vaccinated with

Semple or

suckling mouse

brain vaccineb

Wound care Immediate thorough

wound cleansing with

water and soap. If

available, use a

virucidal agent

(hypochloride—

Dakin’s solutiona or
povidone-iodine) to

irrigate the wounds.

Administer complete

course of PEP as per

Table II

Rabies

immunoglobulin

If Category III exposure

Vaccine Full series of rabies
vaccine as per Table II

Modified from WHO, US CDC, and Thai Red Cross Society recommendations (Anonymous, 2010; Rupprecht
et al., 2010).
a Dakin’s solution is made by boiling four cups of water, adding ¼ teaspoon baking soda, and adding one
tablespoon of CloraxÒ (sodium hypochloride solution 5.25%).

b Any person with a history of complete course of preexposure rabies prophylaxis or at least three doses of PEP
with cell-cultured vaccine and those who have been documented to have adequate rabies-neutralizing
antibody response of at least 0.5 IU/mL.
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An alternative regimen was approved by the WHO in 2010. This
regimen consists of 0.1 mL of cell-cultured vaccine administered as one
dose each in both deltoids and thighs. It can be done in one visit and has
been demonstrated to actually result in higher and earlier RNAb than the
recommended 2-IM or ID (Tantawichien et al., 1999, 2001). The four-site
ID booster was also shown to induce an anamnestic response in previ-
ously vaccinated patients when used with purified vero-cell rabies vac-
cine (PVRV), purified chick embryo cell vaccine (PCECV; Khawplod et al.,
2002a,b; Tantawichien et al., 2001) and human diploid cell vaccine
(HDCV; Khawplod et al., 2002a,b). It has been used safely and effectively
in over 5000 previously immunized patients at the Queen Saovabha
Memorial Institute, Bangkok, Thailand since 1998 without any cases of
PEP failure (Shantavasinkul et al., 2010a,b,c).
VI. POSTEXPOSURE PROPHYLAXIS FAILURES

Although PEP is very effective, failure cases have been reported. Most
reported PEP failures were associated with deviations from current
guidelines. The most commonly encountered causes of such PEP man-
agement failures are (1) RIG is not used at all (Devriendt et al., 1982;
Gacouin et al., 1999; Sriaroon et al., 2003), it is injected only intramuscu-
larly and not into wounds or not all bite wounds have been injected
(Wilde et al., 1996); (2) vaccine or RIG is of low potency or incorrectly
administered (Anonymous, 1988; Shill et al., 1987; Wilde et al., 1989); (3)
wound care was not done or inadequately performed; (4) there was delay
in starting treatment; and (5) the wound was sutured before RIG admin-
istration. Nevertheless, there have been rare case reports of human rabies
deaths in which PEP had been carried out fully according to WHO guide-
lines (Hemachudha et al., 1999; Shantavasinkul et al., 2010a,b,c; Wilde,
2007). Such probable true prophylaxis failures are exceedingly rare, and
the cases reported represent a very small number compared to the
millions of PEPs that are administered worldwide every year. It is note-
worthy that the apparently true failures reported had wounds in
highly innervated regions such as hands and face. Nevertheless, every
such failure case is a tragedy and analyzing and reporting it should
be mandatory. To our knowledge, no human deaths from rabies
have been reported among patients who received booster vaccination
after a prior PREP series of rabies vaccination. Controlling the canine
and feline rabies vector in endemic areas of rabies and preexposure rabies
administration of high risk groups remains an essential goal for rabies
elimination.
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Abstract Rabies remains a virtually incurable disease once symptoms
develop. Neuroimaging studies demonstrate lesions in the different

parts of the neuroaxis, even before brain symptoms are evident.

These abnormalities have been detailed in both rabies virus-

infected humans and dogs with magnetic resonance imaging

(MRI). MRI disturbances were similar in both forms (furious or

paralytic) in human rabies; however, they were more pronounced

in paralytic than in furious rabies virus-infected dogs in which

examination was done early in the disease course. Abnormalities

were not confined only to neuronal structures of hippocampus,

hypothalamus, basal ganglia, and brain stem but also extended to
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white matter. The blood–brain barrier (BBB) has been clearly shown

to be intact during the time rabies virus-infected patients and dogs

remained conscious, whereas leakage was demonstrated as soon as

they became comatose. Although the location of MRI abnormal-

ities can help diagnosing rabies, the intensities of signals are usually

not very distinct and sometimes not recognizable. Newer techni-

ques and protocols have been developed and utilized, such as

diffusion-weighted imaging and diffusion tensor imaging, and the

latter provides both qualitative and quantitative data. These tech-

niques have been applied to normal and rabies virus-infected dogs

to construct fractional anisotropy and mean diffusivity maps.

Results showed clear-cut evidence of BBB intactness with absence

of vasogenic brain edema and preservation of most neuronal

structures and tracts except at the level of brainstem in paralytic

rabies-infected dogs. Neuroimaging is one of the most useful tools

for the in vivo study of central nervous system infections.
I. INTRODUCTION

Rabies is acute and invariably fatal encephalitis in humans. Dog variant of
genotype 1 in the genus Lyssavirus is responsible for the vast majority of
human rabies deaths worldwide, whereas bat variant (from hematopha-
gous and nonhematophagous bats) has been associated with sporadic
cases and outbreaks in the Americas. After successful introduction of
virus into the wound, the virus gains entry to the central nervous system
(CNS) by fast axonal transport along the nerves (Dirk et al., 2001;
Hemachudha and Phuapradit, 1997; Hemachudha et al., 2002, 2005).
Various degrees of inflammation of the peripheral nerves, dorsal root
ganglia, and spinal cord, especially at the level of bite site, have been
observed at postmortem examination. They are in accord with the find-
ings of electrophysiological and neuroimaging studies (Laothamatas et al.,
2003; Mitrabhakdi et al., 2005). Myelinopathy or axonopathy underlies
motor weakness in the case of human paralytic rabies (Mitrabhakdi et al.,
2005; Sheikh et al., 2005). CNS innate immunity, inversely correlated with
viral load in the brain, may be responsible for variable results in magnetic
resonance imaging (MRI) of the brains in furious and paralytic dogs
(Laothamatas et al., 2008). Despite differences in MR signal intensities in
the rabies virus-infected dog brains with furious and paralysis, the
abnormalities are localized in similar brain regions in both clinical
forms. Presence of abnormal, albeit trivial, brain MR signals during the
presymptomatic phase and the lack of correlation between clinical
limbic involvement and MR localization suggest functional and/or
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microstructural damage at vulnerable sites. This requires alternative stra-
tegies that can focus on the integrity of neurons and tracts interconnecting
different brain regions. The status of the blood–brain barrier (BBB) and
nature of edematous processes (cytotoxic and vasogenic types) should
also be monitored in parallel.
II. NEUROIMAGING TECHNIQUES

Neuroimaging techniques are composed of structural imaging, including
computerized tomography (CT) and MRI as well as advanced imaging
that can demonstrate functions and molecular and chemical metabolites
in the CNS. Upon viewing the images of the CNS in encephalitis, it must
be noted that they result from the process of infection itself and the host
reaction, which can be variable from necrosis to apoptosis or other type of
neuronal cell death process. This may be further complicated by insult(s)
from accompanied systemic (such as prolonged hypoxia, shock, bleeding
disorder) or metabolic (e.g., electrolyte imbalance or renal insufficiency)
derangements. Preferential sites of involvement as shown by neuroimag-
ing can be used as signatures for encephalitis caused by particular patho-
gens. This is particularly useful when combined with information about
the clinical stage of disease (e.g., level of consciousness, cardiopulmonary
status), presence of comorbidity of other organ systems, presence of single
or multiple sites of involvement along the neuroaxis (brain alone vs.
combination of brain, brainstem, spinal cord, and nerve roots), symmetri-
cal or asymmetrical involvement, and status of the BBB. Iodinated
contrast enhancement in CT or gadolinium enhancement in MRI
depends on the breakdown of the BBB caused by the pathology. In early
rabies encephalitis, BBB permeability remains preserved (Hemachudha
et al., 2003), and therefore, no parenchymal enhancement is detected.
However, in the late or comatose phase of the disease, there is
BBB breakdown along the midline structures of the brain and
spinal cord associated with gadolinium-enhancing lesions (Laothamatas
et al., 2003).
A. CT images

CT scan is one of the structural image techniques based on density
information technology (Goldman, 2007). The gray scale levels of the
images indicate density of the structures, such as air and bone shown as
dark and white, respectively. The gray matter has a higher gray level
than the white matter. Water and fluid have levels of gray according to



312 Jiraporn Laothamatas et al.
their contents. In edematous brain, a slightly decreased CT density is
shown as compared to the normal brain parenchyma. In the diffuse or
localized brain infections, such as caused by neurotropic viruses, mild
mass effect causing effacement of the sulci and gyri and slightly
decreased density of adjacent structures are expected findings. In certain
circumstances, there may be associated focal or multiple foci of hemor-
rhages demonstrated as high-density signals with mass effect such as in
the case of Japanese encephalitis and herpes simplex encephalitis (Kalita
et al., 2003). CT scan of the brain is not useful in diagnosing human rabies,
which is due to very subtle changes in brain structure. Very late cases may
suffer from hypoxia and show mild diffuse brain swelling, hyperdensity
of bilateral basal ganglia, or cerebral hemorrhage (Awasthi et al., 2001).
Cerebral blood flow or perfusion studies have no clinical value in the
diagnosis of human rabies. Claims of the clinical significance of cerebral
arterial vasospasm as the result of deficiency of neural metabolites in
human rabies have led to potentially harmful administration of vasodila-
tors (Willoughby et al., 2008). There has been no clinical or radiological
evidence of vascular territory ischemia or infarction in any case of rabies
patients during life. This is also true in postmortem examination
(Hemachudha and Wilde, 2009).
B. MR techniques

MR is the imaging technique of choice when confronted with patients
with encephalopathy/encephalitis because of its high sensitivity in
detecting brain parenchymal abnormalities ( Jacobs et al., 2007; Kastrup
et al., 2005, 2008). Differentiation between fat, blood products, and patho-
logical tissue with high-proteinaceous content is also accurate. In addi-
tion, there are several advancedMR techniques to demonstrate functional
and molecular and metabolites in the CNS (Chavhan et al., 2009; Poustchi-
Amin et al., 2001). These are functional MRI, perfusion MRI, diffusion
MRI, diffusion tensor imaging (DTI), tractography (Lee et al., 2005), and
MR spectroscopy.

1. MR pulse sequences
There are multiple MR pulse sequences to demonstrate the structures and
changes in CNS structures. These include T1-weighted images for anat-
omy evaluation, T2-weighted images for tissue abnormality detection,
and T2-fluid attenuation inversion recovery (FLAIR) images (Simonson
et al., 1996), which are T2-weighted images with subtraction of the high
water signal intensity enabling better detection of the abnormality along
the sulci and periventricular areas. Gradient pulse sequence and suscep-
tibility images are sensitive for paramagnetic effects such as blood pro-
ducts and calcification (Haacke et al., 2009; Mittal et al., 2009; Rauscher
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et al., 2005; Tong et al., 2008), which are particularly helpful in detecting
minute hemorrhages.

2. Diffusion-weighted images and DTI
Diffusion-weighted images (DWI) demonstrate the degree of Brownian
movement of the water (H2O) molecules in tissues (Hagmann et al., 2006;
Thomas et al., 2006). In biologic tissues, the interaction between the cellu-
lar structures and water molecules determines the degree of diffusion of
H2O molecules, representing the tissue structure at the microscopic level,
so-called molecular imaging. When there is neuronal cell swelling or
cytotoxic edema, causing narrowing of the interstitial spaces, H2O mole-
cules then move slower or become trapped causing bright signal on DWI
and decreased or hyposignal on apparent diffusion coefficient (ADC)
images, indicating restriction in diffusion of the H2O molecules. In the
case of vasogenic edema or gliosis, which results in wider interstitial
spaces, the H2Omolecules are likely to move freely. Therefore, this results
in increased water diffusion demonstrated as hyposignal in DWI and
increased or hypersignal on ADC images. In the early encephalitis
phase, with only mild neuronal swelling and no apparent breakdown of
cell membranes or leakage of the BBB, no or only subtle changes are
evident on T2-weighted or FLAIR images. DWI has been reported to be
a sensitive technique at this stage of the disease (Kiroğlu et al., 2006;
Prakash et al., 2004).

DTI measures both the direction and magnitude of the H2O molecules
movement designated as fractional anisotropy (FA). Quantification units
of diffusion are mean diffusivity (MD) measured in mm2/s. In CNS
tissues, due to the presence of white matter tracts, the diffusion of the
H2O molecules is not equal in all directions but preferentially moves
along white matter tracts. Such movement is limited across the white
matter tracts, which is the so-called anisotropic phenomenon. This phe-
nomenon can be used to assess the integrity of the white matter tract, such
as in demyelinating processes, in which there are decreased FA values.
Quantification of FA values between the diseased brain and normal brain
can aid the early detection of demyelination (Assaf and Pasternak, 2008).

3. Proton MR spectroscopy
Proton MR spectroscopy is an advanced MR technique using chemical
shift phenomenon of hydrogen atoms in different tissues shown as spectra
of different metabolites in the brain with definite locations of each metab-
olite in part per million (ppm) regardless of magnet field strength (Barker,
2009; Barker and Lin, 2006; Dirk et al., 2001; Jansen et al., 2006; Mark, 2006;
Yael and Robert, 2007). Examples are N-acetyl aspartase (NAA) peak, a
neuronal marker, at 2.0 ppm; choline (Cho) peak, a cell membrane metab-
olite, at 3.2 ppm; creatine (Cr) peak, a mitochondrial energy metabolism
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marker, at 3.0 ppm; myo-inositol (mI) peak, a glial/astrocyte-specific
marker, at 3.5 ppm; Lactate (Lac) peak, anaerobic respiratory marker, at
1.3–1.5 ppm; Glutamine/Glutamate (Glx) peak, neuronal transmitter
marker, at 2.1–2.4 and 3.6–3.8 ppm; and the lipid peak, tissue necrosis
marker, at 0.9–1.2 ppm. In the case of encephalitis with neuronal cell
damage and inflammatory change/gliosis, proton MR spectroscopy
demonstrates decreased NAA peak indicating neuronal cell damage,
increased Cho peak due to cell membrane breakdown, and mildly
increased mI peak due to glial cell damage (Gillard, 2009). Proton MR
spectroscopy has been applied in the study of rabies in dogs (Laothamatas,
unpublished data) (Fig. 1).
III. NEUROIMAGING IN RABIES

There have been several reported neuroimaging studies of human rabies
associated with dog- and bat variants and organ transplantation (Burton
et al., 2005; Desai et al., 2002; Hemachudha et al., 2002; Laothamatas et al.,
2003; Pleasure and Fischbein, 2000). The imaging findings of these cases
were similar although some aspects varied, such as the extent of involve-
ment and degree of signal intensity and presence of contrast enhanced
lesions. These findings might be dependent on the time after clinical onset
when the examination was done, the status of immune responses in the
brain, and the nature of virus variants. An intense reaction and wide-
spread brain involvement were noted in the cases of rabies associated
with organ transplantation in which immunosuppressive agents were
withdrawn. This might reflect an immune reconstitution inflammatory-
like syndrome ( Johnson and Nath, 2009). Preferential sites in human
rabies, as demonstrated in MR images, are spinal cord, brain stem, tha-
lami, limbic structures, and white matter with hypersignal T2 changes,
but with a very mild degree of mass effect. Some degree of progression
involving basal ganglia and cortical gray matter can subsequently
develop during the disease course, probably due to virus-induced neuro-
nal injury as well as superimposed hypoxic insult (Awasthi et al., 2001;
Burton et al., 2005; Desai et al., 2002; Laothamatas et al., 2003). Owing to the
lack of specific patterns in differentiating between furious and paralytic
rabies in humans, which might be due to the delay in the timing of
examinations, MR studies in early stages of dog rabies were performed
(Fig. 2; Laothamatas et al., 2008).

In theory, all main imaging techniques, both basic and advanced MR,
should be employed due to its high sensitivity in detecting tissue abnorm-
alities at all levels of peripheral nerves, brachial plexus, spinal cord, and
the brain, especially the brain stem and thalami. Quantitative imaging
techniques such asMD and FAmaps can be used for early detection, prior
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FIGURE 1 Single voxel proton MR spectroscopy with short TE. (A and B) MR spectros-

copy of the normal dog brain at the temporal lobe (A) and brain stem (B). (C and D) MR

spectroscopy of a dog with furious rabies at the temporal lobe (C) and the brain stem (D)

demonstrating decreased NAA peak at 2.0 ppm, indicating neuronal loss, mild increased

Cho peak at 3.2 ppm, indicating cell membrane destruction either from neuronal damage

or a demyelinating process. Also seen is increased mI peak at 3.56 ppm, indicating glial

cells/astrocyte damage, and the presence of a Lac peak is observed at 1.3 ppm, indi-

cating anaerobic respiratory cycle of the rabid dog compared to the normal dog spectra.
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to stages of disease with obvious structural damage. Nevertheless, MD or
FA map is neither presently available nor reliable without the normative
values of healthy controls. Brain metabolite abnormalities can assist in
diagnosis and follow-up for the progression of the disease.



FIGURE 2 Coronal fluid attenuated inversion recovery (FLAIR) T2-weighted MR image

of the early paralytic rabies-infected dog demonstrating ill-defined moderate hyper-

signal T2 changes involving the bilateral temporal lobes (short white arrows) and

hypothalamus (long thin white arrow) that spares the bilateral frontal cortices.
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A. MRI in human rabies during different stages

1. Prodromal phase
It is difficult to diagnose rabies at this stage based on clinical grounds
alone unless local neuropathic pain involving the bitten limb is experi-
enced. Although there is no clinical evidence of brain or spinal cord
involvement, there has been a report (Laothamatas et al., 2003) of MR
abnormalities in a furious rabies patient demonstrated as enhancing
hypersignal T2 changes along the brachial plexus and associated spinal
nerve roots at the corresponding levels of the bitten extremity (Fig. 3).
Also demonstrated are nonenhancing ill-defined mild hypersignal T2
intensity changes of the spinal cord and temporal lobe cortices and the
hippocampal gyri as well as the cerebral white matter (Fig. 4)
(Laothamatas et al., 2003). Electrophysiologic studies of the nerves and
muscles, done at the same time, showed sensory neuronopathy
and evidence of subclinical anterior horn cell dysfunction (Mitrabhakdi
et al., 2005).
2. Acute neurological phase
MRI in both clinical forms is indistinguishable regardless of virus variants
(dog or bat). A similar pattern, as previously described, in the prodromal
phase, is still seen but with slight progression in space and in degree of
signal intensity along the spinal cord, thalami, hypothalami, white matter,
and temporal lobes. BBB remains intact as long as the patient remains
rousable (Fig. 5). Prominent diffuse hypersignal T2 changes of the cere-
bral white matter were noted in a furious rabies patient who had received
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FIGURE 3 MR images of the brachial plexus of a 50-year-old male with furious rabies

encephalitis during the prodromal phase. Coronal (A) and axial (B) postgadolinium T1-

weighted MR images with fat suppression demonstrating enhancing left brachial plexus

located between the anterior scalene and middle/posterior scalene muscles (white

arrows in A and B). A is reproduced with permission from Laothamatas et al. (2003).

A B

FIGURE 4 MR images of a 50-year-old male with furious rabies during the prodromal

phase. (A) coronal fast spin echo T2-weighted images of the brain demonstrating ill-

defined nonenhancing mild to moderate hypersignal T2 change at the amygdala and

hippocampi (long white arrow) and adjacent temporal cortical gray matter (short white

arrow). (B) axial gradient T2-weighted image of the cervical cord at the C4 level

demonstrating ill-defined moderate hypersignal T2 changes of the cervical cord

involving both central gray and left posterolateral white matter column (short and long

white arrows).
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very high dose of intravenous human rabies immune globulin (HRIG;
Hemachudha et al., 2003). An immune-mediated process may have also
contributed to such white matter changes in this case. Prominent cerebral
white matter changes can also be seen in patients with acute disseminated
encephalomyelitis following rabies postexposure prophylaxis with brain
tissue-derived vaccine (Desai et al., 2002).
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3. Comatose phase
Superimposed insults, such as hypoxia and ischemia, complicate the
imaging findings (Burton et al., 2005; Desai et al., 2002). However, the
striking change is BBB leakage that is noted as moderate enhancement
along the hypothalamus, mammillary bodies, thalami, substantia nigra,
tectal plates, brain stem, spinal cord, deep gray nuclei, cranial nerve
nuclei, and optic tracts, and mild enhancement of the cisternal fifth and
sixth cranial nerves (Figs. 6 and 7). Vivid enhancement of the intrathecal
A B

FIGURE 5 MR images of a patient with furious rabies in an acute neurological phase

receiving high-dose intravenous human rabies immune globulin. Coronal (A) and axial (B)

fast spin echo T2-weighted MR images of the frontal and temporal lobes and brain stem

demonstrating extensive moderate ill-defined nonenhancing hypersignal T2 change

involving bilateral hippocampi, temporal lobes, and frontal cortices (short white arrows

in A); frontal subcortical and deep white matter (long thin white arrows in A); and the

brainstem (small black arrows in A and B).

FIGURE 6 MR images of a 72-year-old comatose patient with paralytic rabies. Post-

gadolinium axial T1-weighted image of the medulla demonstrating moderate enhancing

olivary nuclei (white arrow) and hypoglossal nerve nuclei (black arrow).
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FIGURE 7 Postgadolinium axial T1-weighted images of a comatose patient with para-

lytic rabies at the brain stem (A, B), midbrain and hypothalamus (C), and mid sagittal view

(D) demonstrating mild enhancement of the right sixth and fifth cranial nerves (white

arrows in A and B) and the optic tracts (small black arrows in C). Moderate enhancement

of the facial colliculi and nuclei of the sixth and seventh, cranial nerves and their tracts

(small black arrows in A), the tectal plates and third cranial nerve nuclei (white arrows in

C and D) and enhancement along the floor of the aqueduct of Sylvius and fourth

ventricle (small black arrows in D) and the medulla (long black arrow in D). Moderate

enhancement of the hypothalamus including the mamillary bodies (long white arrows in

C and D). D is reproduced with permission from Laothamatas et al. (2003).
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ventral and dorsal nerve roots could also be demonstrated (Fig. 8; Burton
et al., 2005; Hemachudha et al., 2002; Laothamatas et al., 2003; Pleasure and
Fischbein, 2000).

It should be emphasized that MR images were similar in rabies
patients associated with dog or bat variants in terms of location and
pattern of abnormal signal intensity (Pleasure and Fischbein, 2000;
van Thiel, 2009). Features of MR images in rabies are summarized in
Table I.



FIGURE 8 Axial T1-weighted postgadolinium MR images at the C7 level of a 70-year-

old comatose patient with paralytic rabies demonstrating vivid enhancement of bilateral

intrathecal dorsal and ventral nerve roots (white arrows).
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B. Dog rabies as a model in studying furious and
paralytic presentations

Sites of lesions in dog rabies at early stages remain similar in furious and
paralytic clinical forms and are not different to those found in humans.
However, diffuse ill-defined hyperintense T2 abnormalities are seen more
frequently in furious dogs than in dogs with paralytic disease. More
pronounced hyperintense T2 signals are noted more frequently in para-
lytic rabies (Laothamatas et al., 2008). These are in accord with the find-
ings of viral load in the brain and degree of CNS innate immune response
as determined by cytokine mRNA transcripts. A greater viral load and
less CNS immunity are demonstrated in furious rabies (Laothamatas
et al., 2008). There is correlation between the degree of hypersignal T2
abnormality and that of CNS immunity as seen in dogs with paralytic
rabies (Fig. 2).
IV. NEWER NEUROIMAGING TECHNIQUES IN RABIES

Advanced MRI technology for early detection of abnormalities at the
molecular level, DWI and DTI, has greater sensitivity than basic MR in
demonstrating micro- and macrostructural damages (Nucifora et al., 2007;
Thomas et al., 2006). They can be quantifiable and constructed as MD and
FA maps of the brain. When compared with the normal map, these maps
can demonstrate areas of abnormality at the level of statistical significance



ABLE I Summary of magnetic resonance imaging findings in human rabiesa

Furious rabies Paralytic rabies

Area of

examination

Prodromal to

early acute

neurological

phase b

Acute neurological

to lethargic

phasec

Comatose

phase

romal to

rly acute

urological

ase

Acute neurological

to lethargic

phase

Comatose

phase

Brachial plexus
at bitten limb

þþd N/Ae N/A N/A N/A

Spinal cord þþ N/A þþ N/A þþ
Spinal nerve þ N/A N/A N/A þþþ
Brain stem þþ þþ þþþ N/A þþþ
Hypothalamus þ þþ þþþ N/A þþ
Basal ganglia þ þþ þþþ N/A þþþ
Thalamus þ þþ þþþ N/A þþ
Temporal lobe
and

hippocampus

þ þþ þþþ N/A þþ

Frontal lobe þ þþ þþ N/A þþ
Parietal lobe þ þþ þþ N/A þþ

(continued)
T

Prod

ea

ne

ph
N/A

þþ
N/A

þþþ
þþ
þ
þ
þþ

–

–



TABLE I (continued )

Furious rabies Paralytic rabies

Cerebral WMf þ þþ þþ N/A þþ
Cranial nerves N/A N/A þ /A N/A þ
BBBg breakdown No No Yes o N/A Yes

a See details in text and figures for the MR studies. Data summarized from reports elsewhere (Awasthi al., 2001; Desai et al., 2002; Hemachudha et al., 2002; Laothamatas et al.,
2003, 2008; Mitrabhakdi et al., 2005).

b Prodromal to early acute neurological phase: at this stage, the patients do not exhibit an altered sensor and they are fully alert and rational. The patients studied with magnetic
resonance imaging included one with brain-free symptoms who presented with only local neuropathi ain at the bitten limb and patients who had phobic spasms but remained
fully conscious.

c Acute neurological to lethargic phase: the patients exhibit alteration of consciousness between lucid lm and restlessness, which progresses to severe agitation and depressed
sensorium, and they remain rousable.

d þ ¼ degree of abnormalities in terms of signal intensity and/or enhancement.
e N/A ¼ not applicable.
f WM (white matter) represents subcortical and deep white matter.
g BBB ¼ Blood–brain barrier, gadolinium-enhanced lesion represents area with BBB breakdown.
þ
N

N

et

ium
c p

ca
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(Fig. 9). The status of BBB can also be assessed by DWI and DTI. BBB is
intact with no evidence of gadolinium enhancement and this is also
confirmed by a finding of decreased MD, indicating neuronal cells
B

D

F

H

J

A

p < .05

C

E

G

I

FIGURE 9 In vivo MR imaging of the rabies-infected dogs using quantified voxel-based

group analyses of normal (n ¼ 8) and paralytic (n ¼ 4) and furious (n ¼ 2) dogs at

p < 0.05 (scale from blue to red: blue ¼ lower passing threshold, red ¼ highest passing
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swelling and limited interstitial spaces. MR spectroscopy also demon-
strates the spectra of neuronal damage, glial cell injury, and cell mem-
brane breakdown (Mark, 2006) as shown in a dog with furious rabies
compared to a normal dog (Fig. 1). They can also be used to follow up the
disease condition and progression by comparing between the quantified
MD and FA values and MR spectral ratio.

In the future, molecular imaging of the brain with tissue- or pathogen-
specific labeling such as ‘‘rabies virus antibody tagged MR contrast’’ or
‘‘iron tagged rabies viruses’’ may help in the study of viral pathogenesis
at an early phase and during the course of the disease and also help in the
design of therapeutic strategies (de Backer et al., 2010; Hoehn et al., 2008;
Long and Bulte, 2009).
V. CONCLUSIONS

Neuroimaging using both basic and advanced MR techniques has been
described in rabies virus-infected humans and dogs and presently should
be considered as important tools not only in rabies but also in other
encephalitides. Preferential sites of CNS involvement are similar in both
clinical forms of human and dog victims. Virus variants, dog or bat, may
not have impact upon the pattern of MR abnormalities. Advanced MR
techniques may offer opportunities to monitor the sites and degree of
micro- and macrostructural changes in the CNS as well as to in vivo
tracking of viral spread and of host immune cells from the circulation
into the CNS parenchyma.
threshold). (A and C) FA voxel-based group analysis map of the paralytic dogs; (B and D)

FA voxel-based group analysis map of the furious dogs; (E) Mean diffusivity (MD) voxel-

based group analysis map of the paralytic dogs; (F) Mean diffusivity (MD) voxel-based

group analysis map of the furious dogs; (G and I) FLAIR signal voxel-based group analysis

map of the paralytic dogs; (H and J) FLAIR signal voxel-based group analysis map of the

furious dogs. Macrostructural or cellular damage (represented by increased FLAIR signals

in G–J) was relatively minimal in rabies virus-infected dog brains. These areas were

mostly confined to the brain stem in dogs with paralytic rabies (G) and to the cerebral

hemispheres in dogs with furious rabies (J). Impaired neural tract integrity with micro-

structural damage (represented by diminished FA) was evident more frequently in the

case of paralytic rabies at the brain stem (A) in comparison to dogs with furious rabies (B)

and more frequently at cerebral hemispheres in furious rabies (J) compared to paralytic

rabies (I). Decreased MD (indicative of cytotoxic edema) was noted more frequently in

dogs with paralytic (E) than with furious (F) rabies. There was no evidence of BBB damage

(or increased MD, not shown). Increased FA, representing faster than normal diffusion of

water along the tracts, was found in the cerebral hemispheres more in dogs with furious

(D) than with paralytic (C) rabies.
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Abstract Endogenous RNA-silencing mechanisms have been shown to play a
role in regulating viral and host processes during the course of

infection. Such interactive processes may involve host cellular

and/or viral-encoded microRNAs (miRNAs). Rabies is unique not

only in terms of its invariably fatal course once disease signs

develop, but it also has a variable incubation period (eclipse

phase). It has been recently shown that cells or tissues of different
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origin have their own specific miRNAs that, in theory, may impact

on viral transcription and replication. This may possibly explain, in

part, why rabies virus remains dormant at the inoculation site in

rabies patients for long periods. Owing to the RNA interference

(RNAi) technology, it has been possible to introduce exogenously

designed artificial short interfering RNAs (siRNAs) and miRNAs into

virus-infected cells for therapeutic purposes. Successful attempts

in using RNAi for prevention and treatment of DNA and RNA virus

infections both in vitro and in vivo experiments have been

reported. The fact that rabies remains incurable has stimulated

the development of the therapeutic RNAi strategy. We describe

herein preliminary evidence that cellular miRNA may play a role in

suppressing viral replication, explaining the eclipse phase, and that

artificially designed multitargeting miRNA can successfully inhibit

rabies virus transcription and replication in vitro.
I. INTRODUCTION

Short interfering RNAs (siRNAs) and microRNAs (miRNAs) are two
relatively well-defined classes of small RNAs involved in RNA silencing,
a mechanism for sequence-specific gene silencing regulated by RNAs of
19–30 nucleotides (nt) in length (Carthew and Sontheimer, 2009). siRNAs
are usually derived from long double-stranded RNA (dsRNA) of exoge-
nous origin. In contrast, miRNAs are endogenously encoded small RNAs
generated from the dsRNA region of hairpin-shaped precursors. Evi-
dence suggests that both classes of small RNAs play important roles in
viral pathogenesis (Lu and Liston, 2009; Skalsky and Cullen, 2010). In this
chapter, we discuss the potential role of noncoding RNA, especially
miRNAs, in rabies pathogenesis as well as progress and roadblocks in
developing a therapeutic strategy against rabies using an artificial
miRNA (amiRNA) approach.
II. MICRORNAS

A. miRNA biogenesis

miRNAs are small, single-stranded RNA, 18–25 nt long encoded in the
genome of diverse organisms, including plants ( Jones-Rhoades et al.,
2006), worms (Lee et al., 1993; Reinhart et al., 2000), flies (Brennecke et al.,
2003), and humans (Bartel, 2004; Lagos-Quintana et al., 2001; Lim
et al., 2003), that regulate gene expression by binding to the 30-untranslated
region (UTR) of specific mRNAs. These miRNAs are derived from long
RNA transcripts containing single or multiple stem-loop structures called
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primary transcripts of the miRNA genes (pri-miRNAs). Pri-miRNA tran-
scripts can be found as independent transcripts or within the intron of
protein-encoding genes. They are generated by RNA polymerase II and
contain a 50-cap and polyA tail (Lee et al., 2004). The first step ofmature (18-
to 25-nt) miRNA biogenesis involves the recognition and nuclear cleavage
of the RNA stem-loop structure of the pri-miRNAby the cellular RNAse III
enzyme Drosha and its copartner dsRNA-binding protein, DiGeorge syn-
drome critical region gene 8 (DGCR8) to form the 60- to 70-nt pre-miRNA
(Lee et al., 2003). The cleavage leaves a 2-nt overhang at the 30-end of
pre-miRNA which is recognized and transported out of the nucleus by
Ran-GTP and a receptor, Exportin 5 (Lund et al., 2004; Yi et al., 2003). Upon
reaching the cytoplasm, GTP hydrolysis results in release of the pre-
miRNA, 30 2-nt overhang is then bound by a second cellular RNase III
enzyme called Dicer. Dicer removes the terminal loop from pre-miRNA
and generates miRNA duplex intermediate. Usually, only one strand of
the duplex (miRNA strand) is stabilized and incorporated into a multiple
protein nuclease complex, the RNA-induced silencing complex (RISC),
whereas the other strand (passenger strand) is released and degraded. The
miRNA acts as a guide to direct RISC to complementary targets and
regulates protein expression by promoting translational repression,
mRNA degradation, and mRNA cleavage (Cullen, 2004; Khvorova et al.,
2003; Kim, 2005; Kim et al., 2009) (Fig. 1). Although it was generally
believed that perfect or near perfect complementary pairing between
miRNA and mRNA is required for mRNA cleavage and degradation,
whereas imperfect complementary pairing leads to translation block,
miRNAs can target mRNAs containing only partially complementary
sequences to degradation pathway (Bagga et al., 2005). New evidence
suggests that mRNA degradation, not translational block, may be the
main pathway used by mammalian miRNAs that leads to a reduction in
target proteins level (Guo and Lu, 2010). In plants, most known targets of
miRNAs are silenced by perfectly complementary miRNA. In contrast,
most known miRNA targets in animals are only partially complementary
to their cognate miRNAs (Sontheimer and Carthew, 2005). The pairing of
nucleotide 2–8 of miRNA (seed region) is crucial for target recognition.
B. Functions

The latest version (16th) of the largest miRNA database MiRBase (http://
microrna.sanger.ac.uk) contains 17,341 mature miRNAs, from 142 spe-
cies, including over 700 human miRNAs. As each miRNA has the poten-
tial to target over 200 different transcripts, it is possible that miRNAs
regulate up to 30% of all human protein-coding genes (Lewis et al., 2005).
While siRNAs function mainly as natural defenses against viruses, miR-
NAs are found to be involved in regulating a wide variety of important

http://microrna.sanger.ac.uk
http://microrna.sanger.ac.uk
http://microrna.sanger.ac.uk
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cellular processes, ranging from development (Carrington and Ambros,
2003; Stefani and Slack, 2008), cellular differentiation (Kim et al., 2006),
proliferation (Brennecke et al., 2003), and apoptosis ( Jovanovic and
Hengartner, 2006; Xu et al., 2003) to cancer transformation (Dalmay and
Edwards, 2006). Many miRNAs are ubiquitously expressed, whereas
others are expressed in a cell-type-specific manner. Certain viruses can
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produce viral-encodedmiRNAs that regulate both viral and host cell gene
expression suitable for each stage of the viral life cycle (Cullen, 2009;
Dykxhoorn, 2007; Schutz and Sarnow, 2006).
III. MIRNAS AND VIRUSES

A. Roles of cellular and virally encoded miRNAs in
viral diseases

Viral survival and replication are highly dependent on host cellular
machinery. There has been growing evidence that host cellular miRNAs
can moderate the viral life cycle and cell-type-specific miRNAs may
contribute to the tissue tropisms of viruses (Perez et al., 2009; Umbach
and Cullen, 2009). In most cases, it has been shown that endogenous
miRNAs can, at least partially, reduce viral replication. For example,
human miR-32 has been reported to restrict the replication of primate
foamy virus type 1 (PFV-1) (Lecellier et al., 2005), whereas miR24 and
miR93 interfere with the function of vesicular stomatitis virus (VSV) P
and L genes (Otsuka et al., 2007). When miRNA processing is inhibited,
the replication rate of viruses, such as influenza A virus (Song et al., 2010),
VSV (Otsuka et al., 2007), herpes simplex virus 1 (HSV-1) (Gupta et al.,
2006), and human immunodeficiency virus (HIV-1) (Triboulet et al., 2007;
Yeung et al., 2005), is increased. Recent studies have showed that inter-
feron beta can mediate antiviral effects through upregulation of endoge-
nous miRNAs (Pedersen et al., 2007, Witwer et al., 2010). Many viruses
globally repress Pol II transcription in infected cells and, therefore,
repress miRNA biogenesis. In contrast, some viruses use host cellular
miRNA to facilitate viral replication. It has been shown that liver-specific
human miR-122 targets the 50-UTR of hepatitis C virus (HCV) RNA and
promotes HCV replication ( Jopling et al., 2005). However, inhibition of
mir-122 reduces the viral load in chimpanzees chronically infected with
HCV (Roberts and Jopling, 2010). In Epstein–Barr virus (EBV) infection,
the switch from latency stage to lytic replication involves miR200b and
miR429 (Ellis-Connell et al., 2010). Specific cellular miRNAs can be
induced by specific viral infections (Triboulet et al., 2007). EBV induces
the expression of several cellular miRNAs, including miR155 that plays
an important role in promoting transformation of B cells (Cameron et al.,
2008; Linnstaedt et al., 2010).

To date, more than 200 virally encoded miRNAs have been reported.
Virally encoded miRNAs have been found mainly with DNA viruses.
Viruses within the Herpesviridae family, such as cytomegalovirus (CMV)
(Grey et al., 2005; Pfeffer et al., 2005), EBV, and Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) (Cai and Cullen, 2006), encode several miRNA
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(9–23 miRNA) within the viral genome. Adenovirus (Aparicio et al., 2006)
and SV40 virus (Sullivan et al., 2005), also nuclear DNA viruses, contain a
single miRNA. As cleavage of the pri-miRNA by Drosha occurs in the
nucleus, it has been speculated that cytoplasmic viruses may not be able
to generate miRNA (Cullen, 2010).

Current evidence suggests that viruses use their miRNAs to manipu-
late the cellular environment and viral gene expression to favor their
long-term survival (Skalsky and Cullen, 2010). Most known cellular tar-
gets of viral-encoded miRNAs are involved in either modulating cellular
immune responses or apoptosis (Choy et al., 2008; Umbach and Cullen,
2009). Regulation of viral protein production at different stages of the life
cycle helps promote immune evasion. For example, SV40 miRNAs inhibit
viral T-antigen RNA in the late stage of infection, thus, reducing infected
cell susceptibility to killing by cytotoxic T-cells (Sullivan et al., 2005). HSV-
1 miRNAs, which are expressed at high level during latency, but not
during productive viral replication, downregulate the immediate-early
transactivators ICP0 and ICP4, both of which play a key role in the
induction of lytic replication, therefore, maintaining latency stage
(Umbach et al., 2008).
B. Potential roles of cellular miRNAs in rabies virus infection

It would be intriguing to know whether cellular miRNAs play any role in
rabies pathogenesis. Recent studies in VSV, a negative sense single-
stranded RNA virus, closely related to rabies virus (RABV), showed
that miR24 and miR93 could contribute to viral susceptibility by binding
to viral L and P genes (Otsuka et al., 2007). It was also shown that VSV
infection induced expression of miR706 which inhibits apoptosis pathway
and therefore may be involved in strategy for survival of VSV (Lian et al.,
2010). Computational predictions using a ViTa bioinformatics program
(Hsu et al., 2007) identify several candidate miRNAs that may bind to
either RABV transcripts or RABV genome. Moreover, we found that when
Drosha was knocked down, RABV can replicate at a faster rate (Israsena,
unpublished data) (Fig. 2A and B).

Of a few endogenous miRNA candidates identified, we focused on
miR-133, which is specifically expressed in skeletal muscle (Chen et al.,
2006) in which RABV may enter and remain latent for variable periods
of time, from days to year(s) ( Jackson, 2008). miR-133 has been pre-
dicted to bind to both N and G transcripts (Fig. 3A and B). To address
whether hsa-mir-133 influenced RABV replication, we transfected
Neuro-2a with an miRNA-133 mimic before challenge with attenuated
RABV (HEP-Flury). On comparison between Neuro-2a cells transfected
with control miRNA and muscle-specific miR133 mimic, the results
showed that there was marked reduction of expression of viral protein
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(as shown by immunofluorescence staining) only in the case of miR133
(Fig. 3C).

Wild-type RABVs may have differences in mutations, either at coding
(either as nonsynonymous or synonymous pattern) or noncoding regions
or both. Therefore, it is possible that miRNAs, which recognize target
genes through nucleotide pairings in different host cells/tissues in the
body of infected hosts, can affect the properties of RABV and even have
effects on the clinical manifestations or outcomes of patients. In addition,
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the pressure constraints by cell-type-specific miRNA suppression may
promote mutations in that specific corresponding region of the RABV
genome (Fig. 4).

It remains to be determined to what extent that tissue-specific endog-
enous miRNA(s) play roles in tissue tropism and in the variable incuba-
tion periods in patients with rabies.
C. Viral-encoded RNA: Does it exist in RABV infection?

It is still debatable whether RNA viruses can generate miRNA. This is due
to the fact that most RNA viruses replicate in the cytoplasm and excision
of genomically encoded miRNA in stem-loop structure, theoretically,
would induce the cleavage and degradation of the RNA viral genome.
Large-scale small RNA cloning studies failed to identify viral-encoded
miRNAs from various viruses with RNA genomes (Pfeffer et al., 2005)

Recently, it has been shown that RNA viruses can be engineered to
produce functional miRNA (Rouha et al., 2010; Varble et al., 2010). Cyto-
plasmic viral miRNA can be processed by noncanonical mechanisms,
which is a Dicer-dependent, DGCR8-independent pathway (Shapiro
et al., 2010). In RABV infection, bioinformatics analysis using the Vir-mir
FIGURE 4 Diagram showing genetic variability of wild-type RABV in Thailand and its

effect on miRNA target selection. Based on sequences of RABV N gene from 237 samples

of rabies infected dogs in Thailand during 1998–2002 (Denduagboripant et al., 2005), any

prechosen 22-nt target sequences for amiR inhibition will have a small but significant

chance for not forming a perfect base-pairing with unknown wild-type RABV NmRNA.
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database (Li et al., 2008) identifies two potential stem-loop structures
within the L gene transcript and also in the intergenic region of some
RABV strains. We also found that incorporation of an miRNA precursor
within HEP-Flury genome can produce functional miRNA and does not
interfere with viral replication (Israsena et al., unpublished data). It is still
unclear whether wild-type RABV can produce miRNA or a distinct form
of noncoding RNA other than leader RNA and whether this may play a
role in rabies pathogenesis.
IV. INHIBITION OF RABIES VIRAL REPLICATION
BY SIRNA/AMIRNA

Rabies is a fatal human disease that remains a serious public health
problem in many countries. More than 50,000 persons die of rabies each
year (World Health Organization, 2005). Once the symptoms develop,
there is no effective treatment (Hemachudha et al., 2006). RNAi technol-
ogy has rapidly evolved to become one of the promising approaches for
the treatment of viral infections. RNAi can be initiated in target cells by
either applying exogenous synthetic dsRNAmolecules or using plasmid/
viral vector constructs containing short-hairpin RNA (shRNA) or a pre-
miRNA backbone that can be processed into amiRNAs. It has been
demonstrated that expression of amiRNAs is more effective and less
toxic than the regular shRNA vectors (Boden et al., 2004; Li and Ding,
2006; McBride et al., 2008; Qu et al., 2007). Results from many in vivo
studies (McCaffrey et al., 2003) and a phase I clinical trial (DeVincenzo
et al., 2010) provide the proof-of-concept for the use of an RNAi as a
therapeutic agent in humans. We will discuss the progress that has been
made and roadblocks needed to overcome to develop siRNA/miRNA
into new therapeutic modalities for RABV infection.

There have been many approaches to inhibit viral infections such as
inhibiting viral RNA replication, silencing viral accessories, inhibiting the
assembly of viral particles, and blocking virus–host interactions. The
proteins of the RNP complex, nucleoprotein (N), phosphoprotein (P),
and polymerase (L), are important for both viral transcription and repli-
cation. Therefore, they are considered as candidates for siRNA/miRNA
inhibition. Pioneering studies in searching for genetic suppressor ele-
ments that inhibit RABV replication also identified rabies N and P as
effective targets (Wunner et al., 2004). It has been shown in VSV infection
that siRNA against PmRNA can reduce viral replication (Barik, 2004).

In RABV infection, it has been reported that siRNA designed against
NmRNA can partially protect BHK-21 cells from rabies viral infection as
shown by a reduction of fluorescent intensity with the direct fluorescent
antibody test (Brandao et al., 2007). Further, the application of amiRNA
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designed against NmRNA prior to or after infection of neural cells with
RABV significantly reduced rabies viral mRNAand its replication (Israsena
et al., 2009). These results suggest thatNmaybe a viable target for inhibition.
It is possible that siRNA/miRNA designed against P and L mRNA could
also be strong inhibitors of RABV replication. Recent studies have demon-
strated the important role of P protein in suppressing the IFN pathway (Ito
et al., 2010) and, therefore, promotion of innate immune responses to RABV
may be possible by inhibiting P mRNA.

Similar to what has been previously shown in the case of other nega-
tive dsRNA viruses, such as VSV and respiratory syncytial virus (RSV),
the RABV genome is protected from the RNAi pathway (Israsena et al.,
unpublished data). Yet, it is still unclear whether targeting viral genome
can alter its pathogenicity. Recombinant VSVs, which incorporate miRNA
target sequences in the viral genome, showed significant reduction in
neurotoxicity in the presence of amiRNA as compared to wild-type
virus, and these recombinant viruses showed distinct tissue tropism
(Kelly and Russell, 2009; Kelly et al., 2010).

One of the major concerns in using siRNA against RNA viruses is the
high rate of viral mutations that can lead to the loss of siRNA efficacy.
As RNAi relies upon a nearly perfect sequence complementary between a
siRNAmolecule and the viral RNA target, the accumulation of mutations
can render that virus to become resistant to RNAi suppression. This
phenomenon has been observed in chronic HIV infection (Das et al.,
2004). Although cellular miRNA can inhibit mRNA translation when
there is (are) mismatch(s) in base pairing outside the seeding region of
the miRNA, a near perfect base pairing is still required for mRNA cleav-
age. Analysis of data from sequences of amiRNA against those of RABV
demonstrated that amiRNA construct activity can be reduced when mis-
matching with target sequences occurs at critical sites (Israsena et al.,
2009). This issue is of particular concern if amiRNA is to be developed
as a therapeutic option. In the clinical setting, the patient must receive
treatment as early as possible. Data from country-wide survey of wild-
type rabies sequences suggested that even within the conserved region of
rabies N gene (Denduangboripant et al., 2005), one-third of nucleotides
studied showed significant degree of genetic variability (5–49%). Because
these variable nucleotides are present in every 10–15 nt of the gene, it is
not possible to predesigned amiRNA that can perfectly match the wild-
type virus even within the same country. This potential limitation may be
solved by using vectors containing multiple RNAi molecules such as
amiRNA, long-hairpin RNAs (lhRNA), and modified hairpin RNA
(mhRNAs; Haasnoot et al., 2007) to enable simultaneous targeting of
different sites. Efficient inhibition by lhRNAs has been reported for
viruses, such as HIV-1 and HBV (Konstantinova et al., 2006; Liu et al.,
2008; Weinberg et al., 2007).
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MRI studies suggest that, unlike other causes of viral encephalitis, the
blood–brain barrier (BBB) remains intact until a late stage of RABV infec-
tion (Laothamatas et al., 2003). Intactness of the BBB precludes entry of
therapeutic agents from blood to brain. Safe and effective methods for
delivery of siRNA/miRNA to the CNS remain an important unsolved
issue. One possible approach for siRNA delivery is by intravenous treat-
ment with modified RABV G incorporated with antiviral siRNA. It has
been shown that this strategy can protect mice against fatalWest Nile viral
encephalitis (Kumar et al., 2007). Another potential strategy is by using
viral vectors. Recently, it has been shown that combined systemic injection
of SV40 virus withmannitol, which temporarily breaks down the BBB, can
effectively deliver transgenes to adult neurons in several regions of the
CNS (Louboutin et al., 2010). An appropriate delivery system needs to be
developed and tested further in an in vivo model.
V. CONCLUSIONS

After decades of studies, several aspects of rabies pathogenesis, such as
mechanisms explaining the variable incubation period, virulence, and
diversity of clinical manifestations, are still unclear and there is no effec-
tive treatment available. Further research on the relationship between
noncoding RNA and RABV infection may shed some light on these
unanswered questions. Strategies using siRNA/amiRNA to inhibit
RABV replication have begun to show promise in an in vitro study
(Brandao et al., 2007; Israsena et al., 2009). It remains to be seen whether
these strategies can be developed into viable therapeutic options. Much
work is needed to be done to solve the problem of the delivery issue and
long-term efficacy. Due to the limitation of cellular gene silencing machin-
ery, it is very likely that this RNAi approach has to be applied in conjunc-
tion with other measures in the real clinical setting.
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Abstract In recent years, no major paradigm shifts have occurred in the
utilization of new products for the prevention and control of rabies.

Development of new cost-effective rabies biologics and antiviral

drugs is critical in continuing to prevent and reduce disease. Current

rabies vaccines are highly effective but have developed largely

based on technical improvements in the vaccine industry. In the

future, alternative approaches for improved vaccines, including

novel avirulent rabies virus (RABV) vectors, should be pursued. Any

rabies vaccine that is effective without the need for rabies immune

globulin (RIG) will contribute fundamentally to disease prevention
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by reducing the cost and complexity of postexposure prophylaxis

(PEP). The lack of high quality, affordable RIG is a continuing prob-

lem. Virus-specific monoclonal antibodies (mAbs) will soon fulfill

the PEP requirement for passive immunity, currently met with RIG.

Several relevant strategies for mAb production, including use of

transgenic mice, humanization of mouse mAbs, and generation of

human immune libraries, are underway. As a result of successful PEP

and pre-exposure prophylaxis in developed countries, until

recently, no significant focused efforts have been devoted to

RABV-specific antiviral agents. To date, combination therapy includ-

ing broad spectrum antiviral agents has been successful in only one

case, and reports of antiviral activity are often conflicting. Current

antiviral strategies target either the nucleoprotein or phosphopro-

tein, but drugs targeting the viral polymerase should be considered.

Considering the lag from creation of new concepts to experimental

development and clinical trials, many years will likely elapse

between today’s ideas and tomorrow’s practices.
I. INTRODUCTION

In the twenty-first century, the majority of human rabies fatalities are due
to socioeconomic factors regarding the lack of applied postexposure
prophylaxis (PEP) regimens, shortages of existing rabies biologics, and
inadequate canine vaccination (Wunner and Briggs, 2010; Wilde, 2007).
All current rabies vaccines, antibodies, and antiviral drugs were con-
ceived and developed more than 30 years ago. Improved approaches to
safety, effectiveness, and administration of rabies biologics need to
remain a primary focus in modern rabies prevention and control.
II. VACCINES

A. Existing biologics

Rabies vaccine development began with live rabies viruses (RABVs) in
mammalian nerve tissue vaccines (MNTV), progressed to avian tissue
vaccines, and thereafter resulted in primary continuous cell-culture
derived vaccines (Table I). In contrast to the intensive research into
attenuated RABV from the 1880s through the 1950s, current rabies
vaccines have benefited mostly from advancements in cell-culture
techniques. All modern human rabies vaccines are inactivated, and no
serious interest in attenuated RABV has been present for the past 50 years
(Plotkin, 2000).



TABLE I Human rabies vaccine development

Year Name Description Use

Mammalian Nerve Tissue Vaccines (MNTV)

1885 Pasteur vaccine

(PV)

Air-dried spinal cord

from RABV-infected

rabbits, emulsified,

and injected for 10

days using less

attenuated material

each daya

1887 Roux/Calmette PV preserved in
glycerol

1908 Fermi vaccine 5% suspension of

RABV-infected sheep

brain, treated with

0.5–1.0% of phenolb

Still produced in

Ethiopiac

1911 Semple vaccine Fermi vaccine

inactivated for

48–72 h at 30 �Cd

Still used in some

developing

countries
1964 Fuenzalida/

Palacios

vaccine

Inactivated RABV-

infected neonatal

(myelin-free) mouse

brains, prevented

vaccination-related

allergic

encephalomyelitise

Still used in some

South American

countries

Avian tissue vaccines

1948 Flury low egg

passage (LEP)

Flury RABV, 40th–50th

egg-passage

lyophilized from a

33% whole-embryo

suspensionf

Used for canine

vaccination but

retained

virulence in

puppies

Flury high egg
passage

Same as LEP except
180th or higher egg

passage

1950s and 1960s
tested in

humansg

1956 Duck-embryo

derived rabies

vaccine

Pitman-Moore RABV,

inactivated using

b-propiolactoneh

Used in the United

States until

1980s, low

antigenic

responses and

severe adverse
reactionsi

(continued)
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TABLE I (continued )

Year Name Description Use

1986 Purified duck

embryo

vaccine

Pitman-Moore RABV,

concentrated,

inactivated using

b-propiolactone j

Suggested for use

in Indiak

Cell-culture-derived vaccines

1964 Human diploid

cell vaccine

(HDCV)

RABV produced in

human diploid

fibroblast cell line

WI-38, concentrated,

inactivatedl

Not licensed in

U.S. until 1980,

current WHO

gold-standard

1965 Purified chick

embryo cell
vaccine

Flury RABV produced

in primary chick
embryo cells,

concentrated,

inactivated using

b-propiolactonem

Not licensed in

U.S. until 1997

1967 Primary hamster

kidney cell

vaccine

RABV produced in

primary hamster

kidney cell,

concentrated,
inactivated using

formalinn

Currently used in

some countries,

including

Russia and
Chinao

1984 Purified Vero

cell rabies

vaccine

Pitman-Moore RABV

produced in green

monkey kidney cells,

concentrated,

inactivated using

b-propiolactone p

Currently in use

world-wide

except in U.S.,

comparable to

HDCV

a Kammer and Ertl (2002); ‘‘attenuation’’ was achieved by using a mixture of live (active) virus and virus
inactivated by desiccation at room temperature. The initial doses contained mostly inactivated virus, but
each day, fresher material was used. Thus, the amount of live virus gradually increased, until the last dose
using freshly prepared material which contained mostly live virus.

b Fermi (1908).
c Ayele et al. (2001).
d Semple (1911).
e Fuenzalida et al. (1964); inactivated using ultra-violet irradiation.
f Leach and Johnson (1940), Koprowski and Cox (1948).
g Ruegsegger et al. (1961), Sharpless et al. (1957).
h Culbertson et al. (1956).
i Vodopija and Clarke (1991).
j Gluck et al. (1984, 1986).
k Ashwathnarayana et al. (2009).
l Wiktor et al. (1964); inactivated using either treatment with phenol at 37 �C for 48 h or treatment with
b-propiolactone at 4 �C for 24 h.

m Kondo (1965), Yoshino et al. (1966); Barth et al. (1983).
n Lin et al. (1983).
o Lin (1990).
p Fournier et al. (1985), Roumiantzeff et al. (1984), Suntharasamai et al. (1986).
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1. Animal vaccines
All licensed animal and human rabies vaccines are derived from canine
RABV variants. In the United States alone, 11 different rabies vaccines are
licensed for dogs, 12 for cats, 1 for ferrets, 3 for horses, 4 for cattle, and 5 for
sheep (NationalAssociationof State PublicHealthVeterinariansCommittee,
2008). Theoretically, any one of these vaccines shouldprotect any susceptible
target species. High titer RABV vaccines generate sufficient acquired
immune responses. Development of novel adjuvants for animal rabies vac-
cines is not necessary, and prior use has led to the development of serious
adverse events, especially in cats (Hendrick et al., 1994; Kass et al., 1993).

A milestone in animal rabies prevention was the development of oral
vaccination for wildlife. In 1978, the Evelyn–Rokitnicki–Abelseth (ERA)
RABV was successfully field tested in foxes (Abelseth, 1964; Steck et al.,
1982). Subsequent derivatives of ERA, such as SAD-B19, SAG-1, and SAG-
2, were further attenuated by clone purification and monoclonal antibody
selection (Lafay et al., 1994). The failure of ERA vaccines and their deri-
vatives to induce protective immunity in some wildlife species, as well as
vaccine-associated rabies cases, led to the development of a recombinant
Vaccinia virus (V-RG) that expressed ERA glycoprotein (G protein; Wiktor
et al., 1984). However, neither V-RG nor ERA vaccines induced optimal
immune responses in some species, such as skunks (Grosenbaugh et al.,
2007). Despite oral vaccination’s utility for the past 30 years, the immuno-
genic mechanism is still largely unknown.
B. Future approaches

Even though the Lyssavirus genus is highly diverse, very few seed strains
have been selected for vaccine development. For example, more than a
century after its historical use, the Pasteur strain remains highly solicited
for vaccine development. The various cell-culture vaccines are of compa-
rable parameters, regardless of which RABV is used for production. On
suitable substrates, the virus titer (yield) contributes ultimately to vaccine
efficacy. Many RABV vaccines need to be concentrated by ultracentrifu-
gation, which dramatically increases the cost. Any future approaches that
improve RABV yield will improve current vaccines bymaking themmore
cost-effective. Focused research on attenuated RABV could play a role in
improving virus yield. However, if such novel attenuated RABV continue
to be overshadowed by historical legacies and phylogenetically restricted
vaccine strains, novel vaccine development may falter.

1. DNA vaccines
DNA vaccines offer greater thermostability and lower production costs
(Ertl, 2003). However, current RABV DNA vaccines are less effective than
traditional vaccines (Nadin-Davis and Fehlner-Gardiner, 2008). Recently,
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a DNA vaccine using a modified RABV G gene proved more effective
than the nativeG gene (Osinubi et al., 2009). From a regulatory standpoint,
development of a DNA vaccine is subject to additional manufacturing,
immunogenicity, and safety guidelines.
2. Plant-derived vaccines
While initially promising, plant-derived vaccines have been slow to
develop. Several studies have shown that RABV G protein can be pro-
duced in transgenic plants (Ashraf et al., 2005; Loza-Rubio et al., 2008;
McGarvey et al., 1995; Rojas-Anaya et al., 2009), and plant-produced anti-
gens administered orally or by injection may protect animals from lethal
challenge (Ashraf et al., 2005; Loza-Rubio et al., 2008; Modelska et al.,
1998). However, these findings have not been rigorously applied to target
species (e.g., dogs or wildlife). Issues related to glycosylation and anti-
genic load may continue to limit this approach.
3. Recombinant vaccines
In addition to poxviruses, other DNAviruses, such as human, chimpanzee
and canine adenovirus, have been considered for recombinant vaccine
research (Vos et al., 2001; Xiang et al., 2002; Yarosh et al., 1996). In these
studies, experimental recombinant vaccines appear more antigenic than
traditional vaccines. However, several issues will require careful long-
term evaluation, such as release of a replication-competent DNA virus-
based vaccine aswell as the high frequency of recombination in largeDNA
viruses.
4. Avirulent rabies virus vaccines
Residual pathogenicity is a concern with any active vaccine, especially in
juvenile and immunocompromised individuals. Approaches using
reverse genetics for gene rearrangement, duplication, or deletion resulted
in various degrees of fitness and immunogenicity (Faber et al., 2002; Ito
et al., 2005; Shoji et al., 2004; Wu and Rupprecht, 2008). Research into
attenuation for target animals would have a significant impact on vaccine
development, but public perception and regulatory hurdles could thwart
future developments in this area.
5. Dual rabies vaccination and immunocontraception
Population management in free-ranging animals using RABV as a vector
is needed. Despite the highly attractive idea of dual rabies vaccination
and immunocontraception, various scientific, regulatory, and ethical
challenges face any such product. The use of RABV as a vector for
immunocontraception has been reported in cell culture and preliminary
studies in mice (Wu et al., 2009, 2010).
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III. ANTIBODIES

A. Existing biologics

The current World Health Organization (WHO) rabies PEP guide recom-
mends that, for all category III exposures (bites, scratches, and mucosal
contacts), rabies immune globulin (RIG) be infiltrated around the site.
Currently, only human RIG (HRIG) and equine RIG (ERIG) are available
for PEP (Table II).

HRIG is not widely available in most countries where cost is a major
limiting factor. In 2004, the average per patient cost of HRIG in the United
States was estimated at $761 and is now assumed to be over US$1000
(Dhankhar et al., 2008; Kreindel et al., 1998). Only HRIG is administered in
many developed countries due to the risk of adverse events associated
with ERIG.

Compared to HRIG, ERIG is more widely available and less expensive,
but affordability and availability are still problems. For example, less than
TABLE II Current and future rabies virus antibodies

Status Name Dose Components Source

Currently

available

Human

rabies

immune

globulin

(HRIG)

20 IU/kg Polyclonal Multiple

Equine

rabies

immune

globulin

(ERIG)

40 IU/kg Polyclonal;

F(ab0)2 or
IgG

preparations

Multiple

Human

clinical

trials

CL184 20 IU/kg CR57/CR4098

monoclonal

cocktail

Crucell (Leiden,

Netherlands)

In vivo

testing

Not

specified

20 IU/kg R16F7/R14D6

monoclonal

cocktail

Indian

Immunologicals

Ltd.

(Hyderabad,

India)

In vitro

testing

RAB1 0.03 mg/

ml

17C7

monoclonal

MassBioLogics

(Jamaica Plain,

MA)
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18% of patients in India that required ERIG received it due to affordability
(Satpathy et al., 2005). Severe adverse events such as anaphylaxis and
serum-sickness are often cited as problems with ERIG (Wilde and
Chutivongse, 1990; Wilde et al., 1989). However, several studies have
found that currently available highly purified, modified ERIG only rarely
caused severe adverse events (Lang et al., 1998a,b; Satpathy et al., 2005). In
Brazil, antihistamines and corticosteroids were administered before treat-
ment with ERIG to reduce adverse effects (Cupo et al., 2001). Highly
purified products can reduce adverse effects but may be cleared more
rapidly reducing passive immunity before vaccine-induced antibodies
are present.

Monoclonal antibodies (mAbs) that neutralize RABV have been recog-
nized as one alternative to overcome the limitations of RIG. Theoretically,
adequate supplies of mAbs could be produced in a cost-effective manner
to meet the demand for PEP (Prosniak et al., 2003). Using a human mAb
cocktail for PEP reduces the likelihood of adverse events and is as effec-
tive as HRIG in preventing rabies in laboratory animals (Goudsmit et al.,
2006). Currently, one mAb cocktail is in human clinical trials (Fig. 1,
Table II; reviewed in De Kruif et al., 2007).
B. Future approaches

Recently, a single anti-rabies human mAb was isolated from immunized
transgenic mice (Sloan et al., 2007). This mAb, known as RAB1, neutra-
lized all RABV from various sources that were tested, and two amino acid
substitutions were required for neutralization escape (Table II). No RABV
(out of 468 sequences) was identified with both substitutions, so theoreti-
cally, RAB1 will neutralize all these sequenced strains (Wang et al., 2009).
Arguments in favor of this approach include lower production costs and
high conservation of the epitope in canine strains. However, if this con-
cept is in error, then no alternate mAbs are present to neutralize the
exposing virus.

Another strategy is to return to mouse hybridomas and use these to
identify mAbs that have desired properties, such as high activity, binding
specificity, IgG isotype, and a reliable source (Muller et al., 2009). Such
mouse mAbs can then be humanized to create a human mAb that has
equivalent properties to the mouse mAb. Recently, Muller et al. (2009)
followed this strategy to produce three cocktails containing two noncom-
peting mouse mAbs that were as effective as HRIG in animal models.

Producing mAbs from humans reduces the risks of reactions related to
animal sequences. Two mAbs from immortalized B-lymphocyte lines
from an immunized human were developed recently for use in India
(Table II). These mAbs protected animals when given with vaccine in a
PEP model either individually or in a cocktail (Nagarajan et al., 2008).
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CR57 (Bakker et al., 2005). In a phase I clinical trial, the CR57/CR4098 mAb cocktail,

CL184, was found to be safe and effective (i.e., it did not cause major adverse reactions in

healthy adults, and it did not interfere with induction of VNA; Bakker et al., 2008).
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Houimel and Dellagi (2009) selected RABV-specific antigen-binding frag-
ments (Fabs) from immunized humans using a phage-display library.
Similar to previous results (Kramer et al., 2005; Sloan et al., 2007), the
selected Fabs were specific for G protein antigenic region III (Fig. 1) but
did not compete with each other for binding in this region (Houimel and
Dellagi, 2009).
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Production of human mAbs in transgenic plants offers many similar
benefits with the added benefit of agricultural scalability. When one mAb,
SO57, was purified from transgenic plants, high levels of active protein
were recovered. The plant-derived mAb had altered glycosylation, which
resulted in shorter serum half-life but did not cause antigenic or allergic
responses in animals. Given in a PEP animal model, this mAb protected
all animals (Ko et al., 2003).
C. Preliminary studies toward an anti-Lyssavirus mAb

The use of immunized humans for immune library construction biases
libraries toward neutralization of RABV genotype 1 with lower
cross-reactivity toward other Lyssavirus genotypes. To circumvent this
limitation, mAbs can be (1) isolated from transgenic mice immunized
with lyssaviruses; (2) selected from naı̈ve immune libraries, which theo-
retically contain binders to any antigen; or (3) engineered from distinct
heavy and light chains. With the goal of identifying and characterizing a
novel anti-LyssavirusmAb, we have obtained a naı̈ve, human-heavy chain
domain, phage-display library (Famm et al., 2008). The library was
panned using a recombinant ERA RABV expressing G proteins from
Lagos and West Caucasian bat viruses following established methods
(Kramer et al., 2005; Lee et al., 2007). After panning, potential high affinity
domain antibodies (dAb) were identified by ELISA. Research is under-
way at our laboratory to identify virus-neutralizing dAbs and to conduct
animal efficacy trials.
IV. ANTIVIRAL DRUGS

A. Existing options

Only recently has some scientific interest shifted to exploration of anti-
RABV compounds, following the successful recovery of a patient with
clinical rabies without use of vaccine or RIG, with treatment using an
induced coma and nonspecific antiviral products (Willoughby et al.,
2005). The patient survived with mild neurological impairments, which
partially improved after a fewmonths (Hu et al., 2007). This treatment was
successful, but the mechanisms (host immune responses, effects of
applied drugs, etc.) of RABV clearance remain unknown. A similar pro-
tocol has been applied in approximately 18 additional cases with less than
satisfactory outcomes, and other survivors received at least partial PEP
prior to development of clinical symptoms.

Previously, only a few compounds, that were successful against other
viral targets, were applied to RABV (Lockhart et al., 1992). The Working
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Group on Management of Rabies in Humans proposed aggressive and
palliative approaches for management of human rabies. For aggressive
treatment, a combination therapy was recommended, including ribavirin,
INF-a, and ketamine, as well as vaccine and RIG ( Jackson et al., 2003).
1. Ribavirin
Ribavirin is a broad spectrum antiviral drug targeting various DNA and
RNA viruses by blocking RNA synthesis via inhibition of inosine
50-monophosphate dehydrogenase (De Clercq, 2004). Activity against
RABV was demonstrated in cell culture but could not be replicated in
animal models (Bussereau and Ermine, 1983; Bussereau et al., 1983, 1988).
Ribavirin is known to skew the immune response toward a Th1-type
inflammatory response (Lau et al., 2002; Powers et al., 1982; Tam et al.,
2000). Given the primacy of the humoral Th2-type response in clearance
of RABV, the immunomodulatory properties of ribavirin may result in
suppression or delays in antibody production ( Jahrling et al., 1980).
Intravenous administration of ribavirin alone for treatment of rabies in
humans was not successful (Kureishi et al., 1992). Similarly, administra-
tion of ribavirin with IFN-a in humans did not mediate virus neutraliza-
tion or clearance (Warrell et al., 1989).
2. Interferon
During initiation of the innate immune response, IFN generates an intra-
cellular environment that restricts viral replication. IFN-a interacts with
cells of the innate immune system and participates in the transition to an
effective adaptive immune response. In general, lyssaviruses have
evolved mechanisms to counteract IFN, allowing efficient intracellular
replication and propagation (Brzozka et al., 2005, 2006; Lafon, 2005). In
some experiments, IFN prevented replication of RABV in cell culture or
protected animals when given after exposure (Atanasiu et al., 1981; Baer
et al., 1979; Depoux, 1965; Weinmann et al., 1979; Wiktor and Clark, 1972).
However, in symptomatic or suspect human rabies patients, systemically
or locally administered IFN showed no clinically beneficial effect. In some
cases, diminished or delayed virus-neutralizing antibody titers were
observed (Merigan et al., 1984).
3. N-methyl D-aspartate (NMDA) receptor antagonists Amantadine
and Ketamine

Amantadine is a noncompetitive NMDA receptor antagonist (Stoof et al.,
1992). Based on studies of influenza virus, amantadine prevents uncoat-
ing and release of viral RNA into the host cell (De Clercq, 2004). The
potential antiviral effect against RABV was demonstrated only in limited
extent in cell culture (Superti et al., 1985).
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Ketamine is also a noncompetitive NMDA receptor antagonist and a
dissociative anesthetic. In high concentrations, it has been shown to
inhibit RABV genome transcription (Lockhart et al., 1992). However,
such high drug concentrations most likely cannot be achieved in humans
( Jackson et al., 2003). Ketamine reduced the spread of RABV infection in
rats (Lockhart et al., 1991), but this was not confirmed in a recent more
detailed study in mice and primary mouse neuronal cell cultures (Weli
et al., 2006). Ketamine and amantadine may have an additive effect, as
they bind differently to the NMDA receptor (Bresink et al., 1995; Porter
and Greenamyre, 1995; Willoughby et al., 2005). Amantadine specifically
inhibits NMDA receptors by accelerating channel closure during channel
block (Blanpied et al., 2005).
B. Future approaches

The development of antiviral biologics for rabies therapy currently
focuses on inhibition of virus replication, specifically targeting the phos-
phoprotein (P), nucleoprotein (N), or their genes. Four strong RABV
inhibitory peptides were identified which affect different P protein func-
tional domains and inhibit viral replication (Real et al., 2004). Similarly,
peptides derived from P protein demonstrated an inhibitory effect on
virus replication in cell culture (Castel et al., 2009). Wunner et al. (2004)
used a cDNA library of short random fragments derived from the RABV
genome to isolate two nucleotide fragments, from the N and P genes, that
inhibited RABV replication in cell culture. Other RNA interference-based
antiviral approaches using short-interfering RNAs have been developed
against N mRNA (Brandao et al., 2007). In all these studies, dosage and
delivery present significant problems. Thus, many of these peptides are
currently being used to direct the search for compounds that will have
similar inhibitory properties (Tordo, 2010).

Small-molecular weight compounds, such as snake antivenom, may
inhibit RABV binding, based on their binding to acetylcholine receptors,
but have not shown promising results in preliminary animal studies.
Screens for compounds that inhibit replication of a RABV mini-genome
that expresses green fluorescent protein are being carried using high-
throughput methods (Tordo, 2010). Multiple small-molecule scaffolds
have been identified using cell-free protein synthesis (CFPS) that block
putative steps of host-catalyzed viral capsid-related complex formation
(Lingappa and Lingappa, 2005). Application of CFPS in the designing of
anti-RABV products could be one key strategy in the future. Gene trap
target discovery is another strategy for screening currently available,
licensed drugs that inhibit nonessential human host genes that are
required for viral replication (Rubin and Ruley, 2006).
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Currently, no RABV-specific antiviral compounds with significant,
reproducible activity in animal models have been identified. Despite
significant progress in our understanding of Lyssavirus pathogenesis and
host immune responses, clinical rabies remain almost inevitably fatal.
Only limited guidance exists for confirmed human rabies cases, due to
the lack of a validated animal model for experimental rabies therapeutics
with critical care capacities and effective licensed antiviral agents.
V. CONCLUSIONS

Within the next decade, current cell-culture vaccines will be produced in
serum-free culture media, which will reduce production costs and result
in safer products. Better vaccine and alternate routes of administration
may simplify the PEP regimen in the near future. The ideal ‘‘one shot’’
solution both for human PEP and canine PrEP is still a long-range goal
and will likely require a live recombinant adenovirus or avirulent RABV
vector. In the next decade, mAbs will become part of the PEP regimen and
will eventually replace RIG. Significant efforts to screen compound
libraries for specific RABV antiviral drugs, which can be tested in a
relevant animal model, will result in better rabies therapeutics.

Use of trade names and commercial sources is for identification only
and does not imply endorsement by the US Department of Health and
Human Services. The findings and conclusions in this report are those of
the authors and do not necessarily represent the views of the Centers for
Disease Control and Prevention.
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Abstract Preventive therapy for rabies, including wound cleansing and active
and passive immunization after a recognized exposure, is highly

efficacious. Unfortunately, there is no established therapy that is

effective for patients who develop rabies encephalomyelitis. There

have been several survivors from rabies and all but one received

rabies vaccine prior to the onset of clinical illness. Aggressive

approaches to therapy of human rabies may be appropriate in

certain situations. There is no scientific rationale for the use of

therapeutic coma, and there are many reports of failures using this

approach. Therapeutic coma should be abandoned for the therapy

of rabies. New approaches such as therapeutic hypothermia should

be evaluated, in combination with other therapeutic agents. More

basic research is needed on the mechanisms involved in rabies

pathogenesis, which will hopefully facilitate the development of

new therapeutic approaches in the future for this ancient disease.
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I. INTRODUCTION

Worldwide, there are at least 55,000 human cases of rabies each year
(World Health Organization, 2005) and perhaps as many as 75,000 or
more. Rabies virus transmission almost always occurs in association
with animal bites. Most human rabies cases are related to transmission
where there is endemic dog rabies in resource-limited or resource-poor
countries, particularly in Asia and Africa. In North America, there is
rabies in wildlife, including in bats, raccoons, skunks, and foxes, and
relatively few human cases occur. In the United States and Canada,
most human cases are caused by bat rabies virus variants, and many of
these cases are due to unrecognized bat exposures. Patients who develop
rabies have a very dismal outcome. Although it is unclear why an Ameri-
can girl survived rabies in 2004 (Willoughby et al., 2005), this favorable
outcome offers hope that aggressive approaches to therapy may become
more successful in the future ( Jackson, 2005). Unfortunately, no effective
therapy for rabies is available at this time. An improved understanding of
the pathogenesis of rabies may be helpful in designing novel therapies for
the future.
II. PREVENTION OF RABIES

Rabies can be very effectively prevented after a recognized exposure. It is
important that current recommendations for rabies prevention (Manning
et al., 2008; World Health Organization, 2005), which are available in the
Morbidity and Mortality Weekly Report (http://www.cdc.gov/mmwr/)
and World Health Organization (http://www.who.int/en/) Web sites,
are closely followed because even minor deviations can lead to failure of
preventive therapy. After a human is bitten by a dog, cat, or ferret, the
animal should be captured, confined, and observed for a period of at least
10 days and then examined by a veterinarian prior to its release. This
approach cannot be taken with any other species, and a laboratory exami-
nation of the brain is necessary for confirmation of the presence or
absence of rabies, which is also the approach if a confined animal devel-
ops signs suggestive of rabies. Effective postexposure therapy for rabies
includes wound cleansing and both active and passive immunization in a
previously unimmunized individual (Manning et al., 2008). Active immu-
nization is achieved with four doses of vaccine, which was recently
updated from a recommendation for five doses (Rupprecht et al., 2010),
with the use of a modern cell-culture vaccine, including purified chick
embryo cell-culture vaccine or human diploid cell vaccine (administered
intramuscularly in the deltoid muscle on days 0, 3, 7, and 14). Passive

http://www.cdc.gov/mmwr/
http://www.cdc.gov/mmwr/
http://www.who.int/en/
http://www.who.int/en/
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immunization is performed with human rabies immune globulin at a
dosage of 20 IU/kg with local infiltration into and around the wound(s);
any remainder of the volume should be given intramuscularly at a site
distant from the site of vaccine administration.
III. THERAPY OF RABIES

The ideal therapy for a patient with rabies is unknown. Until recently,
only patients who received rabies vaccine prior to the onset of their
disease had survived. A variety of approaches have proved to be unsuc-
cessful. Therapy with human leukocyte interferon, given as high-dose
intraventricular and systemic (intramuscular) administration, in three
patients was not associated with a beneficial clinical effect, but this ther-
apy was not initiated until between 8 and 14 days after the onset of
symptoms (Merigan et al., 1984). Similarly, antiviral therapy with intrave-
nous ribavirin (16 patients given doses of 16–400 mg) was unsuccessful in
China (Kureishi et al., 1992). An open trial of therapy with combined
intravenous and intrathecal administration of either ribavirin (one
patient) or interferon-a (three patients; Warrell et al., 1989) was also
unsuccessful. Anti-rabies virus hyperimmune serum of either human or
equine origin has been administered intravenously and by the intrathecal
routes (Basgoz and Frosch, 1998; Emmons et al., 1973; Hattwick et al., 1976;
Hemachudha et al., 2003), but there was no beneficial effect.

A group of physicians with expertise in rabies and rabies researchers
published an article in 2003 giving recommendations on therapies that
could be considered for an aggressive approach ( Jackson et al., 2003).
Young and previously healthy patients with an early clinical diagnosis of
rabies (prior to laboratory confirmation) and prompt initiation of therapy
should offer the best opportunity for a favorable outcome ( Jackson et al.,
2003). Therapies for potential consideration include rabies vaccine,
human rabies immune globulin, monoclonal antibodies (for the future),
ribavirin, interferon-a, and ketamine. The recommendation for therapy
with ketamine was based on animal studies performed at Institut Pasteur
in Paris (Lockhart et al., 1991). Similar to current therapies for cancer,
human immunodeficiency virus infection, and chronic hepatitis C infec-
tion, it was felt that a combination of therapies might prove effective in
situations that specific therapies had failed previously.

In 2004, a patient survived rabies who had not received rabies vaccine
or any other prophylactic therapy for rabies prior to the onset of clinical
disease (Willoughby et al., 2005) This 15-year-old female was bitten by a
bat on her left index finger. About 1 month after the bite, she developed
numbness and tingling of her left hand, and over the next 3 days, she
developed diplopia, bilateral partial sixth-nerve palsies, and
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unsteadiness. An MR imaging study of the brain was normal. On her 4th
day of illness, CSF examination showed a pleocytosis (23 white blood
cells/mL, predominantly lymphocytes) and mildly elevated protein. She
subsequently developed fever (38.8 �C), nystagmus, left arm tremor, and
hypersalivation, and the history of the bat bite was obtained at about this
time. The patient was transferred to a tertiary care hospital in Milwaukee,
Wisconsin 5 days after the onset of neurologic symptoms. Neutralizing
anti-rabies virus antibodies were detected in sera and CSF (initially at
titers of 1:102 and 1:47, respectively). Nuchal skin biopsies were negative
for rabies virus antigen, rabies virus RNA was not detected in the skin
biopsies or in saliva by RT-PCR, and attempts at rabies virus isolation on
saliva were negative. The patient was intubated and put into a drug-
induced coma, which included the noncompetitive N-methyl-D-aspartate
(NMDA) antagonist ketamine, administered at 48 mg/kg/day as a con-
tinuous infusion and intravenous midazolam for 7 days. A burst-suppres-
sion pattern on her electroencephalogram was maintained and this
required the use of supplemental phenobarbital. She also received anti-
viral therapy, including intravenous ribavirin and amantadine (200 mg/
day administered enterally). The justification for amantadine was on the
basis of an obscure in vitro study (Superti et al., 1985). She improved and
was discharged from hospital with neurologic deficits, and she has sub-
sequently shown progressive neurologic improvement (Hu et al., 2007).

This is the first documented survivor who had not received rabies
vaccine prior to the onset of clinical rabies. As discussed in an accompa-
nying editorial, it is unknown if therapy with one or more specific agents
played an important role in the favorable outcome of this patient
( Jackson, 2005). However, since that time, there have been at least 20
cases in which the main components of this approach (the ‘‘Milwaukee
Protocol’’) have been used and fatal outcomes have resulted (Table I).
There is also evidence that this protocol has been used in additional cases
(Willoughby, 2009), and perhaps many others, but the details are not
known and likely will never be reported. The induction of coma per se
has not been shown to be useful in the management of infectious diseases
of the nervous system, and there is no evidence supporting this approach
in rabies or in other viral encephalitides. Hence, therapeutic coma should
not become a routine therapy for the management of rabies. Unlike other
viral infections of the nervous system, including Sindbis virus encephalo-
myelitis (Darman et al., 2004; Nargi-Aizenman and Griffin, 2001; Nargi-
Aizenman et al., 2004) and human immunodeficiency virus infection
(Kaul and Lipton, 2007), there is no established experimental evidence
supporting excitotoxicity in rabies, and there is recent evidence in an
animal model that demonstrated the lack of efficacy of ketamine therapy,
which argues against this hypothesis (Weli et al., 2006). Even where there
is strong experimental evidence of excitotoxicity in animal models,



TABLE I Cases of human rabies with treatment failures that used the main components of the ‘‘Milwaukee Protocol’’

Case no.

Year of

death

Age and sex

of patient Virus source Country Reference

1 2005 47 male Kidney and pancreas

transplant (dog)

Germany Maier et al. (2010)

2 2005 46 female Lung transplant
(dog)

Germany Maier et al. (2010)

3 2005 72 male Kidney transplant

(dog)

Germany Maier et al. (2010)

4 2005 Unknown Dog India Bagchi (2005)

5 2005 7 male Vampire bat Brazil –a

6 2005 20–30 female Vampire bat Brazil –a

7 2006 33 male Dog Thailand Hemachudha et al.

(2006)
8 2006 16 male Bat USA (Texas) Houston Chronicle (2006)

9 2006 10 female Bat USA (Indiana) Christenson et al. (2007)

10 2006 11 male Dog (Philippines) USA (California) Christenson et al. (2007)

11 2007 73 male Bat Canada (Alberta) McDermid et al. (2008)

12 2007 55 male Dog (Morocco) Germany Drosten (2007)

13 2007 34 female Bat (Kenya) The Netherlands van Thiel et al. (2009)

14 2008 5 male Dog Equatorial Guinea Rubin et al. (2009)

15 2008 55 male Bat USA (Missouri) Pue et al. (2009),
Turabelidze et al.

(2009)

16 2008 8 female Cat Colombia Juncosa (2008)

17 2008 15 male Vampire bat Colombia Badillo et al. (2009)

18 2009 37 female Dog (South Africa) Northern Ireland Hunter et al. (2010)

19 2009 42 male Dog (India) USA (Virginia) Troell et al. (2010)

20 2010 11 female Cat Romania –b

a Personal communication from Dr. Rita Medeiros, University of Para, Belem, Brazil.
b Personal communication from Dr. Mihai A. Turcitu, Institute for Diagnosis and Animal Health, National Reference Laboratory for Rabies, Bucharest, Romania.
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multiple clinical trials in humans have shown a lack of efficacy of neuro-
protective agents in stroke (Ginsberg, 2009). Hence, a strong neuroprotec-
tive effect of a therapy given to a single patient without a clear scientific
rationale is not likely responsible for a favorable outcome. It is much more
likely that this patient would have recovered with only supportive ther-
apy and did well to tolerate the additional ‘‘insult’’ of therapeutic coma
without having adverse effects.

The presence of neutralizing anti-rabies virus antibodies early in a
patient’s clinical course is likely an important factor contributing to a
favorable outcome. This probably occurs in less than 20% of all patients
with rabies. The presence of neutralizing anti-rabies virus antibodies is a
marker of an active adaptive immune response that is essential for viral
clearance (Lafon, 2007). There have been six survivors of rabies who
received rabies vaccine prior to the onset of their disease (and only one
who did not receive vaccine). This supports the notion that an early
immune response is associatedwith a positive outcome. Bat rabies viruses
may be less neurovirulent than canine or other variants that are responsi-
ble for most human cases of rabies (Lafon, 2005), and rabies due to canine
rabies virus variants may have a less favorable outcome than cases caused
by bat rabies variants. A previous survivor of rabies, who received rabies
vaccine prior to the onset of disease, had a good neurological recovery
and was also infected with a bat rabies virus (Hattwick et al., 1972). It is
unknown if the causative bat rabies virus variant in the Milwaukee case
was, in some way, attenuated and different from previously isolated bat
rabies virus variants because viral isolation was not successful. There is
also another case with transmission of rabies from a vampire bat in Brazil,
in which the patient received rabies vaccine prior to the onset of disease
and was also treated with the Milwaukee protocol; this case has been
reported only in preliminary form (Ministerio da Saude in Brazil, 2008).
Finally, most survivors of rabies have shown neutralizing anti-rabies
virus antibodies in sera and cerebrospinal fluid, but other diagnostic
laboratory tests are usually negative for rabies virus antigen and RNA
in fluids and tissues (brain tissues not tested). This may be because viral
clearance was so effective that centrifugal spread of the infection to
peripheral organ sites was reduced or rapid clearance occurred through
immune-mediated mechanisms.

An aggressive approach to therapy of rabies will require the full
resources of a critical care unit and has a high risk of failure. The following
should all be considered a ‘‘favorable’’ factors for initiating an aggressive
therapeutic approach: (1) therapy with dose(s) of rabies vaccine prior to
the onset of illness, (2) young age, (3) healthy and immunecompetent
individual, (4) rabies due to a bat rabies variant (e.g., in contrast to a
canine variant), (5) early presence of neutralizing anti-rabies virus anti-
bodies in serum and CSF, and (6) mild neurological disease at the time of
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initiation of therapy. Laboratory tests for the detection of rabies virus
antigen and RNA may be persistently negative in potential rabies survi-
vors because viral clearance has already been initiated by the individual’s
immune response.
IV. NEW APPROACHES

New approaches to treating human rabies need to be developed rather
than repeating ineffective therapies. Finding an effective neuroprotective
drug is highly unlikely with a ‘‘trial and error’’ approach in light of the
fact that over 100 clinical trials have already shown a lack of efficacy for a
single neuroprotective drug for acute stroke, whereas many of these
drugs showed efficacy in vivo in animal models (Ginsberg, 2009). The
most effective ‘‘neuroprotective’’ therapy for an acute brain insult is
therapeutic hypothermia, in which the body temperature is reduced by
a variety of cooling methods to reduce neuronal injury and improve
clinical outcomes. Efficacy has been established in Australian (Bernard
et al., 2002) and European (The Hypothermia After Cardiac Arrest Study
Group, 2002) studies for patients who remain unconscious after wit-
nessed cardiac arrest due to ventricular fibrillation. Efficacy for hypother-
mia for traumatic brain injury has not yet been established (Christian
et al., 2008). Hypothermia decreases cerebral metabolism, production of
reactive oxygen species, lipid peroxidation, and inflammatory response
activity, which, at least in part, may explain its beneficial effects. There are
generalized methods of inducing hypothermia and also regional methods
that can be applied to the head and neck, which include use of a cooling
helmet (Wang et al., 2004) and intranasal cooling (Busch et al., 2010;
Castren et al., 2010). Intranasal cooling involves spraying an inert evapo-
rative coolant via nasal prongs that rapidly evaporates after contact with
the nasopharynx, and it has the advantage that it reduces the temperature
more rapidly. The regional methods are associated with less systemic
adverse effects and would also be expected to have a reduced effect on
a natural or rabies vaccine-induced systemic immune response, which is
important for viral clearance in rabies virus infection. Rabies virus repli-
cation is generally fairly efficient at lower-than-normal body tempera-
tures (e.g., 33 �C), particularly with infection of an epithelial cell line with
a bat rabies virus variant (Morimoto et al., 1996). However, there may be
reduced viral spread due to inhibitory effects of hypothermia on fast
axonal transport (Bisby and Jones, 1978) and trans-synaptic spread as
well as other beneficial and neuroprotective effects. Under natural condi-
tions, hibernation of rabies vectors likely results in ‘‘suspension’’ of viral
replication (Sulkin et al., 1960) and inhibition of viral spread by marked
inhibition of axonal transport (Bisby and Jones, 1978) due to very low
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body temperatures (e.g., below 5–10 �C). In contrast, therapeutic mild
(34 �C) or moderate (30 �C) hypothermia maintained for periods of
24–48 h would be expected to be associated with more modest but poten-
tially beneficial effects. Entirely new approaches need to be taken for the
aggressive management of human rabies, which may combine a variety of
different therapeutic approaches, including, for example, hypothermia
and antiviral drugs. Nevertheless, further research is also needed to
gain a better understanding of basic pathogenetic mechanisms in rabies,
which may open the door to novel therapeutic approaches in the future.
V. CONCLUSIONS

Although rabies can be prevented after recognized exposures, no effective
therapy for human rabies is available. It remains highly doubtful that the
Milwaukee Protocol will prove to be useful in the management of human
rabies. Repetition of this therapy will likely impede progress in develop-
ing new effective therapies for rabies. More basic research is needed to
improve our understanding of basic mechanisms underlying rabies path-
ogenesis in humans and animals. In the meantime, new therapeutic
approaches such as hypothermia should be evaluated in combination
with antiviral and other therapeutic agents to conquer this ancient
disease.
REFERENCES

Badillo, R., Mantilla, J. C., and Pradilla, G. (2009). Human rabies encephalitis by a vampire
bat bite in an urban area of Colombia (Spanish). Biomédica 29:191–203.

Bagchi, S. (2005). Coma Therapy. The Telegraph, Calcutta. July 4, 2005.
Basgoz, N., and Frosch, M. P. (1998). Case records of the Massachusetts General Hospital: A

32-year-old woman with pharyngeal spasms and paresthesias after a dog bite. N. Engl. J.

Med. 339:105–112.
Bernard, S. A., Gray, T. W., Buist, M. D., Jones, B. M., Silvester, W., Gutteridge, G., and

Smith, K. (2002). Treatment of comatose survivors of out-of-hospital cardiac arrest with
induced hypothermia. N. Engl. J. Med. 346:557–563.

Bisby, M. A., and Jones, D. L. (1978). Temperature sensitivity of axonal transport in hibernat-
ing and nonhibernating rodents. Exp. Neurol. 61:74–83.

Busch, H. J., Eichwede, F., Fodisch, M., Taccone, F. S., Wobker, G., Schwab, T., Hopf, H. B.,
Tonner, P., Hachimi-Idrissi, S., Martens, P., Fritz, H., Bode, C., et al. (2010). Safety and
feasibility of nasopharyngeal evaporative cooling in the emergency department setting in
survivors of cardiac arrest. Resuscitation 81:943–949.

Castren, M., Nordberg, P., Svensson, L., Taccone, F., Vincent, J. L., Desruelles, D.,
Eichwede, F., Mols, P., Schwab, T., Vergnion, M., Storm, C., Pesenti, A., et al. (2010).
Intra-arrest transnasal evaporative cooling: A randomized, prehospital, multicenter
study (PRINCE: Pre-ROSC IntraNasal Cooling Effectiveness). Circulation 122:729–736.



Therapy of Human Rabies 373
Christenson, J. C., Holm, B. M., Lechlitner, S., Howell, J. F., Wenger, M., Roy-Burman, A.,
Hsieh, C. J., LaBar, L., Petru, A., Davis, S., Simons, N., Apolinario, P., et al. (2007). Human
rabies—Indiana and California, 2006. MMWR Morb. Mortal. Wkly. Rep. 56:361–365.

Christian, E., Zada, G., Sung, G., and Giannotta, S. L. (2008). A review of selective
hypothermia in the management of traumatic brain injury. Neurosurg. Focus 25:E9.

Darman, J., Backovic, S., Dike, S., Maragakis, N. J., Krishnan, C., Rothstein, J. D., Irani, D. N.,
and Kerr, D. A. (2004). Viral-induced spinal motor neuron death is non-cell-autonomous
and involves glutamate excitotoxicity. J. Neurosci. 24:7566–7575.

Drosten, C. (2007). Rabies - Germany (Hamburg) ex Morocco. ProMED-mail 20070419.1287.
Available at http://www.promedmail.org/Accessed December 4, 2010.

Emmons, R. W., Leonard, L. L., DeGenaro, F., Jr., Protas, E. S., Bazeley, P. L.,
Giammona, S. T., and Sturckow, K. (1973). A case of human rabies with prolonged
survival. Intervirology 1:60–72.

Ginsberg, M. D. (2009). Current status of neuroprotection for cerebral ischemia: Synoptic
overview. Stroke 40(Suppl. 3):S111–S114.

Hattwick, M. A. W., Weis, T. T., Stechschulte, C. J., Baer, G. M., and Gregg, M. B. (1972).
Recovery from rabies: A case report. Ann. Intern. Med. 76:931–942.

Hattwick, M. A., Corey, L., and Creech,W. B. (1976). Clinical use of human globulin immune
to rabies virus. J. Infect. Dis. 133(Suppl.):A266–A272.

Hemachudha, T., Sunsaneewitayakul, B., Mitrabhakdi, E., Suankratay, C., Laothamathas, J.,
Wacharapluesadee, S., Khawplod, P., and Wilde, H. (2003). Paralytic complications
following intravenous rabies immune globulin treatment in a patient with furious rabies.
Int. J. Infect. Dis. 7:76–77(Letter).

Hemachudha, T., Sunsaneewitayakul, B., Desudchit, T., Suankratay, C., Sittipunt, C.,
Wacharapluesadee, S., Khawplod, P., Wilde, H., and Jackson, A. C. (2006). Failure of
therapeutic coma and ketamine for therapy of human rabies. J. Neurovirol. 12:407–409.

Houston Chronicle (2006). Rabies, human—USA (Texas) . ProMED-mail 20060513.1360.
Available at http://www.promedmail.org/Accessed December 4, 2010.

Hu, W. T., Willoughby, R. E., Jr., Dhonau, H., and Mack, K. J. (2007). Long-term follow-up
after treatment of rabies by induction of coma. N. Engl. J. Med. 357:945–946, (Letter).

Hunter, M., Johnson, N., Hedderwick, S., McCaughey, C., Lowry, K., McConville, J.,
Herron, B., McQuaid, S., Marston, D., Goddard, T., Harkess, G., Goharriz, H., et al.
(2010). Immunovirological correlates in human rabies treated with therapeutic coma.
J. Med. Virol. 82:1255–1265.

Jackson, A. C. (2005). Recovery from rabies. N. Engl. J. Med. 352:2549–2550, (Editorial).
Jackson, A. C., Warrell, M. J., Rupprecht, C. E., Ertl, H. C. J., Dietzschold, B., O’Reilly, M.,

Leach, R. P., Fu, Z. F., Wunner, W. H., Bleck, T. P., and Wilde, H. (2003). Management of
rabies in humans. Clin. Infect. Dis. 36:60–63.

Juncosa, B. (2008). Hope for rabies victims: Unorthodox coma therapy shows promise. First a
U.S. girl—And now two South American kids survive onset of the deadly virus. Scientific
American.com. Available at, http://www.scientificamerican.com/Accessed December 4,
2010.

Kaul, M., and Lipton, S. A. (2007). Neuroinflammation and excitotoxicity in neurobiology of
HIV-1 infection and AIDS: Targets for neuroprotection. In ‘‘Interaction Between Neurons
and Glia in Aging and Disease’’ (J. O. Malva, A. C. Rego, R. A. Cunha, and C. R. Oliveira,
eds.), pp. 281–308. Springer Science, New York.

Kureishi, A., Xu, L. Z., Wu, H., and Stiver, H. G. (1992). Rabies in China: Recommendations
for control. Bull. World Health Organ. 70:443–450.

Lafon, M. (2005). Bat rabies—The Achilles heel of a viral killer? Lancet 366:876–877.
Lafon, M. (2007). Immunology. In ‘‘Rabies’’ (A. C. Jackson and W. H. Wunner, eds.),

pp. 489–504. Elsevier Academic Press, London.

http://www.promedmail.org/
http://www.promedmail.org/
http://www.promedmail.org/
http://www.promedmail.org/
http://www.scientificamerican.com/
http://www.scientificamerican.com/


374 Alan C. Jackson
Lockhart, B. P., Tsiang, H., Ceccaldi, P. E., and Guillemer, S. (1991). Ketamine-mediated
inhibition of rabies virus infection in vitro and in rat brain. Antivir. Chem. Chemother.
2:9–15.

Maier, T., Schwarting, A., Mauer, D., Ross, R. S., Martens, A., Kliem, V., Wahl, J.,
Panning, M., Baumgarte, S., Muller, T., Pfefferle, S., Ebel, H., et al. (2010). Management
and outcomes after multiple corneal and solid organ transplantations from a donor
infected with rabies virus. Clin. Infect. Dis. 50:1112–1119.

Manning, S. E., Rupprecht, C. E., Fishbein, D., Hanlon, C. A., Lumlertdacha, B., Guerra, M.,
Meltzer, M. I., Dhankhar, P., Vaidya, S. A., Jenkins, S. R., Sun, B., and Hull, H. F. (2008).
Human rabies prevention—United States, 2008: Recommendations of the Advisory Com-
mittee on Immunization Practices. MMWR. Morb. Mortal. Wkly. Rep. 57(No. RR-3):1–28.

McDermid, R. C., Saxinger, L., Lee, B., Johnstone, J., Noel Gibney, R. T., Johnson, M., and
Bagshaw, S. M. (2008). Human rabies encephalitis following bat exposure: Failure of
therapeutic coma. Can. Med. Assoc. J. 178:557–561.

Merigan, T. C., Baer, G. M., Winkler, W. G., Bernard, K. W., Gibert, C. G., Chany, C.,
Veronesi, R., and Collaborative Group, R. (1984). Human leukocyte interferon adminis-
tration to patients with symptomatic and suspected rabies. Ann. Neurol. 16:82–87.

Ministerio da Saude in Brazil (2008). Rabies, human survival, bat—Brazil: (Pernambuco).
ProMED-mail 20081114.3599. Available at http://www.promedmail.org/Accessed
December 4, 2010.

Morimoto, K., Patel, M., Corisdeo, S., Hooper, D. C., Fu, Z. F., Rupprecht, C. E.,
Koprowski, H., and Dietzschold, B. (1996). Characterization of a unique variant of bat
rabies virus responsible for newly emerging human cases in North America. Proc. Natl

Acad. Sci. USA 93:5653–5658.
Nargi-Aizenman, J. L., and Griffin, D. E. (2001). Sindbis virus-induced neuronal death is both

necrotic and apoptotic and is ameliorated by N-methyl-D-aspartate receptor antagonists.
J. Virol. 75:7114–7121.

Nargi-Aizenman, J. L., Havert, M. B., Zhang, M., Irani, D. N., Rothstein, J. D., and
Griffin, D. E. (2004). Glutamate receptor antagonists protect from virus-induced neural
degeneration. Ann. Neurol. 55:541–549.

Pue, H. L., Turabelidze, G., Patrick, S., Grim, A., Bell, C., Reese, V., Basilan, R., Rupprecht, C.,
and Robertson, K. (2009). Human rabies—Missouri, 2008. MMWR Morb. Mortal. Wkly.
Rep. 58:1207–1209.

Rubin, J., David, D., Willoughby, R. E., Jr., Rupprecht, C. E., Garcia, C., Guarda, D. C.,
Zohar, Z., and Stamler, A. (2009). Applying the Milwaukee Protocol to treat canine rabies
in Equatorial Guinea. Scand. J. Infect. Dis. 41:372–375.

Rupprecht, C. E., Briggs, D., Brown, C. M., Franka, R., Katz, S. L., Kerr, H. D., Lett, S. M.,
Levin, R., Meltzer, M. I., Schaffner, W., and Cieslak, P. R. (2010). Use of a reduced (4-dose)
vaccine schedule for postexposure prophylaxis to prevent human rabies: Recommenda-
tions of the advisory committee on immunization practices.MMWR Recomm. Rep. 59:1–9.

Sulkin, S. E., Allen, R., Sims, R., Krutzsch, P. H., and Kim, C. (1960). Studies on the
pathogenesis of rabies in bats. II. Influence of environmental temperature. J. Exp. Med.

112:595–617.
Superti, F., Seganti, L., Pana, A., and Orsi, N. (1985). Effect of amantadine on rhabdovirus

infection. Drugs Exp. Clin. Res. 11:69–74.
The Hypothermia After Cardiac Arrest Study Group (2002). Mild therapeutic hypothermia

to improve the neurologic outcome after cardiac arrest . N. Engl. J. Med. 346:549–556.
Troell, P., Miller-Zuber, B., Ondrush, J., Murphy, J., Fatteh, N., Feldman, K., Mitchell, K.,

Willoughby, R., Glymph, C., Blanton, J., and Rupprecht, C. (2010). Human rabies—
Virginia, 2009. MMWR Morb. Mortal. Wkly. Rep. 59:1236–1238.

Turabelidze, G., Pue, H., Grim, A., and Patrick, S. (2009). First human rabies case in Missouri
in 50 years causes death in outdoorsman. Mo. Med. 106:417–419.

http://www.promedmail.org/
http://www.promedmail.org/


Therapy of Human Rabies 375
van Thiel, P. P., de Bie, R. M., Eftimov, F., Tepaske, R., Zaaijer, H. L., van Doornum, G. J.,
Schutten, M., Osterhaus, A. D., Majoie, C. B., Aronica, E., Fehlner-Gardiner, C.,
Wandeler, A. I., et al. (2009). Fatal human rabies due to Duvenhage virus from a bat in
Kenya: Failure of treatment with coma-induction, ketamine, and antiviral drugs. PLoS
Negl. Trop. Dis. 3:e428.

Wang, H., Olivero, W., Lanzino, G., Elkins, W., Rose, J., Honings, D., Rodde, M., Burnham, J.,
and Wang, D. (2004). Rapid and selective cerebral hypothermia achieved using a cooling
helmet. J. Neurosurg. 100:272–277.

Warrell, M. J., White, N. J., Looareesuwan, S., Phillips, R. E., Suntharasamai, P.,
Chanthavanich, P., Riganti, M., Fisher-Hoch, S. P., Nicholson, K. G., Manatsathit, S.,
Vannaphan, S., and Warrell, D. A. (1989). Failure of interferon alfa and tribavirin in
rabies encephalitis. Br. Med. J. 299:830–833.

Weli, S. C., Scott, C. A., Ward, C. A., and Jackson, A. C. (2006). Rabies virus infection of
primary neuronal cultures and adult mice: Failure to demonstrate evidence of excitotoxi-
city. J. Virol. 80:10270–10273.

Willoughby, R. E., Jr. (2009). Are we getting closer to the treatment of rabies? Future Virol.

4:563–570.
Willoughby, R. E., Jr., Tieves, K. S., Hoffman, G. M., Ghanayem, N. S., Amlie-Lefond, C. M.,

Schwabe, M. J., Chusid, M. J., and Rupprecht, C. E. (2005). Survival after treatment of
rabies with induction of coma. N. Engl. J. Med. 352:2508–2514.

World Health Organization (2005).WHO Expert Consultation on Rabies: First Report. World
Health Organization, Geneva.





CHAPTER 18
Advances in Virus Research
ISSN 0065-3527, DOI: 10.1

Department of Biology and
Mathematical Models for Rabies

Vijay G. Panjeti and Leslie A. Real
Contents I. Introduction 378
, Vol
016/B

Cent
ume 79 # 201
978-0-12-387040-7.00018-4 All r

er for Disease Ecology, Emory University, Atlanta, Georgia, U
1 Elsevie
ights rese

SA
II. T
he Development of the Mathematical

Approach to Rabies Dynamics
 379
III. M
odeling Approaches Using Reaction

Diffusion Methods
 381
IV. M
ethods for Incorporating Landscape

Heterogeneities
 384
V. S
tochastic Models
 387
VI. In
corporating Stochasticity and

Spatial Heterogeneity
 388
VII. O
ptimal Control
 392
VIII. C
onclusions
 394
Ackn
owledgments
 394
Refer
ences
 395
Abstract Rabies virus and its associated host–pathogen population dynam-
ics have proven a remarkable model system for developing mathe-

matical models of infectious disease emergence and spread.

Beginning with simple susceptible-infectious-removed (SIR) com-

partment models of fox rabies emergence and spread across West-

ern Europe, mathematical models have now been developed to

incorporate dynamics across heterogeneous landscapes, host

demographic variation, and environmental stochasticity. Model

structures range from systems of ordinary differential equations

(ODEs) to stochastic agent-based computational simulations. We
r Inc.
rved.

377



378 Vijay G. Panjeti and Leslie A. Real
have reviewed the variety of mathematical approaches now avail-

able for analyzing dynamics in different host populations; most

notably rabies virus spread in raccoon hosts.
I. INTRODUCTION

There has been a long history of mathematical models associated with the
study of rabies, and in many ways the timeline of model development for
rabies over the last 30 years has closely followed the development of
mathematical methods within the analysis of the ecology of infectious
diseases in general.

Early models of rabies dynamics were similar to early models for most
other diseases and followed the basic ‘‘SEIR’’ framework where popula-
tions are subdivided into specific classes corresponding to susceptible (S),
exposed (E), infectious (I), and recovered/removed (R) individuals
(Anderson and May, 1979, 1981). The dynamics are encapsulated through
the construction of a system of ordinary differential equations (ODEs)
representing either single populations or linked metapopulations from
which a variety of predictions can be drawn concerning temporal and
spatial pattern.

Although these foundational models may have lacked the level of
mathematical sophistication, we see in models today, there was really
no need for highly complicated mathematical representations since data
itself were rather limited. For instance, some recent models for describing
rabies dynamics incorporate explicit spatial interactions and can account
for events that are discrete in time and space. These spatially explicit
models may not have provided much improvement over the earliest
ODE models used 30 years ago by Anderson and May (1981), since
early in the epidemic, detailed temporal history was not yet available
and spatial resolution was limited to densities of individuals within large
regions. At present, even though the mathematical toolkit for studying
the ecological and evolutionary dynamics of a variety of infectious dis-
eases is very robust, it is the availability of data that lags behind.

In addition to asking the question of what modeling approach works
best with one’s data, it is also necessary to consider what the overall goal
of the modeling approach will be. With rabies systems, in general, the
goals of researchers are often very different. They can range from models
that are predictive, which could be used to assess the quality of different
management regimes or understand spillover risks, to models that are
focused on providing insights into ecological and evolutionary processes
that could possibly improve parameter estimations. Althoughmanymod-
eling approaches can address aspects of all of these concerns, certain



Mathematical Models for Rabies 379
modeling approaches are more appropriate when properly considering
the available data and the primary questions.

From a modeling perspective, rabies is particularly interesting in that
the virus can infect a wide variety of mammalian hosts with different
species associations in different ecological regions. In Europe, rabies has
been primarily restricted to spread within the red fox (Vulpes vulpes),
whereas in North America, rabies infects a wide range of terrestrial
carnivores including raccoons (Procyon lotor), skunks (Mephitis mephitis),
arctic and red foxes (Vulpes lagopus and V. vulpes), and coyotes (Canis
latrans). Rabies virus also circulates among domesticated animals (espe-
cially dogs and cats) and among various bat species. Despite geographic
and ecological overlap in the ranges of many of these species, the implica-
tions of multispecies host susceptibility and the community ecology of
rabies has rarely been examined (Real and Childs, 2006).

Most models for rabies virus transmission have been confined to
single species dynamics and, although the general framework for models
across these species is similar, ecological and biological constraints
between species can often make it difficult to form generalizations about
dynamics. Nonetheless, there has been a distinct history associated with
the structure of models applied to individual systems, which provides a
general conceptual framework for understanding the biological mechan-
isms driving temporal and spatial pattern.
II. THE DEVELOPMENT OF THE MATHEMATICAL
APPROACH TO RABIES DYNAMICS

The past decade has seen substantive developments in both mathematical
and computational approaches to studying rabies virus dynamics, partic-
ularly raccoon rabies within North America. In this chapter, we will focus
our discussion on these more recent developments in modeling
approaches. However, in order to put contemporary analysis into an
appropriate context, we will also review historical approaches.

Most of the earliest models for rabies virus transmission were devel-
oped to understand the epizootic expansion of rabies virus in red fox
(V. vulpes) populations into Western Europe from a focus of origin in
Eastern Europe following World War II. These early models utilized the
basic SEIR compartmental framework and these models were used to
derive several critical features of disease emergence and spread. Most
importantly, the models were used to calculate the critical threshold for
epidemic emergence and the basic reproductive number (R0) for the virus.
The value of R0 expresses the number of secondary infections generated
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from a single infection in an entirely susceptible population. When R0 is
greater than 1, the infection will spread and an epidemic will result. Using
R0, it is possible to determine a threshold density of foxes (St) belowwhich
an epizootic cannot occur. By determining a threshold density, it could
then be possible to suggest what level of population culling would be
necessary in order to bring threshold density below the epizootic level.

The flowchart in Fig. 1 illustrates the basic compartmental framework
similar to ones utilized for early fox rabies models.

Although the construction of the model illustrated in Fig. 1 follows the
SEIR compartmental framework, we have omitted the inclusion of the R
class in order to follow the convention of many of the early rabies models,
since there is little or no evidence of natural recovery or the development
of natural immunity where no vaccination is considered, which translates
susceptibles into the removed category.

The dynamics portrayed in the flowchart can be translated into the
following set of ODEs:

dS

dt
¼ rS� gSN � bSI (1)

dE

dt
¼ bSI � sþ bþ gNð ÞE (2)

dI

dt
¼ sE� aþ bþ gNð ÞI (3)

N ¼ Sþ Eþ I (4)

where S, E, and I represent densities of susceptible hosts, exposed,
and infectious individuals, respectively. The intrinsic per capita growth
is r ¼ a � b, where a is the per capita birth rate and 1/b is the mean life
expectancy. The rate at which individuals are exposed to rabies (E) in the
Birth
aS

S

S(b + g N)

E(b + g N)

I(a + b + g N)

E

Death

Susceptible
(uninfected, healthy)

Exposed
(nontransmitting)

Infected
(transmitting)

I
bSI sE

FIGURE 1 Compartment diagram of basic SEIR framework used in early ODE

formulations for rabies. Arrows represent the directionality of each process.
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population is proportional to the densities of susceptible and infectious
individuals, bSI. Here b is the disease transmission parameter. The aver-
age length of time a fox remains in the exposed class before becoming
infectious is 1/s. Infectious or rabid individuals have greater risk for
mortality, such that (a þ b) is the mortality rate for infectious individuals.

In order to parameterize their model for red foxes, Anderson et al.
(1981) utilized the available estimates from then recent descriptive studies
(MacDonald, 1980). The situation they considered in their models was the
introduction of a few rabid foxes into a naı̈ve population. In order to
determine R0 and the corresponding minimum density of foxes (St) neces-
sary for rabies to spread, they also assumed that the host population prior
to the introduction of rabies was at a stable equilibrium. From Eqs. (1) to
(4), this equilibrium is simply K ¼ a/b. So at the onset of the epidemic
at time t ¼ 0, the population size of susceptibles is then S(t ¼ 0) ¼ K.
By solving Eqs. (1)–(4) simultaneously, they determined that the criteria
for an epidemic (dI/dt > 0), for the equilibrium population size K, at the
onset of the first infections is K > St, where St is

St ¼ sþ að Þ aþ að Þ=bs (5)

and the relationship between K and St can be reformulated to define R0:

R0 ¼ K

St
¼ Kbs

sþ að Þ aþ að Þ (6)

Based on the available data, Anderson et al. (1981) determined that the
minimum threshold density of foxes was St � 0.99 foxes/km2.
Subsequent to their analysis, it was confirmed that almost all areas of
Europe that had seen outbreaks had densities in excess of this number.
Oral vaccines for rabies had not yet been developed, so the recommended
control strategy was culling of fox populations in areas with densities
above the threshold, St.
III. MODELING APPROACHES USING REACTION
DIFFUSION METHODS

Concurrent to the development of the models by Anderson et al. (1981),
fox rabies was continuing to advance southwesterly into France and
Switzerland. Earlier descriptive studies had begun to investigate ecologi-
cal factors that could influence the spatial propagation of virus, such as
habit quality or fox densities (MacDonald, 1980; MacDonald et al., 1981).
Subsequent to these descriptive studies, Murray et al. (1986) developed a
reaction-diffusion model to describe the behavior of this propagating
wave. Most importantly, this model allowed predictive modeling of
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how a transmission barrier might be implemented at the wave front in
order to halt the expansion of the epizootic. The construction of a trans-
mission barrier or ‘‘break’’ was akin to that of firebreaks used to arrest the
advance of major wildfires.

From the work of Anderson et al. (1981), a minimum density for
preventing epizootics within a population had already been determined.
From a practical standpoint, implementation of such large-scale culling or
vaccine distribution across Europe ahead of the wave front would not be
possible. However, the model developed by Murray et al. (1986) allowed
for the estimation of movement rates for rabid foxes. It was now possible
to suggest howwide and where a break could be implemented in order to
halt the spatial propagation of the epidemic. The framework of the reac-
tion diffusion formulation used by Murray et al. (1986) consisted of the
following coupled partial differential equations (PDEs):

@S x; tð Þ
@t

¼ r 1�N=Kð ÞS� bSI (7)

@E x; tð Þ
@t

¼ bSI � sþ bþ rN=Kð ÞE (8)

@I x; tð Þ
@t

¼ sE� aþ bþ rN=Kð ÞI þD
@2I

@x2
(9)

N ¼ Sþ Eþ I (10)

This one-dimensional reaction diffusion framework is almost identical
to the model of Anderson et al. (1981); however, there are two important
differences. First, Eqs. (7)–(10) implement density dependence in terms of
an environmental carrying capacity K, rather than the parameter g, which
determined the strength of density dependence. However, these terms are
interchangeable if we consider g ¼ r/K. Second, the reaction diffusion
framework incorporates the diffusion term at the end of Eq. (9) that
describes the movement of infectious foxes across the landscape. Here D
is the diffusion coefficient that specifies the rate of movement of rabid
foxes. Utilizing this type of framework, it was estimated that the rate of
movement for rabid foxes was D � 50 km2/year (Andral et al., 1982;
Murray et al., 1986). The diffusion coefficient D tells part of the story,
but in order to describe the velocity v of the traveling waves associated
with the epidemic, other model parameters also have to be considered.

Similar to ODEs, the reaction diffusion formulation is composed of a
system of coupled equations. In this case, the equations are PDEs.
Although these equations can describe the basic properties of spatial
prorogation, they make assumptions similar to that of ODEs, mainly
that the population is well mixed and homogeneous and that the rates
for process such as infection or birth, etc., can be considered to be constant
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during the course of the epidemic. An epidemic wave propagating at a
velocity v in a homogenous environment will maintain the same shape as
it traverses space. Mathematically this allows us to consider a solution in
the form f(x,t) ¼ f(x � vt), for Eqs. (7)–(10), solving these equations simul-
taneously can be nontrivial; additionally, several solutions for wave velo-
cities may be recovered, so it is necessary to evaluate all solutions. Some
solutions may describe unrealistic biological scenarios, whereas others
may describe the oscillations of standing waves that occur after a signifi-
cant time has passed. Although the dynamics of secondary oscillations
may be important, particularly for predicting recurrent epidemics, it is
often possible in reaction diffusion systems to simply estimate the veloc-
ity of the initial epidemic wave by applying some assumptions that will
allow us to reduce Eqs. (7)–(10) into a more tractable form. For instance, if
we consider that over a small time period, Dt at the forefront of the
epidemic wave, population size is relatively constant such that a ¼ b ¼ 0,
it is possible to simplify Eqs. (7)–(9):

@S x; tð Þ
@t

¼ �bSI (11)

@E x; tð Þ
@t

¼ bSI � sE (12)

@I x; tð Þ
@t

¼ sE� aI þD
@2I

@x2
(13)

Additionally, since the initial epidemic process must be driven by the
movement of infectious individuals into a region, we can assume that
@E(x,t)/@t � 0 over Dt. This allows us to combine Eqs. (12) and (13), by
setting bSI ¼ sE. Equation (13) now becomes

@I x; tð Þ
@t

¼ bS� að ÞI þD
@2I

@x2
(14)

Equation (14) now has the same form as the well-known Fisher–
Kolmogoroff Equation:

@u

@t
¼ f uð Þ þD

@2u

@x2
(15)

which has solutions for the wave velocity v ¼ 2[f 0(u)D]1/2; from this
relation, the wave velocity from Eq. (14) is

v ¼ 2 bS0 þ að ÞD½ �12 (16)

where S0 is the initial density of susceptibles prior to the arrival of the first
rabid foxes.
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The derived relation in Eq. (16) illustrates how one might investigate
the roles played by host density and fox dispersal in driving the epidemic
process. From a management standpoint, S0 can suggest the level of
culling or vaccination necessary to halt the epidemic wave, and D,
which is related to the movement rate of infectious foxes, can suggest
how wide an area in front of the epidemic should be managed.
These were some of the primary relationships that Murray et al. (1986)
had investigated. A more comprehensive derivation of the wave speed,
including a two-dimensional formation, can be found in Murray et al.
(1986). Additionally, a detailed review of early ODE and PDE frameworks
in European fox rabies can also be found in Shigesada and Kawasaki
(1997).
IV. METHODS FOR INCORPORATING LANDSCAPE
HETEROGENEITIES

These early models by Anderson et al. (1981) andMurray et al. (1986) were
important and helped illustrate the utility of basic mathematical models
in analyzing disease dynamics in ecological systems. However, despite
the fact that the use of these deterministic ODE and PDE frameworks in
disease ecology was in many ways pioneering at that time, the methods
themselves had been available for centuries, particularly in other disci-
plines such as physics where use of these methods was commonplace for
understanding the behaviors of dynamical systems under ideal condi-
tions. These early deterministic models yielded a number of important
insights into the dynamics of the rabies virus in wildlife populations.
However, due to several simplifying assumptions about the nature of
the ecological interactions, several aspects of the observed dynamics
remained unexplained and poorly understood. ODE and PDE approaches
assume that all ecological interactions occur over a homogenous land-
scape and at constant rates, and that events occur continuously through
time. Given that the spatial distribution of rabies often occurs over large
regions, landscape heterogeneity is likely to be important. As data with
finer spatial resolution became available, the importance of considering
heterogeneity became evident. For instance, data describing the move-
ment of fox rabies across Europe illustrated that the spread of the virus,
particularly in areas near Switzerland and northward, was characterized
by rapid movement deep into valleys and then a slower percolation of the
virus into the areas neighboring those valleys (Steck et al., 1982). Similarly,
in North America landscape heterogeneities drove patterns of irregular
spread during the epidemic spread of the rabies virus that started in mid-
1970s. These patterns became most evident in the northern United States,
when the rabies virus began to enter areas of New York and Connecticut



Mathematical Models for Rabies 385
in the early 1990s. Subsequent modeling and data revealed that rivers
were effective barriers to transmission, and drove close to sevenfold
delays in the advance of the epidemic wave (Russell et al., 2004; Smith
et al., 2002).

Extensions to these early models such as multidimensional reaction
diffusion or optimal control have allowed the ODE and PDE frameworks
to remain relevant. Extensions can be made to the traditional ODE and
PDE frameworks that allow for some consideration of parameter varia-
tion, stochasticity, and even some environmental heterogeneity. Mollison
and Kuulasmaa (1985) incorporated a stochastic dispersal process, which
showed good agreement with estimated velocities for fox rabies.
Shigesada and Kawasaki (1997) considered not only variation in rates of
diffusion between classes of individuals in a reaction diffusion model but
also the effect of two habitat types on those rates of diffusion.

Despite these inroads, it is difficult to fully incorporate the effects of
landscape level heterogeneities or stochastic variation among all model
parameters without moving to other (mostly computational) approaches,
such as network models, cellular automata, interacting particle systems,
or percolation-based techniques. A number of recent models have utilized
these types of computational approaches to study the roles of environ-
mental heterogeneity and stochastic effects.

Some of the earliest work to incorporate these techniques employed
agent-based simulation approaches. In these models, the fate of individ-
ual hosts is tracked during the course of transmission generating overall
population level dynamics over a landscape. Voigt et al. (1985) utilized
this type of model where they considered landscape and habitat hetero-
geneity specific to Ontario, Canada. By using a model of the rabies virus
tailored specifically to a region of interest, they were able to gain impor-
tant insights into the epidemic process in Ontario and then implement
specific management strategies for that region (Macinnes et al., 1988;
Voigt et al., 1985). The effectiveness of this agent-based approach in
Ontario may beg the question as to why these types of agent-based
models are not more predominant. However, the effectiveness of the
agent-based or individually based approach depends very much on the
scale at which we are interested. This is important in terms of ‘‘scale’’ as
applied to not only the size of the overall landscape in which one is
interested but also ‘‘scale’’ as measure of coarseness or degree of resolu-
tion at which we need to investigate that landscape. An important work
by Thulke et al. (1999) investigated this type of question directly by
looking for differences in dynamics between models that explored rabies
virus dynamics at different scales.

Smith et al. (2002) developed an interactive network model that
incorporated local heterogeneities in an attempt to better understand
the irregular spread of the rabies wave front across Connecticut in the
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early 1990s. Figure 2 details the algorithm they utilized in implementing
their model.

The model used by Smith et al. (2002) considered the landscape as a
network of connected townships where habitat differences among town-
ships could be approximated as variation in local transmission rates
between neighboring townships (li,j) and global transmission among all
townships (mij). The parameters mi and li,j were fixed throughout the
course of any simulation, but some degree of stochasticity was implemen-
ted since the order in which townships were chosen was based on a
uniform random distribution. Smith et al. (2002) showed convincingly
that landscape heterogeneity could help explain the irregular spread of
the raccoon rabies virus across Connecticut, something which reaction
diffusion frameworks had difficulty achieving. The initial application of
the network approach developed for modeling spread of rabies in
a
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FIGURE 2 Diagram of network model used by Smith et al. (2002). The landscape is

subdivided into N populations. The parameters mi and li,j are rates for processes that

connect populations; here mi describes the rate at which long distance translocation

occurs in a particular population i, and li,j describes local movement of the virus from

population i to j. The flowchart (a ! f) illustrates the sequence followed for iterating

and updating the model over time.
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Connecticut used the observed pattern of spread across that State to
parameterize the network simulation. Russell et al. (2004) then used
the parameterized model to predict the pattern of spread in a novel
geographic region and demonstrated a remarkable correspondence
between the observed and predicted spatial pattern of appearance across
New York.
V. STOCHASTIC MODELS

Stochastic effects in model behavior can be explored using a variety of
techniques, the simplest being the use of one or more distributions to
describe a rate process (or processes) in an ODE or PDE. In these cases, the
ODE or PDE is implemented algorithmically and a rate process such as
birth (a) or death (d) would be sampled from an appropriate distribution.
For instance, from Eq. (1) the expected number of new susceptibles in the
interval dt could be implemented using a Poisson distribution with rate
parameter [rS(t)]dt. This approach is similar to the one used by Smith et al.
(2002) who implemented the waiting time for townships to become
infected as an exponential distribution.

Unless there are pertinent ecological or computational reasons to
consider the use of specific distributions for stochastic implementations,
it may make more sense to implement a fully stochastic model based on
the methodology developed by Gillespie (1977). In the most straightfor-
ward implementation of the Gillespie method, equations are transformed
into a stochastic simulation algorithm, which allows any processes m, in a
system of equations (such as birth, death, infection, etc.), to occur relative to
its statistical weight at a particular time t. That is, the probability of any
specific event such as birth or death occurring at a specific time t is relative
to the likelihood of all events that could occur at time t. Gillepie’s insight,
which allowed the development of his well-known ‘‘direct method,’’
stems from a reformulation of how the probability of an event occurring
in an ODE or PDE system can be expressed. Earlier work by van Kampen
(2001) had illustrated that in most interacting systems, a ‘‘Master Equa-
tion’’ could be formulated that expressed the exact probability of any
process occurring at a specific time and location within the system. By
evaluating the spatial component of the ‘‘Master Equation’’ over the
entire region or area of interest, Gillespie defined a probability distribu-
tion similar to the one below.

P m; tð Þdt ¼ amexp �t
Xk

jaij
 !

dt (17)
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Equation (17) represents the probability that a process mwill occur at a
specific time twithin the entire region being modeled by an ODE or PDE.
For instance, the rate at which the process of infection, b, occurs in Eq. (8)
would be dependent on the densities of S and I at time t, so in this case,
am¼b ¼ bS(t)I(t). Following from this, the summation of ai in Eq. (17) is
over the total number of processes k, in the entire system of coupled
equations. This defines the sum probability of any processes (inclusive
of the processes m being considered) occurring at the time t. Gillespie
noted that the probability distribution expressed in Eq. (17) was a joint
probability distribution, such that P(m,t) ¼ P(m)P(t). If we consider this,
then the probability of a specific event occurring in the time interval dt,
around t is am(t)/

P kai(t) and the time t, at which the event occurs is
exponentially distributed.

Since the probability of an event’s occurrence and the time at which
the event occurs is joint, and therefore independent, Gillespie’s algorithm
is implemented by sampling two random numbers r1 and r2 from a
uniform distribution. Then using the following relations, the algorithm
sequentially updates the population dynamics event by event in incre-
ments of time t.

t ¼ 1=a0ð Þ ln 1=r1ð Þ (18)

Xm�1

i¼1

ai < r2a0 �
Xm
i¼1

ai (19)

The relationship in Eqs. (18) and (19) describe how to implement a
stochastic algorithm for almost any system of deterministic equations.
Whereas in traditional deterministic equations, events and population
densities are continuous, the implementation of the Gillespie method
discretizes our system of ODEs, such that densities only take on and
change in integer increments and all events happen at discrete times (no
events occur simultaneously), which adds further realism and utility to
this approach.
VI. INCORPORATING STOCHASTICITY AND
SPATIAL HETEROGENEITY

Using the framework of an interacting network and the Gillespie method,
it is possible to go one step further and consider that each subpopulation
within a network can be described by a specific set of stochastically
implemented ODEs. Here, similar to Smith et al. (2002), parameters
describing local spread or long distance translocation act to couple each
set of ODEs. A stochastic SEIR model formulated in this way simulates
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the discrete changes in the number of susceptible, exposed, infectious,
and vaccinated individuals produced by births, deaths, infections, and
movement within all subpopulations. This system of coupled ODEs
allows the model to be easily scaled to different ecological units, promot-
ing flexibility in employing the model for hypothesis testing using data
reported at different ecological scales. In many ways, this type of
approach leverages many of the best qualities of the models discussed
earlier. Here we will use this framework to formulate a more sophisti-
cated model that attempts to incorporate a high degree of biological
realism based on much of the current knowledge of the rabies virus
infection in raccoons in North America. The flowchart in Fig. 3 illustrates
how rates and transitions between classes are specified in this type of
coupled stochastic SEIR model.

A spatial component is easily incorporated in this model if we con-
sider that the index i on all classes in Fig. 3 corresponds to populations
distributed across a lattice. At each location in the lattice, the local dynam-
ics are then based upon the following set of ODE’s:
Susceptible
Si

Births

Movement

aAi

bNiSi

bNiEi

bNiRi

Death

Exposed
Ei

Infectious
Ii
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Ri

b IiSi
fkijSi

fkijSi

fkijSi

fkijRi

fSi

fEi

fRi

Y Ii
aIi

sEi

nSi

FIGURE 3 Flowchart illustrating interactions in the model. Here ‘‘Movement’’ is

represented as a class, but simply indicates how the process allows for the rearrange-

ment of individuals spatially.
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dS

dt
¼ aAi � bNiSi � bIiSi � vSi � fþ fLDTð ÞSi þ

X
j 6¼i

fkij þ fLDTk̂ij

� �
Sj

(20)

dE

dt
¼ bIiSi � bNiEi � sEi � fþ fLDTð ÞEi

X
j 6¼i

fkij þ fLDTk̂ij

� �
Ej (21)

dI

dt
¼ sEi � aIi � cþ cLDTð ÞIi þ

X
j6¼i

ckij þ cLDTk̂ij

� �
Ij (22)

dR

dt
¼ vSi � bNiRi � fþ fLDTð ÞRi þ

X
j 6¼i

fkij þ fLDTk̂ij

� �
Rj (23)

Ai ¼ Si þ Ei þ Ri (24)

Ni ¼ Si þ Ei þ Ii þ Ri (25)

Parameterization of Eqs. (20)–(25) is similar to that of earlier models
presented here. In these equations, Si, Ei, Ii, and Ri are the number of
susceptible, exposed, infectious, and vaccinated individuals at location i,
respectively; Ai is the total number of noninfectious individuals (Eq. (24));
and Ni is the local population size (Eq. (25)). Individuals are born into the
susceptible class at a per capita rate, a. In the absence of rabies, the
population is only subject to the density-dependent mortality rate, b,
resulting in logistic population growth and a carrying capacity, K ¼ a/b.
In the presence of viral transmission, the rate at which susceptibles are
infected is bIiSi, where b is the transmission rate. Infection with rabies is
followed by a latency period during which the virus reproduces and
infection moves toward the central nervous system and salivary glands.
Latently infected individuals comprise the exposed class, Ei, and newly
infected individuals enter this class at the rate of infection (bIiSi). Exposed
individuals either die from nondisease-related, density-dependent
sources (bNiEi) or become infectious at a rate sEi, where 1/s is the
expected length of the latency period. The latency period ends when the
virus enters the brain and salivary glands at which point an individual
becomes infectious. Individuals become infectious at the rate sEi and are
removed at a rate aIi, where 1/a is the life expectancy once infectious.

Equations (20)–(25) also introduce several new interactions and para-
meters. Individuals transition into a vaccinated class, Ri, in our model at a
rate, nSi, and vaccinated individuals die from nondisease-related, density-
dependent sources of mortality (bNiRi). Local populations are linked by
local dispersal of individuals from all classes. Noninfectious individuals
(Si, Ei, Ri) emigrate from their local population at a per capita rate f and
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immigrate to other locations at rate fkij, where i and j are location indices.
The kij terms are dispersal coefficients giving the fraction of individuals
migrating from location j to location i and characterize the pattern of
dispersal. We include the effects of long distance translocation (LDT) by
adding a separate term to Eqs. (20)–(23). The per capita rate of translocation
is fLDT and cLDT for the noninfectious (Si, Ei, Ri) and infectious classes (Ii),
respectively. LDT represents a different process and pattern of movement
and we provide separate coefficients, k̂ij, quantifying the fraction of indi-
viduals that are moved from location j to location i by LDT.

Initial estimates for parameter values (Table I) are drawn from pub-
lished values and USDA sources or can be estimated indirectly based on
fitting our model to epidemiological patterns.

Recently, the approach described here was used to investigate the role
of seasonality in dynamics of the rabies virus in raccoon hosts along the
East coast in North America. Using this type of model, Duke-Sylvester
et al. (2010) implemented a north–south latitudinal gradient in the sea-
sonal demography of raccoon birth rates. Specifically, the implementation
of the gradient allowed Duke-Sylvester et al. (2010) to simulate the varia-
tion in timing associated with birth pulses for raccoons in the southern
United States versus further north. In their model, the larger variance
around the timing of spring births associated with southern populations
drove spatial synchronization of southern epidemics. However, in north-
ern populations, where the birth pulse is often narrow, epidemics were
irregular and not spatially synchronized across the landscape (Fig. 4).

These types of differences between northern and southern populations
may be important, particularly in terms of surveillance strategies.
TABLE I Parameter description for the stochastic model and the associated ODEs in

Eqs. (20)–(25)

Parameter Description Standard value

a Per capita birth rate 2.67 kits/female/year

b Natural, density-dependent
death rate

2.293E�7 year�1

b Contact rate 1E�4 (animal days)�1

n Vaccination rate Variable

1/s Latency period 50 days

1/a Infectious period 14 days

f Noninfectious movement rate 6E�6 day�1

fLDT Long distance translocation rate 6E�7 day�1

c Infectious movement rate 6E�6 day�1

cLDT Long distance translocation rate 6E�7 day�1

kij; k̂ij Fraction of emigrants from j to i Variable



1.6

1.4

1.2

1.0

72 140

Width of birth pulse (days)

North
Gradient

South

200 270 330

S
pa

tia
l s

yn
ch

ro
ny

, l
og

 (
L*

)

FIGURE 4 Spatial synchrony is represented as log (L*). L*, which is calculated by a

wavelet analysis, represents the distance at which the local phase coherency is

equivalent to the larger regional average correlation (Duke-Sylvester et al., 2010).

392 Vijay G. Panjeti and Leslie A. Real
Importantly, Duke-Sylvester et al. (2010) note that surveillance in the
southern states could be reduced relative to northern locations without
loss of detection ability since a single spatial location in the south is
informative about neighboring spatial locations while northern locations
share no common spatial information about neighbors. The potential
monetary savings from a reduced surveillance effort without loss of
detection is likely to be significant, and would free up more resources
for other avenues, such as increased vaccination coverage.
VII. OPTIMAL CONTROL

An important detail, which separates these early ODE and PDE frame-
works from contemporary approaches, is the inclusion of a vaccinated
class. Once vaccines were developed and then afterward formulated into
affordable easily distributed oral forms, the use of oral vaccination as a
management approach for controlling rabies became more prevalent than
methods associated with the culling of populations.

For diseases like rabies, where the force of infection was based on a
density-dependent transmission kernel, traditional solutions for vaccina-
tion and culling strategies took the approach of determining what fraction
of the population (Vf), should be vaccinated (or culled) in order to bring
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R0 < 1 (Coyne et al., 1989). For a single population model, the solution
for this vaccination fraction, Vf in terms of R0 is trivial and is given as
Vf ¼ 1 � 1/R0. If we consider that for rabies in terrestrial mammals
R0 � 2, this would suggest that around 50% of a population should be
vaccinated in order to prevent an epizootic. In reality, this level of control
may be relatively easy or difficult to implement depending on a number
of factors, such as the density of the host population in a target area, the
type of terrain or level of landscape heterogeneity in the region, and of
course the amount of monetary resources available and the given cost to
develop and distribute the vaccine given all these considerations.

Often a particular management strategy has a defined goal associated
with the implementation of that strategy and, consequently, the full range
of methods that have been developed in operations research can be
employed. For example, optimal control (Lenhart and Workman, 2007)
allows a reformulation of an ODE system with a vaccination class in
which a specific objective is defined mathematically and the dynamics
of host–pathogen transmission act as constraints on the realization of the
proposed strategy. This reformulation defines an objective function that
can incorporate, for instance, a cost function for vaccine delivery.
A solution for the objective function, for example, can provide insight
into what management strategies can both minimize costs as well as
minimize the number of infected hosts. Similarly, an objective function
could also be formulated to explore strategies that minimize cost and
maximize the number of susceptibles. In general, the objective function
can be tailored so it considers the specific goals and constraints for the
management problem. Consider the system of ODEs given below.

dS

dt
¼ �bSI � edS� bS (26)

dI

dt
¼ bSI � bþ að ÞI (27)

dR

dt
¼ edS� bR (28)

Here Eqs. (26)–(28) are similar to the earlier system described by
Eqs. (11)–(13). However, here for the sake of simplicity, we consider a
closed population and have dropped the exposed class and now
incorporated a vaccinated class, R in Eq. (28). Here the parameter e and
d represent the efficacy and rate of vaccine distribution, respectively.
In order to formulate an objective function for determining optimal con-
trol, we consider that any control measure must be applied during a finite
time interval [0,T] and our goal is to determine the optimal control d, from
among a set of control strategies U, such that
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U ¼ d ¼ d1; . . . ; dnð Þ; where 0 � di tð Þ � dmax for i ¼ 1; 2; . . . ; nf g
Here d is a normalized variable representing the density of bait distri-

bution. In such a formulation, the upper bound dmax is usually specified to
be 1, which would represent the maximum level of bait distribution that is
currently possible, for rabies in North America, this is around 150 baits/
km2 (Asano et al., 2008). Now let us consider that our optimal control
problem is to minimize the number of infected hosts as well as the costs of
vaccination.

Minimize J dð Þ ¼
Xn
i¼1

ðT
0

I þ y
2
d2i

� �
dt (29)

Here y represents a weight in the cost of the control. Additionally, we
have considered that our cost function is quadratic, but in general, a cost
function can be formulated in a variety of ways; combinations of linear
and quadratic costs having the form Adi þ Bdi

2 are common. Solutions for
Eq. (29) require a formulation of the Hamiltonian for our particular
system. Although formulating the Hamiltonian itself is often not difficult,
solutions are often nontrivial, particularly if one is dealing with a large
system of ODEs and/or complicated cost functions. A detailed mathe-
matical description of the processes can be found in Lenhart and
Workman (2007), Asano et al. (2008), and Ding et al. (2007).
VIII. CONCLUSIONS

Mathematical modeling of rabies is now quite well developed embracing
a large number of complexities in biological organization and interaction
including the ability to incorporate environmental stochasticity and land-
scape heterogeneity among coupled subpopulations of hosts linked
across season and ecological gradients. The power of these models has
been tested against extant data sets and has proven predictive of spread in
novel locations. New tools, such as optimal control, now can utilize these
developed ecological models to drive management and strategic planning
in conjunction with public health agencies and planners.
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foxes, and raccoons, and rabies has been eliminated from many

jurisdictions. However, future research is needed to develop cost-

effective and efficacious methods to control rabies in species such

as striped skunks as well as in nonterrestrial vectors such as bats.

As well, cost-effective rabies management techniques need to be

adopted by developing nations so that wildlife rabies control is a

realistic and achievable goal globally.
I. INTRODUCTION

Over the course of history, significant advances have been accomplished
in the field of wildlife rabies control. So-called cures for rabies such as the
application of boxwood or the ashes from a ‘‘mad dog’s head’’ were
suggested during historical times (Steele, 1975). However, gradually
advances were made, and during much of the 1800s, rabies control was
based on quarantine measures, muzzling orders, or euthanasia. Research
was initiated during the mid-1800s on the development of vaccination as
a method for rabies control. Significant advances were made in under-
standing rabies virus infections during Pasteur’s experiments with
rabbits. He later immunized dogs using attenuated virus from rabbits.
By 1885–1886, Pasteur had vaccinated humans with vaccine derived from
rabies virus-infected rabbit spinal cords (Pasteur, 1886).

The discipline of wildlife rabies control has made significant advances
since the time of Pasteur. Progress has advanced to the point where
globally, hundreds of thousands of square kilometers of land are being
baited with millions of vaccine baits to control rabies in wildlife rabies
vectors. This chapter will address the advances made with respect to
rabies control tactics for wildlife.
II. HISTORICAL AND CONTEMPORARY WILDLIFE RABIES
CONTROL TACTICS

Trapping and poisoning of wildlife rabies vector species such as red foxes
(Vulpes vulpes), coyotes (Canis latrans), and skunks (Mephitis mephitis) were
used as control tactics in some areas of North America during the mid-
twentieth century (Ballantyne and O’Donoghue, 1954; Debbie, 1991;
Rosatte et al., 1986). Culling of foxes was also used historically in parts
of Europe to control rabies (Matouch and Polak, 1982; Niin et al., 2008).
Rabies in vampire bats in Latin America was controlled by injecting
anticoagulants in cattle. Bats died after feeding on the blood of cattle
and this also led to the death of additional bats (Cliquet and Picard-
Meyer, 2004).
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Research was conducted in the United States to lower fertility of rabies
vector species during the 1960s using reproductive inhibitors in an
attempt to diminish rabies spread by limiting rabies vector population
growth. (Storm and Sanderson, 1969a,b). However, these methods were
ineffective due to a lack of target specificity (Turner and Kirkpatrick,
1996). Recently, reproductive inhibitor research has been initiated for
use in dogs using a product called GonaCon

TM

(Bender et al., 2009). This
product is also being considered for controlling raccoon populations in
North America.

In the late 1960s, research focused on developing an oral rabies vaccine
(ORV) delivery system for use on red foxes in North America (Baer et al.,
1971; Black and Lawson, 1970, 1980; Winkler, 1992). The idea is to increase
herd immunity to the point where the probability of encountering an
infected animal is low (Blancou et al., 2009). Experimented with Flury
LEP and HEP vaccines to orally vaccinate foxes during that period.
He proved that ORV for the control of rabies in foxes was a possibility
(Baer et al., 1971).

Development of an effective ORV system was slow. In view of this,
some researchers focused on developing a parenteral rabies vaccination
system for species of wildlife such as raccoons and striped skunks in
Canada (Rosatte et al., 1990, 1992, 2001, 2009a), and foxes in Europe
(Aubert et al., 1994). A tactic called trap-vaccinate-release (TVR) proved
to be effective for raccoons and skunks as they could be readily captured
(Rosatte et al., 1992). In addition, injectable vaccines such as ImrabÒ

(Merial Inc., Athens, Georgia) provided protective immunity in those
two species (Rosatte et al., 1990) (Fig. 1). An epizootic of raccoon rabies
was eliminated in Ontario during 1999–2005 using TVR and parenteral
vaccination in combination with culling and vaccinia-rabies glycoprotein
(V-RG) baiting (Rosatte et al., 2001, 2009a). In fact, more than 1.2
million trap-nights were used to vaccinate about 96,000 raccoons (43–
83% of the population annually) and 8000 skunks to control the disease
(Rosatte et al., 2009a). TVR and culling were also used in other Canadian
provinces such as New Brunswick and Quebec during the 2000s to control
raccoon rabies.

The use of TVR for the control of rabies in red foxes proved not to be
feasible in Canada as foxes are difficult to live-capture. However, paren-
teral vaccination and administration of vaccine via dart were used during
the 1990s in Tanzania to protect African wild dogs (Lycaon pictus) against
rabies (Gascoyne et al., 1993). Parental vaccination was also used to
control rabies in endangered Ethiopian wolves where up to 70%mortality
due to rabies occurred in some packs during 1991–2004 (Randall et al.,
2006). In addition, TVR was used in Ohio and Massachusetts to control
raccoon rabies and in Flagstaff, Arizona, to combat an outbreak of bat
variant rabies in skunks (Algeo et al., 2008; Slate et al., 2009).



FIGURE 1 Trap-vaccinate-release was used to control raccoon rabies in Ontario during

the 1980s–2000s to prevent and manage rabies incursions (photo by R. Rosatte).
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Oral rabies vaccination is the most cost-effective method for rabies
control in Europe and elsewhere (Muller et al., 2005). Chicken-head baits
containing SAD-Berne ORV were used in Switzerland during the late
1970s (this was the first time ORV was used in the field) and early 1980s
to control an epizootic of rabies in red foxes (Aubert et al., 1994; Steck et al.,
1982). During the early 1990s, baits containing SAD-B19 vaccine were
used in Europe to control fox rabies (Brochier et al., 2001; Pastoret et al.,
2004). In 2005/2006, RabidogÒ SAG2 baits were used in Estonia to control
rabies in red foxes and raccoon dogs. Spring and fall baiting campaigns
were successful in immunizing an average of 64% of the target popula-
tions and rabies declined dramatically (Niin et al., 2008).

Oral rabies vaccination of the primary terrestrial vectors [red foxes and
raccoon dogs (Nyctereutes procyonoides)] in Europe has been extremely
successful with rabies cases declining from about 21,000 in 1990 to
about 5400 in 2004 (http://pasteur.fr/). In fact, many countries have
attained ‘‘rabies-free’’ status including Switzerland, Italy, the Nether-
lands, Finland, France, Belgium, Luxembourg, and the Czech Republic
(http://pasteur.fr/). However, the disease still persists in ‘‘hot spots’’ in
some areas of Europe such as Poland and Lithuania and reinfections have
occurred in the Czech Republic (Moutou, 2005). There was also an out-
break of rabies in urban areas of Germany during the 2000s (Muller et al.,
2005). In fact, ‘‘rabies-free’’ countries are vulnerable to the threat of illegal

http://pasteur.fr/
http://pasteur.fr/
http://pasteur.fr/
http://pasteur.fr/
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importation of rabies-infected animals due to the new policy of ‘‘freedom
to travel’’ within the European Union (Bourhy et al., 2005).

Recent advancements in rabies management tactics in Europe include
improved vaccination protocols, a consistent vaccination strategy,
increased vaccination in rabies hot-spots (at 6 week intervals), and intense
rabies surveillance (8 foxes/100 km2 area) (Muller et al., 2005). In addition,
research in Germany has revealed that vaccine-bait acceptance by foxes
can be elevated by decreasing the distance between aircraft baiting lines
(Thulke et al., 2004). Success in rabies control of foxes was also attained in
areas such as France (Toma, 2005) and Estonia (Niin et al., 2008) by
implementing vaccination campaigns during spring and summer and
also by baiting around fox dens. Toma (2005) reported the use of three
baiting campaigns following the last reported rabies case.

In North America, a modified live rabies virus vaccine (ERA) was used
during 1989–2009 to control rabies in foxes in Ontario, Canada (MacInnes
et al., 2001; Rosatte et al., 2007e). Control of rabies in wildlife in Ontario led
to a decrease in human postexposure treatments (from 2000 per year
during the 1980s to 1000 per year during the late 1990s) (Nunan et al.,
2002). Rabies was also eliminated in coyotes in Texas using V-RG baits
and progress is also being made toward the elimination of rabies in gray
foxes in Texas (Slate et al., 2009). V-RG was also used in the United States
and Canada in an attempt to control raccoon rabies during the 1990s and
2000s (Rosatte et al., 2008; Sattler et al., 2009; Slate et al., 2005). In the
laboratory, V-RG proved to be very effective on captive raccoons, but its
performance in the field was well below expectations (Rosatte et al., 2008;
Sattler et al., 2009). In addition, V-RG was not effective in striped skunks
which also accounted for a considerable number of raccoon rabies cases in
eastern North America (Hanlon et al., 2002). In view of this, alternate
vaccines such as ONRABÒ (which is effective in raccoons and skunks)
were developed for the control of raccoon rabies in North America
(Rosatte et al., 2009b).
III. ADVANCES IN RABIES VACCINE-BAIT DELIVERY
SYSTEMS FOR WILDLIFE

In Europe, chicken-heads, fish meal, and fish oil baits containing rabies
vaccine were utilized to control rabies in foxes during the 1970s and 1980s
(Brochier et al., 1990; Steck et al., 1982). Tubingen baits containing vaccine
(vaccine capsule was embedded in a mixture of fish meal and fat) were
also used during the 1980s in Germany to control rabies in foxes (Muller
et al., 2005; Schneider and Cox, 1988). In 1985, Germany began using an
automated bait manufacturing system that allowed the use of baits in
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other European countries (Wandeler, 1988). Vaccine baits were delivered
by hand placement or via aircraft and helicopters (http://pasteur.fr/).

Significant advancements in baiting technology were made during the
1980s and 1990s, and by 1995, a 215,000 km2 area of Germany was being
treated for wildlife rabies control (Muller et al., 2005). Recent advances
include the use of a satellite navigated computer-driven aerial vaccine-
bait distribution system called SURVIS (Muller et al., 2005). SURVIS
allows real-time calculation of bait density to determine which areas
need to be targeted for additional baiting (Muller et al., 2005).

During the early 1980s, experiments were initiated in Ontario, Canada,
using chicken-head baits and the vaccine blister-pack that was being used
in Switzerland at that time (Fig. 2) (P. Bachmann, personal communica-
tion; Steck et al., 1982). However, this bait was abandoned due to potential
problems with mass production. Beef tallow or fat was used as the
primary ingredient in the matrix of rabies vaccine baits (ERAÒ) during
the 1980s to the 2000s in Ontario (Bachmann et al., 1990; MacInnes et al.,
2001; Rosatte et al., 2001, 2007e, 2008). However, in view of the risk of
prion diseases such as bovine spongiform encephalopathy and Creutz-
feldt-Jakob disease from tainted beef products (Prusiner, 1997), Ontario
conducted research to improve their bait as well as make it safer and free
from the risk of prion transmission.

Ontario produced a vegetable oil-based bait containing ONRABÒ

(produced by Artemis Technologies Inc., Guelph, Ontario) during the
late 2000s for rabies control operations (Rosatte et al., 2009b) (Fig. 3).
Production is about 50,000 ONRABÒ baits/2 days (A. Beresford, personal
communication). Ontario Ministry of Natural Resources (OMNR) aircraft
are able to aerially distribute about 176,580 ONRABÒ baits/day at
300 baits/km2 and 0.5 km flight-line spacing (average 44,145 baits/flight
at 4 flights/day) using Twin Otter aircraft and an automatic baiting
machine in the aircraft (P. Bachmann, personal communication). Other
types of baits used to deliver ORV to wildlife rabies vectors in
FIGURE 2 Chicken-head baits were used in Ontario during the 1970s in experiments to

develop baits to deliver oral rabies vaccine to red foxes (photo by M. Pedde).

http://pasteur.fr/
http://pasteur.fr/


FIGURE 3 New vegetable-based ONRABÒ baits are being used in Ontario, Canada,

during 2010 for the control of rabies in red foxes, striped skunks, and raccoons. Baits are

about 3.0 cm long (photo by R. Rosatte).
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North America included Raboral V-RGÒ, a fish meal polymer bait man-
ufactured by Merial Inc., Athens, Georgia. A matrix coated sachet bait
containing Raboral V-RGÒ was also used to attempt to control raccoon
rabies in North America during the 2000s (Slate et al., 2005).

In North America, rabies vaccine-bait delivery systems have advanced
from hand-placement of baits to distribution via small fixed winged
aircraft and helicopters to large aircraft such as Twin Otter (Bachmann
et al., 1990). In Ontario, ERAÒ baits were distributed by hand during the
late 1980s to control rabies in red foxes in urban landscapes such as
metropolitan Toronto (Rosatte et al., 2007e). During that same time-
frame, progress was being made in the development of an aerial baiting
system for rural Ontario landscapes. Initial experiments during the mid-
1980s involved the use of baits being placed by hand down a funnel in the
back of a Cessna 172 aircraft. A metronome was used to determine how
many baits were exiting the aircraft to provide a rough estimate of bait
density.

Significant advances were made in the 1990s in Ontario and an auto-
mated bait distribution system was developed for use in Twin
Otter aircraft (Fig. 4). That system used GIS software to determine bait
density and placement. By the 2000s, the system was capable of distribut-
ing in excess of 300 baits/km2 with a flight line spacing of 0.25 km.
Software has been developed in Ontario for preplanning flight lines
prior to bait distribution operations. Flight lines are uploaded into the
aircrafts Global Positioning System (GPS) navigational system. Progress
was also made with software to provide an analytical tool for determining
bait placement on the landscape, which would provide researchers with a
tool to determine whether there were areas that did not receive sufficient
baits as well as the accuracy of bait placement (Rosatte et al., 2007c)
(Fig. 5).



FIGURE 4 Photo of MNR staff in the back of a Twin Otter aircraft operating OES

software controlled baiting machine to aerially distribute ONRABÒ baits in Ontario

during September 2009.
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FIGURE 5 Planned flight lines with respect to actual flight line and ONRABÒ bait

placement in SW Ontario, Canada during September 2009 (figure by L. Brown).

(See Page 13 in Color Section at the back of the book.)
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Twin Otter containing automated baiting machinery capable of baiting
hundreds of thousands of square kilometers of landscape can place baits
at high density with GPS accuracy (Bachmann et al., 1990; MacInnes et al.,
2001; Rosatte et al., 2008, 2009b; Sidwa et al., 2005). For example, in
Ontario, a Twin Otter aircraft is capable of baiting a 540 km2 area in 1 h
with a bait density of 20 baits/km2 ( Johnston and Tinline, 2002). In fact, a
28,000 km2 area was baited in 1 week in 2009 during fox rabies control
operations. Even more impressive is that in the United States,
a 180,000 km2 area was baited during 2003 using 10 million rabies vaccine
baits (Rosatte et al., 2007c; Slate et al., 2005). Ontario aircraft have
distributed >60 million rabies vaccine baits in North America since 1989.
IV. ADVANCES IN WILDLIFE RABIES VACCINES

A V-RG recombinant vaccine showed great promise as an oral vaccine for
wildlife in the laboratory during the 1980s when experiments were con-
ducted on captive raccoons and foxes (Rupprecht and Kieny, 1988). V-RG
worked well for the control of rabies in gray foxes and coyotes in Texas
where resulting mean serum rabies antibody levels were about 61% and
63%, respectively (Slate et al., 2009). However, V-RG has not proven to be
effective for the control and elimination of raccoon rabies in North
America where serum antibody levels in raccoons have been about 30%
(Rosatte et al., 2008; Slate et al., 2005, 2009). The reason for the poor
performance of V-RG in raccoons is unknown. Additional research is
needed to improve the efficacy of V-RG in raccoons in the field.

In Europe, SAD-B19 and SAD-Berne proved to be effective in the
target species such as red foxes; however, these vaccine strains were
pathogenic in some rodents. In view of this, safer vaccines were devel-
oped for use in Europe during the late 1980s including V-RG, SAG1, and
SAG2 (Artois et al., 1997; Lambot et al., 2001; Pastoret and Brochier, 1999).
During the 2000s, SAG2 was used in some areas of Europe to control
rabies in red foxes and raccoon dogs (Niin et al., 2008).

ERAÒ modified live-virus rabies vaccine was first used in Ontario in
the field during 1985 to orally immunize red foxes against the Arctic
variant of rabies virus (MacInnes, 1988). Larger sized experiments and
eventual control programs occurred in Ontario using ERAÒ baits during
1989–2009 (MacInnes et al., 2001; Rosatte et al., 2007e). However, ERAÒ

was not effective in striped skunks or raccoons which were two other
primary vectors of rabies in Ontario. In addition, ERA also was capable of
causing vaccine-induced rabies in some species (foxes, raccoons, skunks,
one bovine calf, and rodents) in Ontario (Black and Lawson, 1980;
Fehlner-Gardiner et al., 2008).



406 Rick Rosatte
With the advancement of raccoon rabies into Ontario during 1999,
an attempt was made to control the disease using V-RG baits. During
1999–2006, about 3.6 million V-RG baits were distributed in an approxi-
mate 4000–9000 km2 area in eastern Ontario. However, vaccine efficacy in
raccoons was very disappointing with seropositivity rates ranging
between 7% and 28% (Rosatte et al., 2008). Therefore, a more effective
vaccine, ONRABÒ was developed (Rosatte et al., 2009b). ONRABÒ is a
human adenovirus type 5-rabies glycoprotein recombinant vaccine.
Experiments in the laboratory using ONRABÒ orally in a variety of
species (target and nontarget) revealed low rates of recovery of the vac-
cine virus from the oral cavity, feces, and tissues, indicating that the
vaccine would be safe for use in wildlife (Knowles et al., 2009a). A qRT-
PCR (real time) technique was used to determine the quantity of vaccine
present (Knowles et al., 2009b). Research advances on baits, vaccines, and
delivery systems in Ontario resulted in vaccine efficacy (ONRABÒ) in
raccoons ranging from 79% to 90% with vaccine baiting densities of 75–
400/km2 during 2006/2007 (Rosatte et al., 2009b). During 2009, aerial and
ground distribution of ONRABÒ replaced TVR as a proactive tactic
to prevent raccoon rabies from entering Ontario via Niagara Falls
(R. Rosatte, unpublished observations). ONRABÒ is also currently (2010)
being used in Quebec to control raccoon rabies.

Advancements in rabies vaccine research for canine rabies control in
Asia have been slow primarily due to inadequate funding, a lack of
government motivation, and cultural issues (Wilde et al., 2005). In South
America, outbreaks of rabies in vampire bats and transmission to humans
have been attributed to the continued deforestation of the Amazon region
which has resulted in the displacement of bats (Gupta, 2005). V-RG
(in Vaseline) was applied to the back of vampire bats in captivity to see
if their behaviors would result in the immunization of other bats in the
same containment area. V-RG proved to be immunogenic and survival of
bats was good (43–71%) upon challenge with rabies virus (Almeida et al.,
2005, 2008a,b). In the United States, Hanlon et al. (2002) evaluated an
attenuated SAG2 rabies vaccine for safety and efficacy when administered
orally to skunks and raccoons. Upon challenge with rabies virus, four of
five skunks and five of five raccoons survived making it a promising
candidate for ORV of those species in North America (Hanlon et al.,
2002). In that experiment, five of five control (unvaccinated) raccoons
and four of five control skunks developed rabies upon challenge
(Hanlon et al., 2002).

Research on the development of a canine adenovirus recombinant
rabies vaccine (CAV2) showed promise in the laboratory for use on
raccoons in North America (Slate et al., 2009). In addition, Dietzschold
et al. (2004) examined the stability of several live rabies virus recombinant
vaccines (called SPBNGA, SPBNGA-Cyto c, and SPBNGA-GA) for use in
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wildlife. Other vaccine research experiments were conducted on a lyo-
philized vaccine (SAG2) for use in foxes in the Arctic regions of North
America (Follmann et al., 2004). A lyophilized vaccine as opposed to a
liquid vaccine may be more appropriate for use in cold climates where
freezing of vaccine might be a problem during baiting campaigns.
V. ADVANCES IN THE ASSESSMENT OF WILDLIFE
VACCINATION SYSTEMS

During the 1970s, fluorochrome biomarkers were incorporated into test
baits to determine whether oral vaccination of wildlife with baits was
feasible (Wandeler et al., 1982). Tetracyclines, which bind to teeth and
bone and form a permanent marker have long been used as a means of
determining bait acceptance by wildlife rabies vector species (Bachmann
et al., 1990; MacInnes et al., 2001; Rosatte and Lawson, 2001). During the
1990s, Rosatte and Lawson (2001) experimented with different densities
of placebo baits containing tetracycline to determine the potential for
delivering ORV to raccoons in urban and rural habitats of Ontario,
Canada. Advances have been made to the point where the date of bait
ingestion can be determined by counting the daily growth lines in the
teeth of young animals (Rosatte et al., 2007c). In juvenile animals, teeth
grow rapidly and daily growth lines can be detected using a microscope.
Given the date the tooth was collected from the animal, the exact date the
animal ingested the bait (which contained tetracycline) can be determined
by the position of tetracycline in the tooth section (see Fig. 18.4 in Rosatte
et al., 2007c for illustrations of tooth growth lines and tetracycline deposi-
tion) (MacInnes, 1988).

The mouse neutralization test (MNT) was first used for the detection
of serum rabies neutralizing antibody more than seven decades ago. It is
still in use today and is an accepted reference test (Campbell and Barton,
1988). The Rapid Fluorescent Focus Inhibition Test (RFFIT) was, and still
is, an accepted method to detect specific neutralizing antibodies as is the
Virus Neutralization Test (Smith, 1995). Hemaglutination-based tests can
also be used to measure antibody.

Since the 1970s, the enzyme-linked immunosorbent assay (ELISA) has
become one of the most widely used diagnostic tests and can be utilized to
measure specific immunoglobulins such as IgM (Campbell and Barton,
1988). ELISA tests may be easier and simpler to use than other tests (e.g.,
the MNT). However, the ELISA measures antibody binding reactions,
which may not be rabies virus neutralizing antibody (Campbell
and Barton, 1988). Commercial ELISA kits are available that allow quantita-
tive detection of rabies virus antibodies in wildlife populations provided
that the kits have been validated for the species in question (Shankar, 2009).
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Current rabies control operations in areas such as Ontario, Canada,
normally sample blood and teeth from target rabies vector populations to
assess vaccine-bait uptake and vaccine efficacy and to determine the
percentage of the population immunized (Rosatte et al., 2009b). Rabies
virus neutralizing antibody is detected in sera samples to determine the
efficacy of the vaccine in stimulating an antibody response. Sampling of
target populations usually occurs 5–6 weeks postbaiting to allow the
target species time to find baits as well as to ensure that sufficient time
has passed for the vaccine to have produced an immune response.

Also key to the assessment of the effectiveness of rabies control pro-
grams is the ability to diagnose new rabies cases as soon as possible in an
area where control has been implemented, to allow for control before the
disease becomes established or enters an enzootic phase. Historically, the
gold standard diagnostic rabies test has been the Fluorescent Antibody
Test (FAT) and it has 98–100% reliability in diagnosing rabies cases
(Shankar, 2009). The use of direct Rapid Immunohistochemical Tests
(dRIT) in the field for diagnosis of rabies surveillance specimens has
decreased the time in which researchers can receive rabies diagnostic
test results (Blanton et al., 2006). This advancement allows for a faster
response time for controlling new rabies outbreaks. Research advances
have included the development of tests which are more sensitive than the
FAT including reverse transcription-polymerase chain reaction (RT-PCR)
and PCR-TaqMan tests for detecting viral RNA in samples of saliva and
blood (Cliquet and Picard-Meyer, 2004; Shankar, 2009). A TaqMan real-
time PCR was used to detect minute quantities of virus in brain tissues of
skunks and raccoons (Szanto, 2009). In that research project, 10 of 721
samples were positive by PCR, but negative by FAT (Szanto, 2009) prov-
ing it to be a useful tool for rabies diagnosis.
VI. ADVANCES IN CONTINGENCY AND MANAGEMENT
PLANNING FOR WILDLIFE RABIES CONTROL

Historically, there was very little advanced planning for wildlife rabies
control programs. Initially, the premise was that the best way to get rid of
the problem was to remove it—that is, population reduction or killing the
vector. If a case of rabies occurred, the solution was simple—send a team
out to trap and kill the species that was transmitting the disease (Rosatte
et al., 1986). However, significant advancements have been made in the
area of contingency and management planning for rabies control. Some
jurisdictions plan the course of action to follow well in advance of an
outbreak. For example, RABMEDCONTROL is a European program that
has the objective of eliminating rabies in North Africa. Research advances
and data are forwarded to health agencies to facilitate the design of
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effective strategies to eliminate rabies from North Africa (http://pasteur.
fr/). Research on the complex Serengeti ecosystem revealed that rabies
(a southern Africa canid-associated virus infection) only occurs sporadi-
cally in wildlife (e.g., in certain jackal and mongoose species) and man-
agement plans that target dogs should reduce the risk of rabies in wildlife
populations (Lembo et al., 2008).

In Europe, rabies management planning calls for the vaccination of
vectors for at least 2 years after the last case has been reported (Muller
et al., 2005). The management goal in Germany is for all foxes to have
access to rabies vaccine baits (Thulke et al., 2004). In addition, the Euro-
pean Commission subsidized wildlife rabies management programs
in Europe beginning in 1989 on the condition that the programs are
coordinated among countries especially along border areas (Cliquet and
Picard-Meyer, 2004).

Preparation of contingency plans before epizootics occur is crucial to
successful rabies control programs (Rosatte et al., 1997, 2007c). Part of
successful contingency planning is to have proactive research programs
in place well in advance of the impending epizootic so that the most
effective tactic can be employed when actual cases occur. In fact, in
Ontario, proactive TVR programs were implemented in Niagara Falls as
part of a research project 5 years prior to the first case of raccoon rabies
being reported in that province (Rosatte et al., 1997, 2009a). Incredibly,
raccoon rabies has yet (July 2010) to be reported in Niagara Falls, Ontario,
despite the disease being enzootic in the nearby Niagara Falls, New York
area. However, the disease was reported in eastern Ontario during 1999,
and the contingency plan was put into practice. Population reduction and
TVR were used to contain the outbreak of raccoon rabies during 1999 and
2000 (Rosatte et al., 2001). The Ontario raccoon rabies contingency
plan was modified during subsequent years to adapt to the rabies situa-
tion, for example, in response to some cases only TVR was used (Rosatte
et al., 2009a).

A GIS-based, real-time rabies surveillance database and Internet
mapping application (RabID) was developed in the United States to
evaluate wildlife rabies vaccination programs and provide input for
rabies management planning (Blanton et al., 2006). Wildlife rabies control
program success is dependent upon timely and accurate rabies surveil-
lance data so that a response to a rabies outbreak can be immediate with
no time lags. By using dRIT in the field for testing of surveillance speci-
mens, results can be posted in real time the same day. This is a significant
advancement over the old system that could take up to 4 weeks to receive,
test, and post results of potentially rabid animals (Blanton et al., 2006).

Significant advancements have also been made in rabies management
planning. Interjurisdictional collaboration has been vital for the imple-
mentation of ORV programs in the Americas. The North American Rabies
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Management Planwas signed by representatives fromCanada, the United
States, and Mexico at the September 2008 Rabies in the Americas confer-
ence (Slate et al., 2009). The plan establishes a framework to build long-
term rabies management goals among the signing countries and promotes
information sharing in relation to ORV research, wildlife management,
population control, and surveillance techniques (Slate et al., 2009). The
Canadian Rabies Committee (CRC) was established in 2007 to address
prevention and management of rabies and includes members from public
health, agriculture, and wildlife agencies. The CRC produced a Canadian
Rabies Management Plan that was signed at the 20th Rabies in the Amer-
icas Conference in Quebec City, 2009. Both the Canadian and North
American rabies management plans are significant advancements that
will promote ‘‘state-of-the-art’’ rabies-related research and management.
VII. ADVANCES IN TECHNOLOGIES FOR STUDYING
THE ECOLOGY OF THE RABIES VIRUS AND
WILDLIFE RABIES VECTOR SPECIES

To design an effective wildlife rabies control tactic, information on the
ecology of the target species as well as the virus is critical. In Canada,
the Ontario wildlife rabies control program evolved from one of studying
the ecology of rabies vector species ( Johnston and Beauregard, 1969;
Rosatte and Lariviere, 2003; Voigt, 1987) to development of systems to
deliver vaccine to those species. The use of radio-telemetry has advanced
the knowledge of rabies vector species ecology and thus the ability to
design effective rabies control tactics. Telemetry was used to study the
ecology of red foxes, raccoons, and striped skunks inmetropolitan Toronto
(Rosatte et al., 1991). The data were used to develop an effective wildlife
rabies management plan and the disease was eventually eliminated in
terrestrial mammals from that urban complex (Rosatte et al., 2007e).

Ecological studies on raccoons in Ontario using state-of-the-art GPS
collars (accurate to 5 m) enabled researchers to determine intimate details
on the ecology of raccoons including home range, denning and breeding
periods, animal movements, and periods of high contact (Rosatte et al.,
2010a,b). This information was used during the 1990s and 2000s in
Ontario for designing wildlife rabies control response tactics (Rosatte
et al., 2001, 2009a,b). Telemetry revealed that raccoons were active
between March and November during any given year in Ontario
(Rosatte et al., 2010a). Mark-recapture studies also revealed that raccoon
movement was substantial during the summer/early fall periods (Rosatte
et al., 2007a). Home range studies using telemetry revealed habitats that
received high use by raccoons that could be targeted for baiting (Rosatte
et al., 2010a; Totton et al., 2004). Bait acceptance studies also proved that
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the optimal time for baiting raccoons was August and September in
Ontario (Rosatte and Lawson, 2001; Rosatte et al., 2007a,b,c).

Rabies case data were used to estimate the incubation period of rac-
coon rabies in Ontario, Canada (Tinline et al., 2002). In addition, an
analysis of rabies case data in Ontario revealed critical information on
the behavior, movements, and demographics of rabid raccoons that
assisted with the development of an effective rabies management pro-
gram in Canada (Rosatte et al., 2006). Other studies revealed a correlation
between the presence of porcupine quills in raccoons (indicating aberrant
behavior) and a diagnosis of rabies in eastern Canada which is valuable
information for rabies surveillance operations and detecting new cases in
an area previously free of reported rabies (Rosatte et al., 2007d). Rabies
vector ecological data can be used to optimize rabies vaccine bait-distri-
bution using GPS navigational systems in aircraft, which should lead
to efficacious wildlife rabies control and eradication programs (Rosatte
et al., 2007c).

Mark-recapture studies have also been used to estimate rabies vector
density, which will assist in determining the density of baits necessary to
reach the target population (Rosatte et al., 2009a). Telemetry and bait-
acceptance studies have also revealed that the majority of rabies vaccine
baits are consumed within 1–3 weeks of bait placement (Bachmann et al.,
1990; Blackwell et al., 2004). Mark-recapture also provides data so that an
estimation of the percentage of the population that is vaccinated or
removed by TVR or PIC tactics can be calculated (Rosatte et al., 2009a).

Advances in research have also been accomplished with respect to the
use of genetics to study the ecology of rabies vector species. Estimates of
raccoon dispersal in Ontario, Canada, were acquired using parentage and
spatial genetic analysis of raccoons. Potential travel corridors for rabies-
infected raccoons were identified and the data were used for disease
management planning in Ontario during the 2000s (Cullingham et al.,
2008). Molecular research was conducted comparing rabies virus isolates
from the Greenland, Arctic, North America, the former Soviet Union, and
Baltic regions (Mansfield et al., 2006). They concluded that there was
evidence of the cross-border movement of rabies in Arctic regions. How-
ever, in another study, Kuzmin et al. (2004) compared isolates from Eur-
asia, Africa, and North America using nucleoprotein gene sequences and
concluded that the molecular evidence suggested that the current fox
rabies epizootic in the former Soviet Union formed independently from
those in western and Central Europe.

One of the more recent advances in rabies research tools is the genetic
variant analysis of rabies virus to map the spread of virus in wildlife
vector species (e.g., red foxes and striped skunks). Using this technology,
Nadine-Davis et al. (2006) identified four primary genetic variants for
Ontario, Canada. Genetic differences among the viral strains were used
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to identify the origin of the variants. This research suggested that failure
to completely eliminate rabies in SW Ontario was not due to incursions
from other areas, but due to a failure to completely interrupt the cycle of
rabies transmission among the wildlife vectors (Nadine-Davis et al., 2006).
This research reinforces the fact that rabies control activities need to occur
over the long-term and that striped skunks play a major role in maintain-
ing the Arctic variant of rabies virus in southern Ontario, Canada
(Nadine-Davis et al., 2006).

Rabies epizoological patterns in Mexico were also described by
Velasco-Villa et al. (2005) through the use of genetic and antigenic analysis
of isolates from Mexican wildlife during 1976–2002. They suggest that
there were two origins for rabies in Mexico—one that evolved from
canine rabies virus and the other from vampire bat rabies virus. They
also propose that a skunk rabies focus in north central Mexico is related
(shared a common ancestor) to bat rabies foci in North America.

It is also important to have knowledge of the metapopulation structure
of rabies vector species to understand the dynamics of epizootics. This can
be attained by using mark-recapture study data in population models
which will determine which populations may be most vulnerable to a
disease outbreak. Broadfoot et al. (2001) used population models to iden-
tify raccoon and skunk metapopulations in Toronto and targeted these
for potential control operations should a rabies outbreak occur in that
metropolitan complex.

The use of models for researching the dynamics of rabies vector
species and disease has also advanced significantly over the past few
decades. During the 1980s, deterministic models (mathematical models
without the use of random variation of variables) were used to study fox
rabies dynamics in Europe (Anderson et al., 1981). During the late 1980s
and early 1990s, stochastic models (range of values for variables used)
were developed using animal behavioral data (Voigt et al., 1985). Other
researchers including Smith et al. (2002) and Russell et al. (2005) used
models to demonstrate how the geography of the landscape can affect
rabies spread. Rees et al. (2009) used a landscape genetic model to under-
stand the variables affecting the spread of raccoon rabies in Ontario,
Canada.

Recently, models incorporating vector ecological data have been used
to optimize rabies vaccine-bait delivery systems (Rosatte et al., 2007c). In
Germany, Thulke et al. (2004) used a simulation model combining space
use by foxes and aircraft baiting lines to design an effective ORV strategy
to control rabies in that species. They surmised that an increase in vaccine-
bait density did not necessarily translate to an increase in bait acceptance
by foxes. In fact, their study indicated that 5–10% of fox groups did not
have any vaccine baits in their spatial area of utilization. They also found
an increase in fox bait acceptance when the spacing between flight lines
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was decreased. This was also shown to be true for skunks in Ontario
(R. Rosatte, unpublished observations).

Eisinger and Thulke (2008) predicted (based on modeling vector pop-
ulation ecology data) that a lower rabies management effort (i.e., baits/
km2) could be used than what was currently being implemented in
Europe. They suggested that a new approach using fewer vaccine baits
for fox rabies control would create a significant economic benefit with a
target of 18–20 baits/km2 and achieving a herd immunity in foxes of
>70%. However, in some areas of Europe, control of rabies was achieved
with <70% immunity in foxes (Eisinger and Thulke, 2008). They sug-
gested that by reducing vector immunity targets by 10% and by using
fewer vaccine baits (14 km�2) that up to one-third of the rabies manage-
ment resources currently being used would be saved.
VIII. SUMMARY

Significant research advances directed toward the control, elimination,
and eradication of rabies have been made during the past few decades.
Research has progressed so that control of the disease does not rely solely
upon culling techniques. In fact, oral rabies vaccination has proven to be a
feasible and effective method to control rabies in wildlife vectors. Rabies
has been eliminated in large expanses of Europe and North America.
However, ORV strategies need to be adopted by developing nations,
especially for the control of canine rabies and resultant spillover to wild-
life (Rupprecht et al., 2006). Research should be continued to further
investigate the complex relationship of canine rabies and spillover to
wildlife populations in areas such as South Africa. In addition, research
is needed to determine the level of herd immunity in primary rabies
vector species at which rabies will disappear from the target population
to increase the cost effectiveness of control programs. Research is also
needed to preserve genetically unique populations (e.g., African wild
dogs) from this deadly disease (Ogun et al., 2010).

Research advances in wildlife rabies control techniques have been
highly effective in areas such as Ontario, Canada. For example, raccoon
rabies has been eliminated, and the province is realizing a $6M–$10M
annual savings in rabies-associated costs (Rosatte et al., 2008, 2009a).
However, globally there is a significant amount of research that needs to
be addressed including knowledge of rabies transmission among bats, bat
ecology, and improved techniques to immunize insectivorous as well as
hematophagous bats.

Although an effective system to orally immunize free-ranging skunks
in Canada has been developed, research is needed to develop an effective
vaccine bait for skunks in more southern climates (Ramey and Mills,
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2008). The matrix of vaccine baits that are effective in northern climates
such as Canada may not withstand the higher temperatures of southern
climates. In addition, the control of raccoon rabies in the United States has
been challenging and research with respect to the development of new
effective vaccine baits is critical to control the disease before the enzootic
expands in a westerly direction. Research is also needed to more
completely understand the viral host shift that occurred during an out-
break of bat variant rabies in skunks in Arizona in 2001 and reemergence
of rabies in gray foxes during 2008/2009 (Slate et al., 2009).

Large-scale ORV operations employing aircraft and GPS precision are
being used globally to control wildlife rabies today. However, research is
still needed to determine the number of baits to distribute as well as
spatial distribution patterns for baiting to maximize bait uptake by wild-
life vectors and also minimize rabies management costs. The cost of
vaccine baits alone approaches 85–90% of ORV program costs and
research is desperately needed to develop more affordable vaccines,
especially for use by developing nations. In addition, research in model
development to assist with rabies management decisions is needed along
with research to determine the effect that other diseases such as canine
distemper may have on an animals’ ability to develop an immune
response following contact with ORV.
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ité de

Ontario,

421



422 Erin E. Rees et al.
have been integrated with rabies control efforts in North America.

Few studies have been done, however, to examine how the texture

(grain) and configuration of the habitat at finer scales affect rabies

control, particularly the massive oral vaccination campaigns in oper-

ation along the Atlantic coast and southeastern Canada (Ontario,

Québec, New Brunswick). To explore these questions, the authors

used stochastic simulation. The model of choice was the Ontario

Rabies Model (ORM) adapted for use on the high performance

computing resources network inQuébec (RQCHP—Réseau québécois

de calcul de haute performance; http://rqchp.qc.ca). The combina-

tion of the ORM and RQCHP allowed us to run many thousands of

experiments to explore interactions between nine landscape grain/

configuration combinations and vaccination barriers with varying

widths and immunity levels. Our results show that breaches of

vaccine barriers increase as the grain size of the landscape increases

and as the landscape becomes more structured. We caution that mid

levels of vaccination can be counterproductive resulting in rabies

persistence rather than control. We also note that our model/com-

puting system has the flexibility and capacity to explore a wide range

of questions pertinent to improving the efficacy of rabies control.
I. THE CONCEPT AND MECHANISMS OF BARRIERS

In the spread and persistence of rabies, barriers manifest themselves at
various scales from the cell wall to the landform boundary. In this chap-
ter, our focus is on barriers at landscape scale (tens to thousands of kilo-
meters in extent), scales at which barriers affect the transmission of rabies
between animals and affect the spread within a landscape. By affecting
transmission, barriers also affect the persistence of rabies within an area.
Our approach is threefold: (1) to explore the concept and mechanisms of
barriers; (2) to review recent research investigations that describe and
attempt to quantify the impact of barriers on rabies spread and persis-
tence; and (3) through the application of a spatially explicit simulation
model, to explore the effectiveness of various vaccination barriers under
different patterns of host species habitat.

Landscape-scale barriers reduce rabies spread and persistence through
two epidemiologically important causal pathways by (1) shortening the
reach of the vector species, that is, the distance which any single vector or
host organism moves in the course of passing on the rabies virus, and (2)
reducing the rate at which one infected host successfully passes on infec-
tion to other hosts. These are not mutually exclusive or independent
mechanisms. One can imagine a barrier region through which travel by
the vector is impeded or blocked; this would have the effect of reducing

http://rqchp.qc.ca
http://rqchp.qc.ca
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the average distance that vectors would travel prior to becoming infec-
tious. In addition, the habitat of such a region could also be of poor quality
with low densities of susceptible host species, which reduces the like-
lihood of successful disease transmission.

The distinction is useful in understanding the characteristics of bar-
riers, which are critical to assessing their effect on rabies spread and
persistence. Barriers can be characterized as having (1) a degree of per-
meability, that is, the likelihood that a vector will be capable of passing
through the barrier, and (2) a level of susceptible host species density,
which directly influences the probability that an infective host will suc-
cessfully pass on the infection before losing the ability to infect other
hosts. It is obvious that the other side of the barrier coin is connectivity
and that higher permeability and higher host density imply connectivity
with respect to rabies spread.

Both of these characteristics must be considered in the context of
particular spatial scales. Two aspects that are often conflated in common
usage of the term ‘‘scale’’ are extent and grain (Dungan et al., 2002). Extent
is the size of a region of interest and grain is a measure of size of the
smallest spatial unit which is spatially homogeneous with respect to a
phenomenon of interest, for example, host density, land use, or habitat
type. Alternatively, grain can be considered the smallest size at which
objects, such as forest patches, can be identified with the techniques at
hand. Extent and grain together are necessary to enable consideration of
landscape heterogeneity in terms of habitat or susceptible host density at
a particular grain size, relative to the extent of a study area. Not only does
susceptible host density have an effect on the transmission of rabies virus
through a region, but the pattern of variability in the density also has an
effect. There has been considerable attention focused in epidemiological
modeling on the effects of landscape heterogeneity on disease spread and
persistence (e.g., Ferrari and Lookingbill, 2009; Keeling, 1999; McCallum
and Dobson, 2002; Real and Biek, 2007).

The fields of conservation biology and landscape ecology, in the anal-
ysis of habitat fragmentation, have recognized the correlated but separate
effects of habitat amount and habitat configuration, or habitat fragmenta-
tion per se on species persistence in a landscape (Andren, 1994; Fahrig,
2003). The separation of concepts, amount from configuration, is impor-
tant in assessing the barrier effects of habitat and concomitant host den-
sity patterns on disease spread and persistence. In the case of rabies,
amount refers to the density of susceptible hosts and configuration is
the pattern of host density variation, for example, the average size and
separation of high density patches. The effect of habitat on fragmentation,
while holding the amount of habitat constant, is to reduce wildlife popu-
lations’ likelihood of persistence. Given the same amount of habitat,
less fragmented landscapes with larger patches of suitable habitat
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are generally more likely to support self-sustaining wildlife populations
than landscapes with smaller more fragmented patches (Fahrig, 2003).
However, Fahrig (2003) proposed that more research on the independent
effects of habitat loss and habitat fragmentation is necessary to identify
factors which influence the positive versus negative effects of fragmenta-
tion per se. When habitat available for a species becomes scarce
and fragmented, the species may be able to sustain itself in a region as
a metapopulation through a continual process of recolonization of
patches where local extinctions have occurred (Hanski, 1999; Levins,
1970).

There is an analogue with infectious diseases, in which diseases func-
tion as metapopulations, where the disease habitat is the population of
host organisms (Nee, 2007), and the disease moves among patches where
the susceptible host density and infection interactions are sufficient for
the disease to establish itself and persist for a time. The likelihood of
persistence is a function of the size of the host’s activity space and the
number, spacing, and size of patches with sufficient susceptible host
density. Landscapes with levels and patterns of host density in which
disease will not persist are barriers to the disease. Water bodies such as
rivers and lakes may influence the spread of rabies by preventing the
passage of host vectors or by reducing the distance or altering the direc-
tion that they are able to carry rabies. A number of studies have attempted
to detect and estimate the magnitude of these effects on rabies spread
(e.g., Rees et al., 2008b; Smith et al., 2002). Topography also influences
rabies spread. In particular, mountainous areas may physically impede
movement of vector species, and characteristically have lower densities of
host species, which lowers disease transmission rates. There is evidence
of topographic barriers to rabies spread, in North America in both fox and
raccoon rabies incidence data (Biek et al., 2007; Tinline and MacInnes,
2004) and in Europe in fox rabies incidence (Wandeler et al., 1988). There-
fore, average host density across a region is only one dimension in
understanding disease spread; the pattern or configuration of variation
in that density may be equally important.

The design of barriers to combat disease, through lowering susceptible
host densities by broad scale vaccination, culling, or fertility controls,
should take into account the potential for landscape pattern to interact
with control efforts and influence their effectiveness. Distribution of oral
vaccines is the most cost effective of the aforementioned methods for
large-scale rabies control. For example, vaccination of host species in
strategically defined areas has been used successfully to practically elimi-
nate fox rabies (MacInnes et al., 2001) and prevent the spread and persis-
tence of raccoon rabies in Ontario (Rosatte et al., 2009) and Québec,
Canada (Bélanger et al., 2010), and in various regions of the eastern United
States (Russell et al., 2005; Sterner et al., 2009). Vaccination zones in which
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herd immunity is achieved serve as barriers to protect uninfected areas
from rabies spread and reduce the chance of disease persistence in
infected areas by lowering susceptible host species densities. Since con-
trolled replication of landscapes for empirically assessing effects of land-
scape configuration on rabies spread is impossible, in the final section we
use a spatially explicit simulation model to examine the effect of two
elements of landscape pattern on the spread of rabies and its interaction
with vaccination barriers of various extents and levels of achieved
immunity.
II. ASSESSING BARRIER EFFECTS

A variety of analytical tools have been brought to bear on the problem
of estimating the effect of physical barriers on the spread of rabies. The
simplest approach is mapping and statistical analysis of temporal and
spatial patterns in reported rabies cases over time with respect to a
number of landscape features which, as described above, are hypothe-
sized to affect rabies spread. A second approach is simulation modeling,
wherein a model is built based on knowledge and hypotheses about
host and disease behaviors and then is used to project disease scenarios
under conditions for which there have not been opportunities to observe
system behavior, to identify characteristics or parameters to which
model outcomes are sensitive. Both epizootic patterns as well as genetic
evidence from both host and disease have been used to validate these
models.
A. Rivers

Sayers et al. (1985) mapped rabies cases in Baden-Württemburg, Germany
between 1963 and 1971. They temporally pooled cases over 3-month
periods and applied a Gaussian spatial filter; from the resulting surface
map, they identified local maxima or foci of rabies occurrence. The foci
were mapped over successive time periods to construct trajectories of
disease intensity. The resulting trajectory map clearly showed the influ-
ence of the Danube River blocking two of the trajectories and it identified
where on the river there were breakthroughs to the south. Using inci-
dence records, Wandeler et al. (1988) also identified the role of rivers as
natural barriers and bridges as connections for the spread of fox rabies in
Europe.

Two approaches to estimating the magnitude of the effect of river
barriers on the spread of the raccoon rabies strain through Connecticut,
USA, have been taken by Lucey et al. (2002) and Smith et al. (2002). In
Connecticut, rabies entered in the southwest corner of the state and
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spread northeastward, crossing the state and infecting all townships but
one in a span of 49 months. There are three large rivers which cross the
state aligned approximately perpendicularly to the direction of the rabies
spread. The two analyses used township-level rabies case data to deter-
mine the date of first incidence for each of 169 townships in the state.
Lucey et al. (2002), modifying a method originally developed and applied
by Ball (1985), estimated trend surfaces, linear to quartic, for the date of
first incidence in townships to assess the regional spatial temporal trend
in rabies passage through Connecticut. The higher order trend surfaces
captured some local variation in the predicted surface of date of first
incidence. The variation in the trend surface indicated an overall reduc-
tion in rate of spread due to rivers of 22%.

Smith et al. (2002) developed a stochastic simulation model of the
passage of the disease into a township from adjacent townships as a
function of the infection state of the adjacent townships and a number
of habitat and river barrier variables. Parameters for five configurations of
the model were estimated and compared using the incidence data to
identify the best fitting model and to assess the effect of the rivers on
the rate of spread of rabies across the state. The best fitting model was one
with a river barrier effect, and that model indicated that the rivers caused
a sevenfold decrease in the local rate of transmission between adjacent
townships and a 30% overall reduction in spread. They attributed the
difference of their estimate with the 22% estimate of Lucey et al. (2002) to
the greater regional influence incorporated in the trend surface estimation
methodology. Smith et al. (2002) went on to use the model to estimate that
without the river barriers rabies would have crossed the state between 11
and 16 months sooner than observed.

Cullingham et al. (2009) demonstrated, through genetic structure
analysis of nuclear DNA markers in raccoons, the differential permeabil-
ity of the St. Lawrence and the Niagara Rivers, which form part of the
border between New York State and Ontario. From the lack of genetic
structure coincident with the St. Lawrence River, they inferred a freer
interchange of raccoon genetic material here than in Niagara. The
St. Lawrence region was the location of the only observed incursion of
raccoon rabies into Ontario. They also recognized that the differential
structuring of raccoon genetics by the two rivers might be also be due to
the more constricted interface between New York and Ontario at Niagara,
compared to the longer St. Lawrence River frontier between the two
jurisdictions. Both these interfaces are separated by Lake Ontario, a bar-
rier completely impermeable to raccoons and the disease. Rees et al. (2009)
used genetic simulation modeling to explore this spatial bottleneck effect
created by the location of the large impermeable Lakes Ontario and Erie
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and the relatively narrow (50 km) terrestrial interface between them
afforded by the Niagara Peninsula. They found that the genetic differen-
tiation in nuclear DNA in the raccoon host species observed in field data
could have arisen simply because of the landscape constriction. They
argue that this factor, in conjunction with the barrier effect of the Niagara
River and a raccoon vaccination program, has provided a successful
barrier to raccoon spread into Ontario. At a coarser grain and larger
extent, Biek et al. (2007), through examination of RNA sequences in the
rabies virus, also note the role of the Great Lakes and the Atlantic Ocean
as physical barriers in bringing rabies incidence to a demographic
plateau.

Rees et al. (2008b) used landscape genetics analysis of neutral mito-
chondrial genetic markers and the Ontario Rabies Model (ORM; Tinline
et al., 2011), a spatially explicit, individual-based simulation model of
raccoon populations to estimate the degree of permeability of the Niag-
ara River to raccoons and by inference to rabies. The ORM has the
capability of tagging individual raccoons with neutral genetic markers
and passing these genetic characteristics to their offspring. By simulat-
ing 250 years of colonization by raccoons from New York across the
Niagara River, into Ontario with variable levels of permeability
assigned to the river barrier in the model, it was possible to match
the emergent spatial genetic structure in the model with that assessed
from contemporary field samples of raccoon DNA. The comparison
indicated that the river permeability to raccoon movement was approx-
imately 50%.

There are several other examples of the use of rivers in conjunction
with vaccination in particular to create a cordon sanitaire to isolate areas
from invasion by rabies. Ontario has used the combination of oral
vaccination, trap–vaccinate–release, and localized depopulation along
the Niagara and St. Lawrence rivers to reinforce the barrier effect
(Rosatte et al., 2010). The Texas Department of Health used oral vaccina-
tion to successfully contain the invasion of canine rabies in coyotes from
Mexico across the Rio Grande and subsequently pushed the disease back
to the Rio Grande (USDA, 2007). The United states began a National
Rabies Management Program in 1997 with a major focus on preventing
the spread of raccoon-variant rabies from the eastern seaboard into
central United States. A 48–118 km wide oral vaccination zone was
placed from Ohio south to Alabama along the Appalachian Ridge to
complement natural barriers such as rivers, lakes, and poor habitat
along mountain ridges. There have been breaches of this combined
barrier, but they have been contained with additional vaccination mea-
sures (Sterner et al., 2009).
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B. Topography

We have noted previously that topography, through the combined effects
of elevation, terrain ruggedness, and associated vegetation types and land
use differences, has an effect on the spread of infectious disease by
influencing the likelihood of successful disease transmission. Certain
types of topography, for example, those of high elevation, steep slopes,
and rugged terrain, may constrain movement and shorten the reach of
vectors. Additionally, poor raccoon habitat and low raccoon densities,
often associated with these topographic types, lower the likelihood of
successful disease transmission. The north–south extent of raccoon rabies
in its spread in eastern North America from a 1977 focus in West Virginia
indicates a strong barrier effect of the Appalachian and Allegheny Moun-
tains spatially constraining rabies to the eastern seaboard (Biek et al.,
2007). At a smaller extent, this elevation effect is evident at the current
northern limit of raccoon rabies range. It is clear from data on the time of
first incidence at the township level in Vermont and New York that the
Adirondack Mountains have acted as a barrier, directing, in a sense the
incidence of rabies around the high ground (Russell et al. 2003). Figures 1
and 2 illustrate this effect. Figure 1 shows the total number of rabies cases
by township during over the initial invasion period (1990–2003) of New
York State (Owen, 2004). Figure 2 presents a 4th order trend surface of the
first date of rabies incidence by township in Vermont (Laura Bigler,
personal communication, November 2010, unpublished data) and
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Vermont (Laura Bigler, personal communication, 2010).
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shows how the centrally located Green Mountains impeded the progress
through central Vermont while the elevation corridors provided by the
Champlain Valley the west and the Connecticut River valley on the east
facilitated the northward spread of rabies.

Slate et al. (2005) argue that higher elevations in the Appalachian and
Adirondack Mountains are generally characterized by short growing
seasons, infertile soils and contiguous forest habitats more typical of
northern latitudes, such as mixed conifers and northern hardwoods, or
a boreal mix of spruce, fir, and aspen. As such, these habitats do not
generally support robust raccoon populations often found in habitats at
lower elevations. Population density index information collected by
United States Department of Agriculture (USDA), Animal and Plant
Health Inspection Service (APHIS), and Wildlife Services are in general
agreement with these density-habitat relationships at higher elevations.
Earlier work in New England also supports this conclusion (Godin, 1977).

Raccoon densities at a local level are difficult to estimate precisely.
A number of studies, however, demonstrate the effect of habitat on rabies
spread and persistence which are presumed to be an effect of host density
on disease transmission rates. Smith et al. (2005) used modeling to inves-
tigate long distance rabies transmissions in Connecticut, similar to their
earlier study (Smith et al., 2002). They showed that increased forested
habitats within a township slowed the overland spread of rabies by a
factor of 3. They also found an interaction of forest cover and rivers
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slowed rabies spread to the point that, in heavily forested townships, the
model predicted rabies would never cross rivers, whereas in lightly forest
townships, the river effect slowed rabies spread by a factor of 2. This effect
is most likely due to variability in raccoon density, where agricultural and
settled areas typically support much higher raccoon densities, with
accompanying higher disease transmission rates.

Genetic evidence of the rabies virus supports this hypothesis that areas
of low host density act as disease barriers. Real et al. (2005) showed that
two variants of arctic fox rabies virus, entering southern Ontario, one on
the east through Québec and one on the west fromNorthern Ontario have
retained this genetic differentiation. Each was separated from the other by
the higher elevation, and generally forested Frontenac Axis of the Cana-
dian Shield.

Tinline andMacInnes (2004) examined rabies incidence and landscape
in southern Ontario in a different way. Using time series correlations of
rabies incidence between adjacent townships, they were able to identify
12 clusters of townships which they termed ‘‘rabies units.’’ Each unit had
a distinctive period that was out of phase with adjacent units so that as
rabies peaked in one unit it was waxing or waning in adjacent units.
Further, units had similar host species composition, and unit boundaries
followed the predominant physiographic features in southern Ontario.
They argued that the out-of-phase relationships between units appeared
to be an important mechanism for the persistence of rabies in southern
Ontario. They also noted that there was a strong correlation between the
spatial pattern of rabies units and the geographical localization of N gene
variation of rabies viruses circulating in Ontario (Nadin-Davis et al., 1999).
Ontario used these geographic units to initiate its successful oral vaccina-
tion campaign against fox rabies. The campaign began by using vaccina-
tion along the physical barriers between units in southeastern and south
central Ontario to further isolate those units. Subsequent control efforts
concentrated on vaccinating within units when incidence was waning.
C. Fine-grained habitat heterogeneity

To this point, our examples have dealt with analyses and control mea-
sures over relatively large areas such as townships or counties. This is
partly the result of the spatial unit at which jurisdictions collect rabies
data and partly due to the lack of detailed information about host behav-
ior at finer scales. As a result, much rabies research and control planning
have made the limiting assumption of homogeneous habitat and/or host
population density over wide areas. Recently, however, there is a growing
recognition that local, fine-grained habitat configuration, characterized by
attributes such as connectivity, interior habitat patch size, isolation, may
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have a critical influence on disease spread and persistence and, more
importantly, on the efficacy of disease control efforts (Gilligan and van
den Bosch, 2008). For example, McCallum and Dobson (2002) use meta-
population models to identify the advantages of corridors and other
connections for species conservation in fragmented landscapes as
opposed to the disadvantages due to disease spread that metapopulation
connectivity might enhance. From the point of view of species conserva-
tion, they concluded that the benefits of connectivity that allow the host
species to move through a landscape more than offset the costs that
enhanced disease transmission might impose on the species of conserva-
tion concern.

Su et al. (2009) have also examined the effects of habitat arrangement,
specifically spatial clustering of habitat patches, on predator-prey dynam-
ics through simulation of a predator–prey–disease system. Of particular
interest, they explored the response of a disease in the prey population to
landscape structure, both the amount of habitat and the degree of cluster-
ing of the extant habitat. As expected, they demonstrated a sharp decline
in prey numbers and incidence of disease in prey, as the total amount of
habitat is reduced. However, they also showed that clustering of habitat
units into larger patches of good habitat mitigated some of the effects of
habitat loss on the prey species abundance, as well as on the prevalence of
disease. The disease is more likely to persist in a landscape where there
are larger clumps of habitat units. From a rabies management perspective,
these findings raise some interesting questions about how various land-
scape types would influence the effectiveness of a vaccination barrier in
halting the spread and, ultimately, the persistence of rabies in a region.
Given the general paucity of data on microscale host/disease behavior,
we believe the most efficient way to explore these questions is through
simulation modeling. Our initial efforts are described in the next section.
III. ASSESSING INTERACTION OF VACCINATION
BARRIERS AND HABITAT PATTERNS

Our work was motivated by the raccoon rabies dynamics in Vermont and
Québec. Raccoon rabies has been detected in Vermont since 1994 (USDA,
2007). In 2000, the Government of Québec put in place an enhanced
surveillance program along the border of Québec and Vermont
(Messier, 2001). Raccoon rabies was finally detected in May 2006, initiat-
ing a control program to eradicate the disease from Québec. Disease
surveillance efforts were increased and maintained for succeeding
years. The last two rabies cases in Québec’s epidemic were detected in
the spring of 2009. After 2 years of no rabies cases, despite constant
surveillance effort, Québec can be declared disease-free, according to
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the definition of the World Health Organization (WHO, 2005). Under
these circumstances, the Government of Québec has shifted the focus of
disease control toward preventing another outbreak caused by a rabies
invasion from Vermont. Since rabies control programs are economically
and logistically expensive (Sterner et al., 2009), our challenge was to
examine how habitat structure impacts the effectiveness of oral vaccina-
tion strategies with the long-term goal of designing better and less expen-
sive vaccination programs.

The landscape in Québec along the Vermont border ranges from large-
scale farming operations to a mosaic of smaller agricultural plots and
woodlots, to more contiguous forest and mountainous terrain. To begin
our analysis, we felt that this landscape (and most others) could be
represented by three general patterns of alternating good and poor habi-
tat: patches, corridors, and bars where corridors are parallel to the direc-
tion of spread and bars are perpendicular to the direction of spread.
Further, those patterns would be exhibited at different levels of aggrega-
tion, which we termed fine, medium, and coarse grain. To examine the
interaction between vaccine barriers and these patterns, we chose differ-
ent barrier widths and different levels of immunity within those barriers.
Finally, we decided that stochastic simulation modeling was the only
feasible means of assessing the contribution of all these factors to the
effectiveness of a given vaccination program.
A. Methods

1. The simulation modeling environment
Our choice for simulation modeling was the ORM. There were four
reasons for this choice. First, as Tinline et al. (2011) discuss, the ORM is
an object-oriented stochastic spatial model of animal population dynam-
ics that deals with individual animals and tracks the spread of infectious
disease over landscapes configured as hexagonal cells where the carrying
capacity of each cell (defined as K in subsequent paragraphs) is user-
defined. Hence, carrying capacity becomes a surrogate for habitat quality.
The ORM permits these cells to be any size, but in this study, we have
accepted the default size for each cell of just over 10 km2 per cell, the scale
typical of the spatial resolution in field studies used to parameterize the
model. Second, the ORM has an ArcGIS (Environmental Systems
Research Institute, Inc., Redlands, California) interface that makes it eas-
ier to graphically define landscapes. ArcGIS is a widely used GIS software
package in North America. Third, the ORM has been adapted to run
under Linux and, therefore, we were able to use the high performance
computing resources from a consortium of universities in Québec
(RQCHP). Using such a resource allowed us to design multi-factorial
experiments with enough trials per experiment to adequately assess the
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output variance was created by stochasticity in the model. Finally, the
biology and parameter estimation in the ORMwere derived from detailed
field studies of raccoon behavior in southern Ontario and calibrated with
other work in southern Québec and northern New York. Thus, for these
areas of the world, we are confident that the ORM parameterization is a
reasonable representation of reality.

2. Vaccination strategies
Our concern was the ability of various vaccination strategies to prevent a
rabies invasion from an endemic area (in the south) into an adjacent
disease-free area in the north (Fig. 3). The endemic zone has no spatial
heterogeneity, as its sole purpose is to serve as a continuous source of rabid
raccoons threatening to infect the disease-free area. An oral vaccination
barrier was placed along the northern side of the border between these
areas. The vaccination barriers tested were 20, 30, and 50 km wide and had
achieved population immunities of 0%, 20%, 40%, 60%, and 80%. Achieved
immunitymeans that the specified proportion of the population is immune
to challenges from the rabies virus for 52 weeks, with the barrier being
renewed annually to maintain the designated level of immunity through-
out the simulation. In total, we applied 13 unique vaccination strategies as
defined by a full-factorial design of barrier levels and population immunity
levels� 20%, and a strategy with 0% population immunity (i.e., no disease
control) to act as a control for assessing the effect of vaccination.

3. Landscapes
We created 10 unique landscapes (Fig. 3). Each landscape is a rectangle of
40 � 70 hexagonal cells and represents 28,953 km2. Every cell has a
defined target population of raccoons, K, to act as a direct indicator of
habitat quality (Rees et al., 2008a; Tinline et al., 2011). Cells with higher
values of K can support greater densities of raccoons, as is assumed to
occur in better-quality habitats. K does not influence movement beha-
viors; rather, there is a feedback with mortality rate to bias the cell
population toward K. Therefore, K acts to enhance or reduce disease
transmission, given the cell population size. Our intent is to mimic field
conditions that influence rabies spread and persistence. For example, in
forested mountainous areas, raccoon densities are low because this is not
a preferred habitat (Godin, 1977), and thus, the incidence of rabies is
lower in these areas. In our experiments, we used extreme, but ecologi-
cally realistic, values for raccoon density. Habitat in the model landscapes
are differentiated from each other through the spatial arrangement of 800
low-quality habitat cells (K ¼ 20; �2 raccoons/km2) and 1600 high-quality
habitat cells (K ¼ 120;�12 raccoons/km2; Rees et al., 2008b). In the 10most
southerly rows (400 cells) of all landscapes is the endemic zone. This zone is
spatially homogeneous with respect to habitat (K), by assigning cells a



20 : 60 :
K
87 : 120 :

FIGURE 3 Six of the ten landscape configurations in our experiments. The southern tier

of 10 rows in all landscapes is the endemic area with K ¼ 20. The northern tier of 60

rows shows varying arrangements of high-quality habitat (K ¼ 60, dark colored cells)

and low-quality habitat (K ¼ 87, light colored cells). The bottom left, center, and right

landscapes illustrate arrangements with fine, medium, and coarse patches (1, 9, and 30

cells, respectively) of low-quality habitat. The upper center and upper right landscapes

illustrate a corridor and a bar landscape 8 cells wide. The upper left landscape is our

reference landscape. The upper tier of cells is isotropic with K ¼ 120, the mean value of

high and low densities in all other arrangements. In addition, the rectangle on the

isotropic arrangement shows the placement of an example vaccination barrier 20 km

wide between the endemic area and the northern tier of cells.
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value of K ¼ 60 to represent average-quality raccoon habitat found at mid-
latitudes (�6 raccoons/km2; Rees et al., 2008b).

These spatial arrangements had two organizing principles. We created
three fundamental configurations of landscape heterogeneity through the
arrangement of the low- and high-quality cells, as structured into patches,
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bars, or corridors (Fig. 3). For each configuration, there were three textural
grains for clustering the low-quality cells into fine, medium, and coarse
aggregations as exemplified by decreasing edge to area ratios. Our intent
was to represent variation in raccoon habitat that occurs at different
configurations and grains. For instance, the low-quality cells forming
bars and corridors at the coarsest scale are analogous to forested moun-
tain ranges in New England that are found to be poor habitat for raccoons
(Godin, 1977; Pedlar et al., 1997). In our simulations, rabies flows south to
north, therefore, east–west oriented bars are expected to impede disease
spread and north–south oriented corridors are expected to facilitate dis-
ease spread. Contrary to bar and corridor linear features, patches mimic
variation in habitat quality that occurs in clumps, for example, poor-
quality habitat of isolated mountains surrounded by good-quality habitat
in the agricultural valleys, as found in Vermont. The medium and fine
grains of these landscape configurations enabled us to test for the interac-
tion between grain size and the effectiveness of the vaccination scenarios.
For example, one vaccination strategy may be more appropriate to com-
bat rabies in a large-scale patchy mountain-valley landscape like Ver-
mont, while an alternate vaccination strategy may be more appropriate
for a finer grain patchy landscape of woodlots and agricultural fields in
southwestern Québec. Likewise, the three different landscape configura-
tions enabled us to test for the interaction between the arrangement of
available habitat and the effectiveness of vaccination scenarios. We also
created a landscape that is entirely homogeneous to act as a reference to
the influence of spatial heterogeneity. This isotropic landscape also has an
endemic rabies zone in the most southerly 10 rows, but all cells to the
north have K ¼ 87, which is the average K for the heterogeneous land-
scapes. Therefore, average habitat quality (i.e., overall landscape density)
was equal among the 10 landscapes, meaning that total landscape density
did not confound the influence of spatial heterogeneity on disease
dynamics and vaccination effectiveness.

4. Simulation specifications
For each of our 10 landscapes, a raccoon population was grown from one
breeding pair into a stable population that inhabits the entire landscape.
This is necessary to create a starting population for our rabies simulations
where raccoon densities reflect the spatial heterogeneity in habitat qual-
ity. This process takes 140 model years. For each simulation trial, we run
the model another 10 years before introducing rabies. This ensures that
the population dynamic processes in ORM sufficiently randomize the
populations such that there is a unique starting population for each
landscape and for each trial. Thus, the entire simulation lasts 20 years,
the first 10 years randomize the populations and the last 10 years are used
for experimentation. Hence, in all subsequent paragraphs, we only refer to
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the last 10 years as progressing from year 1 to 10. This 10-year window is
sufficient to show an adequate response to vaccination and to evaluate its
effects. For this investigation, a larger window would only increase run-
ning time without contributing further insight on the effect of vaccination.

In years 1 and 5, we seeded rabies along the southernmost extent of the
landscapes at week 20 to correspond to the spring peak in raccoon rabies
cases ( Jenkins et al., 1988). Initial experiments demonstrated that this is
sufficient to ensure that rabies is continually present in the southern tier of
400 cells. Vaccination strategies are also initiated in year 1, north of the
endemic area, occurring yearly at week 32 (mid-August) as is typical
timing for delivery of oral vaccines at mid-latitudes in northeastern
North America (Rosatte et al., 2001).

Overall, we applied 13 vaccination strategies to each of the 10 land-
scapes and ran these combinations for 100 trials each to capture the
variation in the system. All experiments were run on high-performance
computing facilities (i.e., RQCHP). These systems enabled us to run
approximately 1000 of the 13,000 trials in parallel. Since each trial lasts
up to 30 min on a standard computing node, we were able to reduce the
running time of 13,000 trials in serial at 6500 h (270 days) to approximately
4 h. Within the Linux environment of RQCHP we used a Perl script to
process the model output for calculating the response variables.

5. Analysis of model response
We used multivariate regression analyses to test for the effects of popula-
tion immunity, vaccination barrier width, and landscape configuration
and texture on characteristics of the simulateddisease dynamics. Response
variables were calculated from the perspective of a resource manager
wanting to evaluate the efficacy of vaccination strategies in the light of
differing landscape heterogeneities. Hence, we tested the influence of the
aforementioned effects on the total number of rabies cases over 10 years
within the vaccination barrier and the probability of breaching a vaccina-
tion barrier.Weusedmixed effectsmultiple regression (gamm4package in
R; www.r-project.org) with a random effect to control for a lack of inde-
pendence among the 100 trials run for each model specification. Previous
experimentation indicated that the success of rabies to propagate within a
vaccination barrier depended on the local arrangement of low- and high-
quality cells where the disease enters the vaccination zone. Since the local
arrangement within a vaccination zone may be slightly different from the
mean habitat quality for the study area, we controlled for this effect by
including a covariatedefining the averagequality of habitat cellswithin the
vaccination zone, avgK. We also included the width of the vaccination
barrier, VacWd, since it controls the size of the area for calculating the
response variables.We usedAkaike information criterion (AIC) to identify
the top a priorimodels (Burnham and Anderson, 2002). A lower AIC value

http://www.r-project.org
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indicates greater support for the model given the data. Support for the top
models is effectively equalwhen theirdifference inAIC from the topmodel
is less than or equal to two (i.e., DAIC � 2.0.) The beta coefficients are
reported in reference to the isotropic landscape (no texture) and no vacci-
nation (0% population immunity).
B. Results

1. Number of rabies cases within a vaccination barrier
There is effectively equal support in favor of the top two models explain-
ing the number of rabies cases within a vaccination barrier based on
population immunity, landscape grain and configuration (DAIC � 2.0;
Table I). There are a higher number of rabies cases at intermediary levels
of population immunity, with higher vaccination levels becoming less
effective in coarser grained landscapes (Fig. 4). Further, at lower levels of
population immunity, vaccination is most effective in the patch and
corridor landscapes; however, at higher levels of population immunity,
vaccination is most effective in the isotropic landscape (Fig. 5).

Thepredominant trends in our results indicate thatvaccinationeffective-
ness (1) decreases with increasing coarseness of landscape grain and (2)
decreases with landscape configuration from isotropic to patch to corridor
to bar. For example, the mean number of rabies cases over 10 years of
TABLE I AIC model rankings of factors affecting the number of rabies cases within a

vaccination barrier based on five levels of population immunity (PopImmC: 0%, 20%,

40%, 60%, and 80%), four landscape configurations (LandCfig: isotropic, patch, bar,

corridor), and four textural grains (LandText: none, fine, medium, coarse). In this table

Control = factors controlling for the average habitat quality (avgK) and the width of the

vaccination barrier (VacWd).

Model Np AIC DAIC

Control þ PopImmC þ LandText

þ PopImmC*LandText

6 263,401 0.0

Control þ PopImmC þ LandCfig

þ PopImmC*LandCfig

6 263,403 2.0

Control þ PopImmC þ LandText 5 263,598 197.0

Control þ PopImmC þ LandCfig 5 263,599 198.0
Control þ PopImmC 4 263,651 250.0

Control þ LandText 4 263,890 489.0

Control þ LandCfig 4 263,891 490.0

Control 3 263,939 538.0

Np is the number of parameters, AIC is Akaike’s Information Criterion, DAIC is relative to the most
parsimonious model.
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simulation in a 50-kmvaccinationbarrier using60%population immunity is
highest at the coarsest grain and for the bar landscape (Fig. 6).

2. Probability of breaching a vaccination barrier
The probability of rabies breaching a vaccination barrier is influenced by
population immunity and landscape texture and configuration (Table II).
In the top model, increasing levels population immunity and vaccination
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TABLE II AIC model rankings of factors affecting the probability of rabies breaching a

vaccination barrier based on five levels of population immunity (PopImmC: 0%, 20%,

40%, 60%, 80%), four landscape configurations (LandCfig: isotropic, patch, bar, corridor),

and four textural grains (LandText: none, fine, medium, coarse). In this table Control =

factors controlling for the average habitat quality (avgK) and the width of the

vaccination barrier (VacWd).

Model Np AIC DAIC

Control þ PopImmC 4 2386 0.0

Control þ PopImmC þ LandText 5 2387 1.0

Control þ PopImmC þ LandCfig þ PopImmC*LandCfig 6 2387 1.0

Control þ PopImmC þ VacWd*PopImmC 5 2393 7.0

Control þ LandText 4 2554 168.0

Control 3 2556 170.0

Control þ LandCfig 4 2559 173.0

Np is the number of parameters, AIC is Akaike’s Information Criterion, DAIC is relative to the most
parsimonious model.
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barrier width decreases the probability of rabies breaching a barrier
(Table III). The results for all levels of vaccination width, population,
immunity, landscape configuration and texture (Table IV) indicate that
the combined effects of high population immunity and barrier widths are
necessary to minimize the risk of disease invasions. Rabies breaches are
less likely in the bar and coarser grained landscapes at lower levels of



TABLE III Parameter estimates and standard errors for the top model of factors

affecting the probability of rabies breaching a vaccination barrier

Variable b SE

Intercept 16.10 4.12

avgK 0.02 0.04

VacWd �0.21 0.03
PopImm 20% 0.75 1.95

PopImm 40% 0.01 1.63

PopImm 60% �0.39 1.54

PopImm 80% �11.33 1.28

TABLE IV Percentage of rabies breaches that occur relative to vaccination barrier

width (km) and level of population immunity (PI), given landscape texture: none

(isotropic), fine, medium, and coarse, and landscape configuration: isotropic, patch,

corridor, and bar

PI

Vaccination barrier

width

PI

Vaccination barrier

width

20 30 50 20 30 50

Isotropic 0 100.0 100.0 100.0 Isotropic 0 100.0 100.0 100.0

20 100.0 100.0 100.0 20 100.0 100.0 100.0

40 100.0 100.0 100.0 40 100.0 100.0 100.0
60 100.0 100.0 100.0 60 100.0 100.0 100.0

80 66.0 15.0 0.0 80 66.0 15.0 0.0

Fine 0 100.0 100.0 100.0 Patch 0 100.0 100.0 100.0

20 100.0 100.0 100.0 20 100.0 100.0 100.0

40 100.0 100.0 100.0 40 100.0 100.0 100.0

60 100.0 100.0 100.0 60 100.0 100.0 100.0

80 77.7 28.1 0.7 80 81.0 36.8 3.3

Medium 0 100.0 100.0 100.0 Corridor 0 100.0 100.0 100.0
20 100.0 100.0 100.0 20 100.0 100.0 100.0

40 100.0 100.0 100.0 40 100.0 100.0 100.0

60 100.0 100.0 100.0 60 100.0 100.0 100.0

80 93.0 47.0 3.1 80 93.7 54.2 8.3

Coarse 0 100.0 100.0 99.0 Bar 0 100.0 100.0 99.0

20 100.0 100.0 99.7 20 100.0 100.0 99.7

40 100.0 100.0 99.0 40 100.0 100.0 99.0

60 100.0 100.0 97.3 60 100.0 100.0 97.3
80 98.0 71.7 12.7 80 94.0 55.7 4.8
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vaccination; however, at 80% population immunity, this trend is reversed
and more breaches occur for coarser grained landscapes and the bar and
corridor configurations (Figs. 7 and 8). With regard to vaccination barrier
width, rabies breaches are more likely in coarser grained landscapes. This
effect decreases with increasing barrier width, but to a lesser degree than
the finer grained landscapes. Further, rabies breaches are more likely in
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the bar landscape followed by the corridor, patch, and isotropic land-
scapes. Increasing barrier width decreases the likelihood of breaches at a
slower rate in the bar landscape followed by the corridor, patch, and
isotropic landscapes.
3. Interpretation
It is not surprising that our results show that high levels of population
immunity coupled with increasing barrier width reduce the number of
rabies cases in the vaccination zone and the probability of breaches of the
zone. Itmight be considered surprising, however, thatmid-levels of immu-
nity, coarse texture, and bar/corridor-like landscape configurations
increase the number of rabies cases in the vaccination zone and increase
the probability of breaches. In our opinion, the disease dynamics observed
inour experiments are analogous tometapopulationdynamics observed in
animal populations. A metapopulation consists of subpopulations of ani-
mals that are separated in space and time but are connected through either
immigration or emigration or both (Hanski and Gaggiotti, 2004). Persis-
tence of animal populations is more likely when their size is small enough
to not exhaust habitat resources, but large enough to avoid extinction
through environmental stochastic events. Therefore, persistent popula-
tions have a successful balance in their rates of births, deaths, immigration,
and emigration to maintain sufficient numbers for population survival,
given the size andquality of their habitat.Hence,we interpret our results as
a metapopulation effect of rabies acting as separated subpopulations of
animals that live in a spatiotemporal distribution of available habitat
existing as the raccoon hosts. In coarser textured landscapes there are
large patches of available good-quality, high-density habitat. Within
these patches, there is higher probability of disease transmission. As a
consequence, rabies can infect high numbers of raccoons over a short
period of time and then exhaust the supply of susceptible individuals.
However, before the disease wanes in that patch, it is likely that infected
animals transferred rabies to neighboring high-density patches, enabling
rabies to easily spread across the landscape.We observed this effect in our
experiments in that rabies was more likely to breach the vaccination
barrier in coarser grained landscapes and/or strongly configured land-
scapes (bars and corridors) at the highest population immunity (80%).
The highest level of population immunity prevented an exhaustion of
susceptible in the high-quality habitat, such that there remained a suffi-
cient number of infected individuals that heighten the probability of
breaching the barrier. At finer textures, vaccination was more effective
because the average density of susceptible raccoons is lower within the
activity space of a rabid animal. The lessons for resource managers are
that the selection of the location of vaccine barriers can affect success
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and that expectations about success must be tempered with an under-
standing of landscape texture and configuration.

Intermediate levels of population immunity of 20%, 40%, and some-
times 60% also seem to create a similar effect as we observed more rabies
cases within the vaccination zone (Figs. 4 and 5) than at 0% or 80% levels
of immunity. Thus, another important message to managers is that insuf-
ficient vaccination can result in more rabies cases than if no control is
applied. This result can be understood when considering the number of
rabies cases over the 10 years of simulation such as our isotropic land-
scape (Fig. 9). When no vaccination was used, a massive rabies outbreak
occurred at years 4 and 5 within the vaccination zone, exhausting the
stock of susceptible hosts. However, at mid-levels of population immu-
nity, there was a smaller initial peak. This meant that a source of suscep-
tible raccoons was conserved via vaccination and this reservoir then
reproduced to a sufficient level within 4 years to spark a secondary
outbreak. As a consequence, the two peaks at intermediary vaccination
levels resulted in an overall higher number of rabies cases, given the
temporal window of 10 simulation years. This trend was also observed
in the other landscapes. Therefore, in situations where disease control
managers are unable to achieve high levels of immunity, it may be
advantageous to delay vaccination until the cycling of rabies incidence
is at a minimum. At the trough of the cycle, the host population will be
smaller and fewer animals will need to be vaccinated to protect the
population. We noted previously that this strategy was used to combat
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fox rabies in Ontario (Tinline and MacInnes, 2004). Vaccination was
focused along the extents of the infected zone to prevent further disease
spread and to let the disease reduce the number of susceptible foxes in the
core of the infected area. When overall disease incidence and population
were low, vaccines were distributed over the entire infected area and herd
immunity was more easily achieved. The concern for using a delayed
vaccination approach is the risk to humans in areas where the disease
is not controlled. More rabies cases increase the risk of rabid animal-
to-human interactions, and this may be unacceptable since the goal of
public health programs is to reduce this risk to human welfare whenever
possible.
IV. DISCUSSION

This chapter has reviewed the field evidence for barrier effects on the
spread and persistence of rabies and noted that the effects at the township
and county scales are clear and, in some instances, can be quantified. We
noted, too, that there was a paucity of studies at finer scales, no doubt a
reflection of the scale of data collection and detailed knowledge of animal
behaviors. We argued that the efficiency of vaccination control strategies
could be enhanced with further insight into the effects of landscape
configuration and texture on vaccination strategies. While an increasing
number of studies have reported using simulation to examine the impact
of habitat on the dynamics of the spread of infection within a population,
there are still few studies published on how vaccination and the spatial
structure of a host population interact (Gilligan and van den Bosch, 2008).
To this end, we adapted the ORM, an individual and cell based simulation
model, to use the high performance computing resources of a consortium
of universities in Québec (RQCHP). The ORM permitted us to examine
habitat heterogeneity and epidemic behavior at fine scales and by using
the high performance RQCHP facility we were able to run a large enough
number of experiments to gain insight into the underlying variation in the
scenarios we examined.

While our findings are preliminary, we are confident they illustrate
that landscape texture and configuration do affect the success of vaccina-
tion control strategies. It is important to note that insights from our model
outcomes provide understanding of factor effects relative to each other.
Further work must be done to establish the link between our simulation
values and an actual landscape. However, we have developed a useful
tool to experiment with vaccination strategies in a controlled environ-
ment. From amanagement perspective, we see future work in five general
areas: (1) developing further understanding about when and how to adapt
vaccination strategies for a given landscape to maximize effectiveness
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and minimize cost; (2) categorizing landscapes and associating those
categories with appropriate vaccination strategies; (3) exploring the joint
impact of culling and fertility control (both are options in the ORM) with
vaccination on rabies spread and persistence; (4) operationalizing mea-
sures that could prove useful to resources managers such as the rate of
disease spread within a vaccination zone and the nature of breaches of the
vaccination zone; and (5) understanding the sensitivity of the dynamics of
an epidemic to changes in animal behavior such as the distribution of
dispersal distances, as done by Cross et al. (2005), and which appear to
vary with latitude in North America (Rees et al., 2008b).
ACKNOWLEDGMENTS

Many people contributed to making this chapter possible. In particular, we are indebted to
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Messier, A. (2001). La problématique de l’épizootie de rage du raton laveur appréhendée au
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Abstract Many cost-benefit/effective rabies research projects need to be
carried out in less-developed canine-endemic regions. Among

these are educational approaches directed at the public and gov-

ernments. They would address effective primary wound care, avail-

ability, and proper use of vaccines and immunoglobulins, better

reporting of rabies, final elimination of dangerous nerve tissue-

derived vaccines, and the recognition that rabies is still expanding

its geographic range. Such efforts could also reduce deaths in

victims who had received no or less than adequate postexposure

prophylaxis. There is a need for new technology in canine popula-

tion control and sustainable vaccination. We have virtually no

workable plans on how to control bat rabies, particularly that

from hematophagous bats. Preexposure vaccination of villagers in

vampire rabies-endemic regions may be one temporary solution.

Current efforts to reduce further the time required and vaccine

dose required for effective postexposure vaccination need to be

encouraged. We still have incomplete understanding of the trans-

port channels from inoculation site to rabies virus antibody gen-

erating cells. The minimum antigen dose required to achieve a

consistently protective and lasting immune response has been

established for intramuscular vaccine administration, but is only

estimated for intradermal use. Greater knowledge may have clinical

benefits, particularly in the application of intradermal reduced

dose vaccination methods. Curing human rabies is still an unattained

goal that challenges new innovative researchers.
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Human rabies cases occurring in Western countries are rare and usually
receive much media attention. However, human rabies is not uncommon
in many developing canine-endemic countries. Over 55,000 humans die
of rabies worldwide every year (WHO, 2010). Most diagnoses are based
on clinical findings alone and the disease is widely underreported. Most
of the cases come from Asia and Africa, but rabies is expanding its range
(Clifton, 2010; Windiyaningsih et al., 2004). A recent WHO report (WHO
and Bill Gates Consultation, 2009) lists that almost 50% of rabies cases are
in children under 15 years. Almost all have had no postexposure prophy-
laxis (PEP) or it was inadequate. If they received PEP, they often were not
treated with rabies immunoglobulin or it was not injected into bite
wounds as recommended in current guidelines. Diagnosis is usually
based on clinical findings, which are not always classical (furious or
paralytic). Misdiagnoses are not uncommon (Bronnert et al., 2007;
Srinivasan et al., 2005; Windiyaningsih et al., 2004). Government statistics
are often not supported by reliable clinical or laboratory evidence. An
example would be the rabies outbreak on Flores Island, Indonesia in 1999
where there were over 100 reported human rabies deaths. Only one
patient, based on chart reviews by a WHO consultant, was reported to
have the paralytic form of rabies resembling Guillain–Barré syndrome
(Windiyaningsih et al., 2004). This suggests that there may have been at
least another 20–30 misdiagnosed and not identified victims with the
paralytic form, because paralytic rabies, worldwide, represents 20–30%
of actual cases. Rabies is not a reportable disease in several countries that
have a large canine reservoir of the virus. India has an estimated 25
million dogs with 80% of these categorized as not or only partially
restricted inmovements. This occurs in a human population of 1.15 billion
where there are 20,000 estimated annual human rabies deaths per year
(Knobel et al., 2005; Sudarshan et al., 2008). The rabies situation is similar
in Pakistan where only one facility in Islamabad will, on special demand,
carry out a dog necropsy and use the fluorescent antibody test. There has
not yet been an attempt in Pakistan to start surveillance of canine rabies,
which is the first step toward control. This is in spite of vigorous efforts by
the Pakistani Infectious Diseases Society to persuade the government to
develop a viable rabies control plan (Parviz et al., 2004). There is a need for
more and better epidemiologic studies of rabies.

The situation is not much better in several other Asian countries such
as Bangladesh, Cambodia, and Nepal as well as in parts of the Russian
Federation and in most of the former, now independent, Soviet Republics
(Kuzmin et al., 2004). How does this dismal picture reflect on the manage-
ment of human cases and on potential research that might help to alter it?
Human animal bites are often treated by traditional healers. Curry paste
applied to wounds is one popular treatment in much of Pakistan and
India, and is, the usual first aid applied not only in villages but also in
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large cities (Parviz et al., 2004). Victims often do not consult a health care
provider until relatively late and then mostly for wound infection (Parviz
et al., 2004). The primary doctor or nurse, who first sees an animal bite
patient, usually does not wash and disinfect wounds and may not even
have a facility to do so. We noted this while visiting several large govern-
ment animal bite clinics in India and Pakistan where over 100 bites are
treated daily, and where we did not see a facility to cleanse wounds.
There was not even a water faucet where victims could wash their own
injuries. All Asian countries, except for Pakistan, have either abolished or
are in the final process of abolishing the use of nerve tissue-derived rabies
vaccines. However, the WHO-approved products, that should replace
Semple or suckling mouse vaccines, are expensive and not widely avail-
able. Human and equine immunoglobulins are unavailable to the major-
ity of victims in most of south and southeast Asia. Few public facilities in
the region are able to provide WHO-level PEP free of charge and the
majority of animal bite victims come from the very poorest segments of
society. These great problems deserve study by health economists and
others for ways to reduce costs and make vaccines and biologicals more
readily available to the poor.

Nevertheless, these rabies-endemic, less-developed regions are the
natural location for selected cost-effective clinical and laboratory-bench
research projects. They are also places where there are many needs for
better clinical facilities and a dearth of funding sources. What is the future
for research in such an environment? Grant providers and senior govern-
ment officials are well aware of the fact that we know all that is needed to
know in order to provide effective PEP and eventually eradicate canine
rabies. They are more likely to sponsor research that produces early
visible results in terms of reduction of human deaths and the canine
rabies prevalence. More complex and basic research is difficult to carry
out in most of these countries. However, a small group of devoted rabies
researchers have succeeded to establish islands of productive clinical and
even basic science research. Some of this work actually has allowed us to
better understand the pathophysiology and immunology of rabies in
humans and dogs and to devise more cost-effective immunization sche-
dules. Much of it was done on minimum budgets, often using funding
derived from clinical service fees or donations.

Working in a canine rabies-endemic country as clinicians, what would
we name on a ‘‘wish list’’ for studies that are likely to provide early
clinical benefits? Rapid inexpensive and simple diagnostic technology
for measuring neutralizing rabies antibody might be able to replace the
difficult, labor-intensive, and costly rabies fluorescent focus inhibition test
(RFFIT). We know from studies in Tunisia, Thailand, and Finland that one
shot rabies vaccination does not result in lasting protective immunity in
dogs that are often severely mauled around the face resulting in large
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viral inocula. Improved canine vaccines might reduce or eliminate the
reported 3–6% rabies occurrence among vaccinated dogs in Thailand and
Tunisia (Haddad et al., 1987; Sage et al., 1993; Sihvonen et al., 1995;
Tepsumethanon et al., 1991).

The Centers for Disease Control and Prevention in the United States
has reduced the so-called Gold Standard Essen PEP schedule from five to
four injections and allowed it to be completed in 14 days (Rupprecht et al.,
2010). Further shortening of intramuscular and intradermal WHO-
approved PEP regimens can be anticipated as we develop greater confi-
dence in the potency of the currently WHO-recognized rabies vaccines.
This would reduce the often significant travel costs for impoverished
rural patients as well as the number of dropouts from the lengthy and
costly old PEP regimens which, with the now abolished eight-site intra-
dermal schedule, could go on for 3 months and deter patients from
starting any PEP (Shantavasinkul, 2010; WHO, 2010).

Reduced dose intradermal rabies vaccine was first introduced for
public PEP in Thailand (Chutivongse et al., 1990; Phanuphak et al., 1987;
Warrell et al., 1984). Other Asian countries (Philippines, Sri Lanka, India,
and Pakistan) have subsequently adopted it as well. Intradermal inocula-
tion at reduced dose is now increasingly applied for vaccinating against
other viral diseases such as hepatitis B, influenza, Japanese encephalitis,
polio, and others (Mohammed et al., 2010; Nicolas and Guy, 2008).

Tissue and avian culture rabies vaccines have been used for decades.
WHO has established criteria for recognizing such vaccines on the basis of
published immunogenicity studies. It then lists them in guidelines when
found potent and safe. Many local regulatory authorities require such
recognition by WHO before licensing any new rabies vaccine products.
Some such government regulatory agencies demand additional costly
and lengthy immunogenicity and safety studies carried out in their
countries before approval. Better criteria for evidence-based reliable inter-
national approval of these biologicals, including the soon to arrive mono-
clonal rabies antibody cocktails, need to be developed and effectively
implemented. WHO approval of such products now requires at least
one independent published immunogenicity and safety study that
meets Good Clinical Practice criteria before being recognized (WHO,
2010). Much of this work will have to be carried out in canine-endemic
regions of the world.

Interesting new research suggests that the mechanism of recognition
of antigen and its transport differs if antigens are deposited into muscle or
fat rather than skin. The antigen transporters are more efficient and rapid
in bringing rabies virus RNA from skin to immune receptor cells at
regional lymph nodes than when first deposited in muscle or fat (Saraya
et al., 2010).



Rabies Research in Resource—Poor Countries 453
We need to know more about the dynamics of the transport of rabies
virus from the inoculation site to nearby nerve tissue when introduced by a
bite, and how cellular and humoral defense systems handle dormant virus
in skin and muscle. These mechanisms are not yet well understood and an
improved understanding may have clinical significance. This offers great
opportunities for further basic research. Clarification of these mechanisms
may also help to better publicize and introduce the economical and effec-
tive intradermal vaccination schedules which still meet resistance from
health-care providers and some local regulatory authorities.

The rabies vaccine antigen content at the level where antibody levels
reach a virtual plateau after immunization is known. The lowest WHO
acceptable antigen content for tissue or avian culture vaccines has been
listed as 2.5 IU/mL. This level was agreed on some 30 years ago for use
with the intramuscular ‘‘full dose’’ schedules. Current lyophilized tissue
culture rabies vaccines are dispensed with either 0.5 or 1.0 mL diluent. It
is still controversial whether the lowest intradermal dose should remain
the same for vaccines supplied with 0.5 or 1.0 mL diluent. An effective
antigen content per 0.1 mL WHO-recommended intradermal dose is
>0.5 IU with 0.5 mL diluent or 0.25 IU with 1.0 mL diluent (WHO, 2010;
WHO and Bill Gates Consultation, 2009).

The lowest effective and WHO acceptable vaccine antigen content per
reduced intradermal dose of 0.1 mL has not yet been established by
adequate published immunogenicity trials. This has led to some contro-
versy and uncertainties that damage the wider introduction of the less
expensive vaccine-saving intradermal PEP schedules. A well-designed
immunogenicity study could easily settle this troubling issue and needs
to be encouraged.

Curing rabies in humans has received much media attention in recent
years due to the survival of a teenage girl in Milwaukee, USA, who was
put into deep brain wave burst suppression anesthesia and who received
a cocktail of drugs never previously documented to have antirabies virus
activity (Willoughby et al., 2005). She, as well a previous survivor, devel-
oped early rabies antibody in serum and spinal fluid and no viable virus
could ever be isolated during stormy hospital courses. It is likely that both
subjects experienced a vigorous autogenous immune response to the
infection which was responsible for their near complete neurological
recovery. We currently know of no effective pharmaceuticals which,
either alone or in combination, will eliminate the virus from the CNS.
Laboratory and animal studies to identify new and effective drugs need to
be encouraged. Nevertheless, human experimentation is better deferred
until there is solid evidence of laboratory benefit. However, intensive life
support efforts in patients with early disease and evidence of an active
immune response should be attempted, particularly in hospitals that have
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experienced staff, tertiary care capabilities, and funding for such costly
and resource-demanding management.

A method of male and female dog sterilization, which can be carried
out in mass programs by trained lay personnel, is also on the ‘‘wish list’’
of many Asian public health officials and animal welfare workers. Addi-
tional research into the dynamics of rabies transmission and the immune
response in bitches and their puppies may allow us to better understand
howwe can prevent the high prevalence of rabies in very young dogs and
when to better immunize them. Above all, public health scientists need to
be encouraged to findmore effective and culturally acceptable methods to
educate the public and governments to use existing knowledge to control
and perhaps even eliminate rabies among canine vectors.
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