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Preface

From the first development of radioactive tracers in the early 1930s, it would take almost
seven more decades for molecular imaging to evolve into a mature field of research. Since
then, however, molecular imaging techniques have advanced and become invaluable tools
for molecular biology research and – to a more modest extent – clinical medicine. Molec-
ular imaging abandons the canonical imaging paradigm of detecting morphological con-
trasts and aims to explore the dynamics of molecules indicative of physiology and disease
in a qualitative and quantitative manner. It allows longitudinal, noninvasive visualization
of biological processes at the sub-cellular level, typically but not necessarily through the
use of reporters with strong binding affinity to the molecular targets of interest. It fol-
lows from this rather unrestrictive definition that molecular imaging is not limited to
specific image-capture methods but includes optical (near-infrared and visible spectrum
fluorescence, bioluminescence), radio-scintigraphic modalities (PET, SPECT), magnetic
resonance imaging (MRI), and magnetic resonance spectroscopy (MRS). All these imag-
ing techniques progressively employ tagged probes with high affinity for molecules of
interest, binding-activatable ‘smart’ probes and genetically engineered stably expressed
reporters thus allowing optimized target visualization. Consequently, the list of biological
processes that can be investigated is long and continues to expand.

The amount of possibilities offered by different molecular imaging techniques can
be puzzling to biologists new to the field. Bearing this in mind, this book sets out to
describe a rich variety of practical procedures and methods for diverging imaging tech-
nologies. Different sections are devoted to imaging of basic molecular and biochemical
events, imaging in pre-clinical and finally in clinical settings and include sufficient practical
details for students, established practitioners, and research fellows from different fields to
become familiar with molecular imaging and incorporate imaging into their work.

Khalid Shah
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Section I

Imaging Biochemical Pathways and Molecular Events





Chapter 1

Bioluminescence Resonance Energy Transfer (BRET)
Imaging in Plant Seedlings and Mammalian Cells

Qiguang Xie∗, Mohammed Soutto∗, Xiaodong Xu∗, Yunfei Zhang,
and Carl Hirschie Johnson (∗equal contributors)

Abstract

Bioluminescence resonance energy transfer (BRET) has become a widely used technique to monitor
protein–protein interactions. It involves resonance energy transfer between a bioluminescent donor and
a fluorescent acceptor. Because the donor emits photons intrinsically, fluorescence excitation is unneces-
sary. Therefore, BRET avoids some of the problems inherent in fluorescence resonance energy transfer
(FRET) approaches, such as photobleaching, autofluorescence, and undesirable stimulation of photo-
biological processes. In the past, BRET signals have generally been too dim to be effectively imaged.
Newly available cameras that are more sensitive coupled to image splitter now enable BRET imaging
in plant and mammalian cells and tissues. In addition, new substrates and enhanced luciferases enable
brighter signals that allow even subcellular BRET imaging. Here, we report methods for BRET imaging
of (1) localization of COP1 dimerization in plant cells and tissues and (2) subcellular distributions of
interactions of the CCAAT/Enhancer Binding Protein α (C/EBPα) in single mammalian cells. We also
discuss methods for the correction of BRET images for tissues that absorb light of different spectra. This
progress should catalyze further applications of BRET for imaging and high-throughput assays.

Key words: Bioluminescence resonance energy transfer (BRET), imaging assay, protein–protein
interaction, Renilla luciferase, plant and mammalian cells.

1. Introduction

The complicated network of protein interactions is pivotal to cel-
lular “machinery.” Identifying the partners with whom a protein
associates is a critical step in the elucidation of underlying mech-
anisms of action. Various approaches have been used to analyze
protein–protein interactions, including the yeast two-hybrid assay,
fluorescence resonance energy transfer (FRET), bioluminescence
resonance energy transfer (BRET), protein mass spectrometry,

K. Shah (ed.), Molecular Imaging, Methods in Molecular Biology 680,
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and evanescent wave methods (1). FRET and BRET are based on
nonradiative energy transfer between a donor and an acceptor. In
the case of FRET, two fluorophores with appropriately overlap-
ping emission/absorption spectra (the “donor” and the “accep-
tor”) can transfer excited-state energy from donor to acceptor if
they are within ∼50 Å of each other (2). The orientation of the
donor and acceptor can significantly influence the magnitude of
the resonance transfer, as has been dramatically shown in a recent
study using BRET fusion proteins (3). In the case of BRET, the
donor is a luciferase enzyme that directly emits photons so that
fluorescence excitation is unnecessary. This luciferase-catalyzed
luminescence utilizes a substrate and can excite an acceptor flu-
orophore by resonance energy transfer if the luciferase and fluo-
rophore are in close proximity (within a radius of ∼50 Å) and have
a luminescence emission spectrum for the luciferase that appropri-
ately overlaps the absorption spectrum of the fluorophore. If can-
didate interacting proteins are fused to the luminescent “donor”
and fluorescent “acceptor” molecules, BRET can be used as a
gauge of interaction between the candidate proteins (4).

The disadvantages of fluorescence excitation limit the poten-
tial applications of FRET. These disadvantages include photo-
bleaching, autofluorescence, direct excitation of the acceptor flu-
orophore, photoresponsivity of specialized tissues (e.g., retina),
and phototoxicity. Because BRET allows the detection of inter-
actions between fusion proteins without direct excitation of the
acceptor fluorophore; therefore, it can be used in applications
where those potential disadvantages are problematic (5). We ini-
tially developed BRET to investigate the oligomerization of cir-
cadian clock proteins from cyanobacteria (4). During the past 8
years, the applications of BRET have multiplied (6–10), including
new methods of analysis of BRET signals (11, 12), In addition,
BRET has recently been coupled with its progenitor technique of
FRET for detecting interaction in multi-protein complexes (13).
Therefore, BRET has become a widely used technique to iden-
tify and monitor protein–protein interactions. BRET is potentially
superior to FRET for high-throughput screening (HTS) because
luminescence-monitoring HTS instruments are simpler and less
expensive if fluorescence excitation is not involved. Moreover,
low-resolution BRET imaging has shown in whole-animal anal-
yses that BRET is advantageous for deep penetration of animal
tissues (10, 14).

Nevertheless, BRET has not been used for high-resolution
imaging of cells and tissues for two major reasons. First, BRET
signals are very dim and cannot be increased by “turning up” the
excitation, as with FRET (5, 15). Second, a wide range of ancil-
lary techniques has been developed for fluorescence (e.g., FRET,
FLIM, etc.) and many laboratories are equipped with microscopic
setups that are designed for fluorescence. As we show herein,
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however, (i) new generation cameras can now detect the dim
BRET signals, and (ii) many existing microscopic setups that were
designed for FRET could be easily adapted for BRET by simply
optimizing photon throughput and using the new cameras. We
coupled a sensitive EB-CCD camera with a Dual-ViewTM image
splitter to image BRET signals in two challenging applications: (i)
subcellular imaging in single mammalian cells and (ii) tissue and
cellular imaging in highly autofluorescent plant material (15, 16).
The BRET fusion partners we used were the CCAAT/Enhancer
Binding Protein α (C/EBPα) in isolated mammalian cells and
COP1 (a regulator of the light signaling pathway) in plant tis-
sues/cells.

This is an exciting time to use BRET technology for study-
ing protein interactions because the application of (i) improved
detection devices and (ii) new substrates that allow BRET sig-
nals to be easily detected now extends considerably the range of
experiments that are feasible. This chapter discusses the use of
an EB-CCD camera and Dual-ViewTM image splitter in addition
to the first utilization of the ViviRenTM substrate for enhancing
the luminescence intensity. Another publication has used a dif-
ferent but related substrate (EnduRenTM) that extends the life-
time of the luminescence signal so that BRET signals can be
measured over a long time course (17). In addition, mutagen-
esis of the luciferase from Renilla (RLUC) has resulted in new
versions of RLUC that can be of potential benefit, both in terms
of brighter signals and in terms of the spectra of luminescence
output (14, 18, 19). Finally, the crystal structure of RLUC has
been determined (20), and this information can be used to make
fusion proteins with RLUC in which the candidate proteins are
fused into internal loops of RLUC rather than being limited to
merely N- or C-terminal fusions of RLUC to the candidate inter-
actors. We hope that the recent advances in detection devices,
luciferase substrates, and luciferase structure will stimulate fur-
ther applications of BRET for imaging and high-throughput
assays.

2. Materials

2.1. Plant and
Mammalian Cell
Lines

1. Arabidopsis seedlings (Arabidopsis thaliana, ecotype Col-0).
2. Arabidopsis cell suspension culture line (derived from A.

thaliana seedlings, ecotype Col-0).
3. Tobacco seedlings (Nicotiana tabacum cv. Xanthi).
4. Human embryonic kidney 293 (HEK293) cell lines.
5. Mouse pituitary GHFT1 cell lines.
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2.2. Plasmids,
Vectors, and Strains

2.2.1. For Plants 1. 35 S::Rluc (pBIN19 binary vector with kanamycin marker)
(Promega), which contains the Renilla luciferase (RLUC)
coding region under the control of the 35 S promoter.

2. 35 S::Rluc-Eyfp (pBIN19 binary vector with kanamycin
marker), which encodes a fusion protein of RLUC and EYFP
(EYFP = enhanced yellow fluorescence protein, which is a
red-shifted mutant of the Aequorea victoria green fluores-
cent protein).

3. 35 S::Rluc-COP1(N) (pPZP222 binary vector with gen-
tamycin marker), which encodes a fusion protein of COP1
to N-terminus of RLUC.

4. 35 S::Eyfp-COP1(N) (pBIN19 binary vector with
Kanamycin marker), which encodes a fusion protein of
COP1 to N-terminus of EYFP.

5. Agrobacterium tumefaciens strain GV3101, which is used
for transformation of tobacco leaf discs and Arabidopsis sus-
pension cell culture lines. Escherichia coli DH5α is the host
cloning strain.

2.2.2. For Mammalian
Cells

1. hRlucC1 (= codon “humanized” pRlucC1 from Perkin-
Elmer).

2. Venus, which is a yellow fluorescence protein variant inserted
in the PCS2 vector under the control of the CMV promoter.

3. C/EBPalpha244, which is a nuclear transcription factor
inserted in the EYFPC1r vector (this vector includes EYFP,
but we replaced it with Venus as described below).

4. pcDNA 3.1 + vector (Invitrogen).
5. E. coli DH5α is the host cloning strain.

2.3. Media, Buffers,
and Reagents

1. Dulbecco’s Modified Eagle’s Medium (DMEM).
2. Dulbecco’s Modified Eagle’s phenol-red free Medium

(DMEM).
3. Phosphate buffered saline (PBS).
4. Opti-MEM: a reduced serum medium.
5. Fetal bovine serum (FBS).
6. Solution of trypsin (0.25%) and ethylenediamine tetraacetic

acid (EDTA) (1 mM).
7. Lipofectamine 2000.
8. LB medium: 10 g/l bacto-tryptone, 5 g/l bacto-yeast

extract, 10 g/l NaCl (pH 7.0).



BRET Imaging in Plant Seedlings and Mammalian Cells 7

9. Plant seedling growth medium: 1/2 MS salts with vita-
mins, 30 g/l sucrose, pH 5.8. Solid medium is the same
except including 8 g/l agar.

10. Arabidopsis calli induction medium: MS medium with
0.5 mg/l 2,4-D (2,4-dichloro-phenoxyacetic acid),
2.0 mg/l NAA (α-naphthaleneacetic acid), 0.5 mg/l
6-BAP (6-benzylamino-purine), pH 5.8.

11. BRET assay buffer for plant seedlings: 1/2 MS salts with
2.5 μM coelenterazine (see Note 1).

12. BRET assay buffer for Arabidopsis suspension cell cultures:
MS salts, 30 g/l sucrose, with 2.5 μM coelenterazine.

13. Coelenterazine (Native): 100 μM stock solution prepara-
tions dissolved in 95% EtOH. Prepare a fresh working solu-
tion before each use. Proper preparation and handling of
coelenterazine stock and working solutions is critical (see
Note 1).

14. Deep Blue CTM (BioSignal/PE): 100 μM stock solution,
store desiccated and protected from light in deep freeze
(–70◦C). Deep Blue CTM was prepared the same as for
native coelenterazine.

15. ViviRenTM (Promega): diluted in DMSO as a 10 mM stock
solution, protected from light and stored at –20◦C (see
Note 2). From this 10 mM stock solution, a working solu-
tion of 10 μM was prepared on the day of the experiment.

16. PBI 1419 (Promega): diluted in DMSO to a 10 mM stock
solution and stored at –20◦C. From this 10 mM stock solu-
tion, a working solution of 30 μM was prepared on the day
of the experiment.

2.4. Apparatus 1. EB-CCD Camera, a modified electron bombardment-
charge coupled device camera (Hamamatsu Photonic Sys-
tems, Bridgewater NJ, USA) (see Note 3).

2. Dual-ViewTM micro-imager (Optical Insights, Tucson AZ,
USA) (see Note 4).

3. Inverted microscope (IX-71, Olympus America Inc.,
Melville NY, USA), with Macro XLFLuor 2× objective,
NA 0.14 (Olympus), UPlanFl 40× objective, NA 1.30 (oil
immersion, Olympus), or a Plan Apo 60× objective, NA
1.45 (oil immersion, Olympus # 1-U2B616) (see Note 5).
For measurement of fluorescence, an epifluorescence attach-
ment (EX 500/20 nm, EM 520LP) was connected to the
IX-71 inverted microscope.

4. Temperature controlled (22–37◦C) light-tight box (see
Note 6).
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5. Spectrofluorimeter: QuantaMaster QM-7/SE (Photon
Technology International, Birmingham NJ, USA) (see
Note 7).

6. FB12 Luminometer (Zylux Corp., Maryville, TN).

3. Methods

The BRET technique has been widely used for bulk measurement
of protein interaction and various methods have been described
for bacterial cultures (4, 21), plant tissue (6, 9), and mammalian
cell suspensions (7, 10, 22, 23). Nevertheless, BRET imaging of
single cells has lagged behind fluorescence imaging because of
the dim BRET signals. On the other hand, BRET is preferable
to FRET for high-throughput screening because of its ease of
measurement, exquisite sensitivity, and independence from exci-
tation. We describe here our application of a modified EB-CCD
camera coupled with a microimager to image BRET signals at tis-
sue, cellular, and even subcellular levels. We used BRET imaging
to monitor the protein interaction of COP1 in plant seedlings;
these plant tissues absorb light of different colors differentially,
but quantitative measurements of BRET are allowed by a simple
correction using RLUC-EYFP emission profiles. Moreover, we
detected CCAAT/Enhancer Binding Protein α (C/EBPα) inter-
actions in the nuclei of isolated mammalian cells.

3.1. Construction
of BRET Vectors

3.1.1. Constructs Used
for Plants

The following constructs were made to express the fusion proteins
under the control of the 35 S promoter:

1. Positive control: P35 S::Rluc-Eyfp for expression of the
fusion protein RLUC-EYFP.

2. Negative control: P35 S::Rluc for expression of RLUC.
3. P35 S::Rluc-COP1(N) for expression of COP1 fusions to the

N-terminus of RLUC.
4. P35 S::Eyfp-COP1(N) for expression of COP1 fusions to the

N-terminus of EYFP.

3.1.2. Constructs Used
for Mammalian Cells

The following constructs were made to express the fusion proteins
under the control of the CMV promoter:

1. Positive control BRET construct PCMV::hRluc-Venus for
expression of fusion protein hRLUC-Venus in cytoplasm
(excluded from nucleus) (see Note 8 and Fig. 1.1f–j).

2. Negative-control BRET construct PCMV::hRluc.
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Fig. 1.1. Subcellular imaging of BRET in single plant and animal cells. Arabidopsis sus-
pension culture, HEK293, and mouse GHFT1 cells. a–e Isolated Arabidopsis cell from
a suspension culture line that is expressing RLUC-EYFP. f–j HEK293 cells expressing
hRLUC-Venus; Y÷B = 0.82 ± 0.07 SD over the luminescent portion of the cell. k–o
HEK293 cell expressing unfused hRLUC and Venus; Y ÷ B = 0.36 over the luminescent
portion of this cell. p–t Mouse GHFT1 cells expressing hRLUC-C/EBPα + Venus-C/EBPα;
Y÷B = 0.39 ± 0.04 SD over the luminescent portion of the cell. u–y Mouse GHF1 cells
expressing hRLUC + Venus-C/EBPα; Y ÷ B = 0.30 over the luminescent portion of this
cell. z–c’ Mouse GHF1 cells expressing hRLUC-C/EBPα; Y ÷ B = 0.24 ± 0.06 SD over
the luminescent portion of the cell. Panels a, f, k, p, u, z are bright field, panels b,
g, l, q, v, a’ are Blue-range luminescence, panels c, h, m, r, w, b’ are Yellow-range
luminescence, panels d, i, n, s, x, c’ are BRET ratios (Y ÷ B) over the entire images
(pseudocolor scale shown below panel y), and panels e, j, o, t, y are fluorescence from
EYFP or Venus in the fusion proteins. (Modified from Xu et al. (16).)

3. PCMV::hRluc-C/EBP construct used for expression of the
fusion protein hRLUC-C/EBP as a negative control for
BRET in the nucleus (see Fig. 1.1z–c’).

4. PCMV::Venus-C/EBP for expression of the fusion protein
Venus-C/EBP in the nucleus (see Note 9 and Fig. 1.1u–y).
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3.2. Transformation
and Cotransfection
of BRET Constructs

3.2.1. Induction of
Arabidopsis Cell
Suspension Culture
Lines and
Agrobacterium-
Mediated
Transformation

1. Prepare fresh Arabidopsis calli induction medium, 20-ml
aliquot in a 100-ml flask.

2. Sterilize Arabidopsis seeds: sterilize seeds 30 s in 70% EtOH
in a 1.5-ml microcentrifuge tube, followed by rinsing 3×
with sterile dH2O. Then add 20% Clorox bleach for 5 min,
rinse 5 times with sterile dH2O.

3. Transfer sterilized seeds (∼100) to a 100-ml volume flask
containing 20 ml Arabidopsis calli induction medium, and
place the flask on a shaker (120 rpm, 22◦C, 12-h light/12-h
dark cycle). Seeds will germinate in the liquid medium about
4 days later; calli and single cells will be induced from the
seedlings directly within 3–4 weeks (24). Subculture every
2 weeks by diluting and adding fresh induction medium (see
Note 10).

4. Inoculate a single clone of Agrobacterium carrying the
appropriate construct to 5 ml fresh LB medium with appro-
priate antibiotics and put on a rotating shaker (180 rpm,
28◦C) overnight. Subculture once before transformation by
transferring 100 μl to 10 ml fresh LB liquid medium and
growing overnight.

5. Agrobacterium-mediated transformation: inoculate 2 ml
Agrobacterium culture (OD600 ∼ 1.0) to 20 ml of the
cell suspension culture and co-culture for 48 h; rinse
collected cells after a gentle centrifugation and replace
medium with liquid calli induction medium that includes
Cefotaxime (200 μg/ml, Sigma, to kill Agrobacterium)
and culture for 48 h; after that, rinse the cells and
add fresh medium that includes Cefotaxime and appro-
priate antibiotics (50 μg/ml Kanamycin or 100 μg/ml
Gentamycin).

3.2.2. Agrobacterium-
Mediated Tobacco Leaf
Disk
Double-Transformation

1. Take healthy fully expanded leaves from 3- to 4-week-old tis-
sue culture grown tobacco, cut into 0.25 cm2 leaf disks, and
co-culture with the Agrobacterium suspension (see Section
3.2.1) for 10 min, then transfer to tobacco culture medium
(MS medium with MES 0.59 g/l + NAA 0.1 mg/l + BAP
1 mg/l +Kanamycin 100 mg/l; 10 leaf disks per Petri dishes)
for 2–3 days.

2. Rinse leaf disks three times with MS medium that includes
Carbenicillin (Sigma; 500 mg/l, to kill Agrobacterium),
transfer leaf disks to tobacco selective medium (MS medium
with MES 0.59 g/l + NAA 0.1 mg/l + BAP 1 mg/l
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+Kanamycin 100 mg/l +Carbenicillin 500 mg/l), and sub-
culture with fresh medium every 2 weeks.

3. Shoots should regenerate from the disks – if so, cut the
regenerated young shoots from the basal disks, and transfer
these shoots to 1/2 MS medium with selective antibiotics
for rooting.

4. Prepare leaf disks from the regenerated and resistant
seedlings for a second transformation with a second con-
struct (if relevant), and use the same protocol as above,
selecting with two antibiotics (e.g., both Gentamycin and
Kanamycin added to the selection medium).

3.2.3. Transient
Transfection of
Mammalian Cells

We have used human HEK293 and mouse pituitary GHFT1 cells
for BRET detection. In general, HEK293 transfect well, but for
studying the interactions of the C/EBP protein, we have used
mouse GHFT1 cells because C/EBP takes up distinctive interac-
tion patterns in the nuclei of GHFT1 cells.

1. Grow cells in DMEM medium supplemented with 10% FBS,
100 U/ml of penicillin, and 100 U/ml of streptomycin until
they reach 80% confluence (see Note 11).

2. Dilute 4 μg of plasmid DNA in 250 μl OptiMEM medium
without serum and mix gently.

3. Dilute 10 μl of Lipofectamine 2000 in 250 μl OptiMEM
medium without serum. Mix gently and incubate for 5 min
at room temperature (see Note 12).

4. Combine the diluted Lipofectamine 2000 with the diluted
DNA and incubate for 20 min at room temperature (see
Note 13).

5. Add the 500 μl of DNA-lipofectamine solution to cells in
35 mm dishes. Mix gently by rocking the dish back and
forth.

6. Incubate the cells at 37◦C in a CO2 incubator.
7. After 24–48 h, wash cells in PBS and replace the DMEM

medium with phenol-red free DMEM supplemented with
10% FBS for imaging (phenol red absorbs light so it needs
to be removed so that it does not absorb the luminescence
signal).

3.3. Preparation
of Plant Seedlings
and Cell Suspension
Lines

1. Sterilize Arabidopsis or tobacco seeds (see Section 3.2.1): for
tobacco seeds, 1 min for EtOH and 10 min for bleach.

2. Place seeds on plant seedling growth medium (1/2 MS +
agar), and incubate in a 12-h light/12-h dark cycle, 120 μE
m–2 s–1 (cool-white fluorescence lamps), 22◦C.

3. 5-day-old tobacco seedlings or 7-day-old Arabidopsis
seedlings were used for BRET spectra acquisition and imag-
ing analysis.
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4. Newly grown Arabidopsis cell suspension lines (7 days after
subculture, see Section 3.2.1 and Note 10) in appropriate
selective liquid medium were used for single-cell imaging
analysis.

3.4. BRET
Luminescence
Spectra Acquisition
In Vivo

3.4.1. Plant Seedlings 1. Start spectrofluorimeter (QuantaMaster QM-7/SE) before
luminescence measurement (see Note 7).

2. Transfer the transgenic plant seedlings (5-day-old Arabidop-
sis or 7-day-old tobacco) from solid medium directly to a
2-ml fluorescence cuvette containing 0.5 ml plant seedling
BRET assay buffer without coelenterazine.

3. Add fresh coelenterazine to the assay buffer to a final con-
centration of 2.5 μM.

4. With the spectrofluorimeter’s fluorescence excitation turned
off, measure the luminescence emission spectrum between
the wavelengths 440 and 580 nm in 2-nm steps with a 5-s
integration for each step (see Note 14).

5. Analyze the BRET ratio by evaluating the emission spectra,
especially the magnitude of the second peak at ∼530 nm.
Normalization of values is needed before analysis (see Sec-
tion 3.8.2). Emission spectra of RLUC (negative control)
and RLUC-EYFP (positive control) from whole Arabidop-
sis seedlings are shown in Fig. 1.2a. Spectra of RLUC-
COP1 and RLUC-COP1 + EYFP-COP1 emission from
whole Arabidopsis seedlings are shown in Fig. 1.2b.

3.4.2. Mammalian Cells 1. Wash cells twice with phosphate buffered saline (PBS).
2. Trypsinize the adherent cells with 0.05% trypsin-EDTA

solution at 37◦C for 5∼10 min.
3. Add 900 μl of serum-containing DMEM to inactivate the

trypsin. Transfer the cells to a 1.5-Ml microcentrifuge tube.
4. Centrifuge the cells at 300×g for 5 min and wash twice

with PBS.
5. Resuspend cells with phenol-red free DMEM supplemented

with 10% FBS.
6. Add ViviRenTM to the assay buffer to a final concentration

of 10 μM.
7. Check the total luminescence using the F12 Luminometer.
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Fig. 1.2. Luminescence emission spectra from whole plant seedlings and mammalian cells. a The hRLUC vs. hRLUC-
EYFP emission spectra from 7-day-old transgenic Arabidopsis seedlings. b The spectra of RLUC vs. RLUC-COP1+EYFP-
COP1 emission from 5-day-old transgenic tobacco seedlings. c Luminescence spectra of hRLUC and hRLUC-Venus
emission from HEK 293 cells. d The spectra of hRLUC-C/EBPα vs. hRLUC-C/EBPα + Venus-C/EBPα emission from single
mouse GHFT1 cells. Luminescence spectra were normalized to the emission at 480 nm. (Modified from Xu et al. (16).)

8. With the spectrofluorimeter’s (QuantaMaster QM-7/SE)
fluorescence excitation turned off, record the lumines-
cence emission spectrum between the wavelengths 440 and
580 nm in 2-nm steps with a 5-s integration for each step
(see Fig. 2c, d).

3.5. Comparison of
Substrates for BRET
Imaging (Native
Coelenterazine, Deep
Blue CTM, and
ViviRenTM)

3.5.1.
Autoluminescence,
Brightness, and Stability

For assessing autoluminescence, we tested different substrates
in DMEM phenol-red free medium with or without 10% FBS.
For assessing enzyme-catalyzed brightness and stability, we used
transfected HEK293 cells in DMEM with or without serum (see
Note 15).
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1. 24–48 h after transfection, cells were washed twice with
phosphate buffered saline (PBS).

2. Release adherent cells by adding trypsin to a final con-
centration of 0.05% trypsin-EDTA (incubate at 37◦C for
5∼10 min).

3. Add 900 μl DMEM supplemented with 10% FBS to inacti-
vate the trypsin and collect the cells in a 1.5-ml microcen-
trifuge tube.

4. Gently spin down the cells and wash them twice with PBS.
5. Gently resuspend the cell pellet in 1 ml of phenol-red free

DMEM with or without 10%FBS.
6. Add substrate solution (100 μl) to cells to reach a final con-

centration of 5–10 μM. For the stability assay, add 30 μM of
stabilizer to the ViviRenTM-treated samples (see Note 15).

7. Record the time dependence of total luminescence in the
FB12 luminometer (see Fig. 1.3a–c).

3.5.2. Cell Viability
Assay

Cell viability was assayed to test the possibility of toxicity of the
different substrates.

1. Grow HEK293cells in 24-well plates overnight until they
reach 80% confluence.

2. Wash cells with PBS.
3. Add medium with or without serum to the cells.
4. Incubate cells for 1 h or 6 h with the different substrates

to a final concentration of 5 μM (native coelenterazine and
coelenterazine-h) or 10 μM (ViviRenTM).

5. Count viable cells by using 0.4% (w/v) Trypan Blue in
a hemacytometer under the microscope (see Note 16,
Fig. 1.3d). Viable cells exclude the Trypan Blue whereas
the dye stains dead cells.

3.6. BRET Imaging

3.6.1. Apparatus for
Whole Organism and
Microscopic Imaging

1. Microscope setup: for plant cell and mammalian cell imag-
ing, the EB-CCD camera was coupled to the Dual-ViewTM

image splitter, which was connected to the bottom port of
the IX-71 microscope. The inverted microscope (but not the
EB-CCD camera or Dual-ViewTM) resided inside a temper-
ature controlled light-tight box (see Note 6).

2. “Box” setup for whole organism imaging: non-infinity-
corrected objectives were attached directly to the Dual-
ViewTM inside a light-tight box (at room temperature
∼ 22◦C). The EB-CCD camera was coupled to the Dual-
ViewTM, but the camera resided outside the box (see Note
17). Dual-ViewTM requires precise alignment before use (see
Note 18).
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Fig. 1.3. Comparison of coelenterazine substrates. a Autoluminescence of substrates in DMEM with and without 10%
FBS (no cells present): for 10 μM native coelenterazine, closed squares = DMEM + 10% FBS and open circles = DMEM
without FBS; for 10 μM ViviRenTM, open triangles = DMEM + 10% FBS and closed diamonds = DMEM without FBS.
b Brightness of enzyme-catalyzed luminescence with native vs. ViviRenTM coelenterazine. For HEK293 cells in DMEM +
10% FBS and transfected with PCMV::hRLUC-Venus: line without symbols = 5 μM native coelenterazine, open triangles
= 10 μM native coelenterazine, open circles = 5 μM ViviRenTM, closed squares = 10 μM ViviRenTM. For tobacco
seedlings transfected with P35S::RLUC-EYFP in 1/2 MS medium: “x” = 10 μM native coelenterazine, closed diamonds
= 10 μM ViviRenTM. c Stability of enzyme-catalyzed luminescence with ViviRenTM vs. ViviRenTM and the stabilizer
PBI 1419. For HEK293 cells in DMEM + 10% FBS and transfected with PCMV::hRluc-Venus: open circles = 10 μM
ViviRenTM, closed squares = 10 μM ViviRenTM + 30 μM PBI 1419. Inset: structure of PBI 1419, a stabilizer molecule
for ViviRenTM (obtainable from Promega by special request). d HEK293 cell viability after exposure to three different
substrates. Cell viability was assayed by Trypan Blue exclusion after exposure to substrates and/or solvents for 1 or 6 h.
HEK293 cells were in DMEM + 10% FBS. Data are shown as % viability (± S.E.M.) as compared with untreated cells.
Treatments were as follows: 0.1% DMSO, 0.1% ethanol, 10 μM native coelenterazine (0.1% ethanol final concentration),
10 μM coelenterazine-h (0.1% ethanol final concentration), and 10 μM ViviRenTM (0.1% DMSO final concentration).

3.6.2. Plant Seedlings
Imaged in the “Box”
Setup

1. Plant seedlings were placed into a drop of BRET assay buffer
on a slide without coelenterazine, room temperature 22◦C.

2. Put the slide onto a support jack to fine-tune and focus
using the non-infinity-corrected objectives (e.g., Plan 4×,
NA=0.13 DL, 160/–; and Plan 10×, NA=0.30 DL,
160/0.17; Nikon).

3. Gently add the coelenterazine to the samples (final concen-
tration of 10 μM).

4. Fine-tune and focus the samples precisely in brightfield
with the Dual-ViewTM in “Bypass Mode.” Then turn the



16 Xie et al.

Dual-ViewTM off “Bypass Mode” and push the filter holder
inside the tube. Close the light-tight box carefully (see
Note 19).

5. Capture the BRET images of short-pass (“Blue”) and long-
pass (“Yellow”) emission simultaneously from the whole
seedlings (∼7- to 10-min exposure time) (see Fig. 1.4).

6. Take a brightfield image of the above same sample with the
door of the light-tight box opened (see Note 19, Fig. 1.4,
panels a, f, k).

Fig. 1.4. BRET macro-imaging of tobacco seedlings. Seven-day-old tobacco seedlings
were transformed with (i) P35 s::Rluc (a–e), (ii) P35 s::Rluc-EYFP (f–j), or (iii) P35 s::Rluc-
COP1+ P35 s::Eyfp-COP1 (k–n). Panels a, f, k are bright field images, panels b, g, l
are images of short-pass luminescence (Blue), panels c, h, m are images of long-pass
luminescence (Yellow), panels d, i, n are BRET ratios (Y÷B) over the entire luminescent
portion of the image (pseudocolor scale shown in panel o), panels e and j are corrected
images of panel d and i, respectively, shown with a red box encasing the pigmented
(cotyledon) portion of the seedlings (correction factor for boxed regions of panels e and
j was 1.27). (Modified from Xu et al. (16).)
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3.6.3. Plant Cell Cultures
Imaged in the
Microscope Setup

1. Let the flask of cell culture stand for several seconds, then
remove suspension cells from the middle of the flask gently
and quickly place a drop onto the slide.

2. Mix the sample with the coelenterazine working solution
(for Arabidopsis suspension cell use, see Section 2.3) and
place a cover glass atop the sample.

3. In brightfield, focus on a single cell using the inverted micro-
scope with the 40× oil immersion objective (NA 1.30).
Close the box for imaging (exclude ALL incidental light by
using a light-tight box!).

4. Capture the BRET images of short-pass (“Blue”) and long-
pass (“Yellow”) simultaneously using the Dual-ViewTM and
EB-CCD (∼5- 15-min exposure time).

5. Take fluorescence images (EX 500/20 nm, EM 520LP)
and/or brightfield images (see Fig. 1.1a–e). It is usually
better to take the luminescence image first while the sub-
strate is active and before fluorescence or brightfield excita-
tion causes any photobleaching and/or phototoxicity of the
sample.

3.6.4. Mammalian Cells
Imaged in the
Microscope Setup

1. Wash cells with PBS that have been transfected and grown in
35-mm petri dishes with cover-glass bottoms (MatTek Cor-
poration).

2. Add 1 ml of phenol-red free DMEM supplemented with
10%FBS.

3. Add ViviRenTM substrate directly to the medium to a final
concentration of 10 μM.

4. Gently agitate the petri dish by hand to mix the substrate
and medium.

5. Check the total luminescence in the FB12 luminometer
before looking at the sample in the microscope. The bright-
ness of luminescence as measured by the luminometer gives
an approximation of the transfection efficiency of the lumi-
nescence constructs.

6. In brightfield, focus on a single cell using the inverted micro-
scope with the Plan Apo 60× objective, NA 1.45 (oil immer-
sion, Olympus # 1-U2B616) using the Dual-ViewTM in
“Bypass Mode.”

7. After focusing in brightfield, turn off the brightfield excita-
tion and switch the Dual-ViewTM out of “Bypass Mode” by
pushing the filter holder inside the Dual-ViewTM. Close the
box for imaging (exclude ALL incidental light by using a
light-tight box!).

8. Capture the BRET images of short-pass (“Blue”) and long-
pass (“Yellow”) simultaneously for sequential exposures of
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100 ms (see Note 20). See Fig. 1.1, panels g–i, l–n, q–S,
v–x, a’–c’.

9. Take fluorescence images (EX 500/20 nm, EM 520LP, see
Fig. 1.1, panels j, o, t, y), and/or brightfield images (see
Fig. 1.1, panels f, k, p, u, z). It is usually better to take
the luminescence image first while the substrate is active and
before fluorescence or brightfield excitation causes any pho-
tobleaching and/or phototoxicity of the sample.

3.7. Set Up
Appropriate
“Controls”

1. “Negative control”: RLUC alone. It is used for normaliza-
tion (see Fig. 1.1a)

2. “Positive control”: RLUC-EYFP or hRLUC-Venus fusion
proteins. These are commonly used to test the whole sys-
tem, e.g., the setup of the spectrofluorimeter or imaging
apparatus, especially since they tend to be the brightest con-
struct in our experience with plant and mammalian cells. The
RLUC-EYFP (or hRLUC-Venus) spectrum can also be used
to calculate the absorption ratio for differentially absorbing
tissues, and for other image corrections (see Fig. 1.1a and
Note 21). For examples of images using these positive con-
trol fusion proteins, see Figs. 1.1f–j and 1.4f–j.

3. Unfused luciferase + unfused yellow fluorescent protein: this
combination is to confirm that the luciferase and yellow fluo-
rescent protein will not spuriously interact by themselves, as
shown in Fig. 1.1 k–o for unfused hRLUC + unfused Venus
(in bacterial, plant, and mammalian cells, we have found that
these proteins do not interact, but this should be tested for
any new cell type).

4. Measure the spectra of relevant fusion proteins alone (e.g.,
RLUC vs. RLUC-COP1; or EYFP vs. EYFP-COP1) to
make sure that the fusion proteins do not alter the spectra
of RLUC emission or EYFP fluorescence. For an example of
an image with hRLUC-C/EBPα, see Fig. 1.1z–c’.

5. Control for RLUC and EYFP concentrations: This kind of
control is important to confirm that the BRET ratio is inde-
pendent of the concentration of RLUC/EYFP molecules.
In some cases, energy transfer can arise from random inter-
actions of the luciferase and fluorophore in a cellular com-
partment (e.g., the membrane), and testing a range of con-
centrations of the RLUC and EYFP fusion proteins to assess
which concentrations of those proteins lead to a constant
BRET ratio is an important control (8). Also, in situations
where RLUC and EYFP fusion protein are produced inde-
pendently or expressed at different concentrations, this con-
trol is important for quantitative measurement of protein
interaction (25). In the case of transient transfections, the
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experimenter can vary the intracellular concentration of the
BRET proteins by using different amounts of plasmids in the
transfection reaction.

6. Make sure your imaging setup totally excludes all incidental
light. BRET signals are very dim and any incidental light will
ruin image quality and/or generate misleading images.

3.8. Calculation
of BRET Ratio

3.8.1. Correction
of BRET Signal
in Differentially
Absorbing Tissues

Many types of tissue contain pigments that differentially absorb
light, and this property can interfere with an accurate measure-
ment of BRET or FRET spectra. An example of this problem
is green plant tissue, which contains many pigments that dif-
ferentially absorb luminescence of different wavelengths. Green
plant tissue absorbs more strongly at 480 nm than at 530 nm
(see Fig. 1.5a), and this can be visualized by the difference
in RLUC-EYFP spectrum from green plant tissue as compared
with etiolated (= non-pigmented) plant tissue (see Fig. 1.5b, c).
Therefore, to obtain an accurate BRET spectrum from pigmented
tissue, the BRET signal should be corrected for differential
absorption (see Note 21).

Fig. 1.5. Correction of BRET signals from tobacco seedlings for differential absorption of luminescence. a Absorption
spectra of an ethanol extraction of pigments from light-grown (“green,” filled squares) and dark-grown (“etiolated,”
open circles) seedlings. b RLUC-EYFP emission spectra for green and etiolated seedlings, normalized to the emission
at 480 nm. c RLUC-EYFP emission spectra for green and etiolated seedlings, normalized to the emission at 530 nm.
(Modified from Xu et al. (16).)

1. Prepare light-grown (“green”) and dark-grown (“etio-
lated”) seedlings (e.g., 5-day-old tobacco seedlings). Mea-
sure the emission spectrum of RLUC-EYFP in etiolated and
green seedlings using the spectrofluorimeter.

2. Extract the total pigments from tobacco cotyledons (both
green and etiolated seedlings) using ethanol.

3. Measure the absorption of above two kinds of ethanol
extracts with spectrophotometer. Calculate the absorption
ratio 480:530 for green seedlings (e.g., 2.07) and etiolated
seedlings (e.g., 1.64) to get the correction factor, 1.27 (e.g.,
1.27 = 2.07 ÷ 1.64) (see Fig. 1.5a).
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4. The factor can be used to correct the image for the dif-
ferential absorption using the image calculation function of
ImageJ (or an equivalent function in other imaging soft-
ware) (compare Fig. 1.4d with 1.4e and 1.4i with 1.4j).
In the case of the plant seedlings, the areas which are to
be corrected in the “Blue image” are multiplied by the cor-
rection factor to produce a “corrected Blue image,” then
the BRET ratio image can be produced by re-calculating the
ratio between the “Yellow image” and the “corrected Blue
image.”

5. We describe the correction process for plant tissue here, but
this correction could be applied to any kind of tissue, plant,
or animal, by simply assuming the spectrum of RLUC-EYFP
emission from the tissue in question should have roughly
equivalent peaks at 480 nm and at 530 nm. Deviations from
equal 480/530 nm peaks can be assumed to be due to differ-
ential tissue absorption (as in Fig. 1.5b, c) and a correction
factor can be derived from those deviations.

3.8.2. Normalization
and Ratio Calculation

1. To compare the BRET luminescence spectra traces between
RLUC-EYFP and RLUC (negative control), we normalized
the first peak (480 nm) to 1.0 (as in all panels of Fig. 1.2).

2. Calculate BRET ratio (530 nm ÷ 480 nm) of individual
traces.

3. Take the average of replicate samples and calculate standard
deviations (see Note 22).

3.9. Methods of BRET
Imaging Analysis

1. Background subtraction: first, select a region to serve as
background and calculate the average optical density, then
use the image calculator function to subtract the background
(ImageJ has a plug-in for background subtraction).

2. Image alignment: In some situations where the two images
from the Dual-ViewTM (i.e., the short-pass “Blue” and the
long-pass “Yellow”) do not align well (e.g., which might be
caused by poor alignment within the Dual-ViewTM), imag-
ing alignment should be processed before image ratio calcu-
lation. (ImageJ and some other software packages have this
function and can align two images automatically by calcu-
lating an optimal alignment. Image alignment can also be
accomplished by manual translation, rotation, and scaling.)

3. Derivation of BRET ratio image: divide “Yellow” by “Blue”
({Yellow range}÷{Blue range}= Y÷B), to produce a ratio-
metric image with pseudo-color (as in Figs. 1.1, panels d,
i, n, s, x, c’ and 1.4, panels d, e, i, j, n).

4. Using ImageJ’s ROI (Region Of Interest) and measurement
functions, select the same ROI in both Blue and Yellow
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images; calculate the densities inside the ROIs that have
been selected.

5. Calculate the ratio of density of objects between images
(Y÷B). Take the average and standard deviation on paral-
lel experiments (see Note 23).

4. Notes

1. Coelenterazine is sensitive to light, so store the powder and
stock solutions in the dark at –70◦C with desiccant. For
preparation of stock solutions (e.g., 250 μM), dissolve pow-
der with 95% EtOH, distribute 40–120 μl aliquots to a set of
microcentrifuge tubes, and dry down in a Speed-Vac. After
the samples are dried into the bottom of the microcentrifuge
tubes, replace the air in the tubes with gaseous N2 or Ar
(Gently! Don’t blow off the coelenterazine! We place all the
tubes in a box and flow N2 gas into the box for 20 min to
replace all the air. Argon gas is helpful because it is heavier
than air and will settle in the tubes, but it is more expen-
sive). The tubes are then capped and returned to –70◦C for
long-term storage. To make a working solution, dissolve the
dried coelenterazine in one or more tubes with a minimal
amount of 95% EtOH, and then dilute to 10 μM with dis-
tilled water or medium. Be sure to prepare a fresh working
solution before each experiment – keep the working solution
on ice and in the dark (we wrap the tubes with aluminum
foil).

2. ViviRenTM (Promega) is a modified version of the coe-
lenterazine analog, coelenterazine-h, to which ester groups
have been attached. The design intention of ViviRenTM

was to develop an inactive RLUC substrate that would
not release oxidation-induced autoluminescence in a serum-
containing extracellular medium, but that would perme-
ate into cells where intracellular esterases cleave the ester
groups to generate active coelenterazine-h intracellularly.
EnduRenTM (Promega) is a related substrate that is very sta-
ble and can be used for longer term measurement of lumi-
nescence and therefore BRET (17). In our experience, the
luminescence intensity with EnduRenTM is much lower than
with ViviRenTM, but this limitation can potentially be coun-
teracted by a very sensitive detection system.

3. We used a modified electron bombardment-charge coupled
device (EB-CCD) camera (Hamamatsu Photonic Systems,
Bridgewater NJ, USA); the modifications were a GaAsP
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photocathode with low ion feedback and increased pho-
tocathode cooling to –25◦C. The low ion feedback was
achieved by a special modification to the EB-CCD camera
by Hamamatsu to remove the aluminum mask from the sen-
sor that is normally included to avoid the “double focus
phenomenon.” In the case of low light imaging, this prob-
lem is negligible. In addition, the camera is using full frame
transfer CCD, so it is possible to remove the mask. As a
result, the sensor gets the same gain at a lower acceleration
voltage. This low acceleration voltage reduces the ion feed-
back phenomenon drastically, improving performance for
very low light level imaging. Finally, the cooling of the pho-
tocathode to –25◦C reduces the dark current of the photo-
cathode. The acquisition software was Photonics-WASABI
(Hamamatsu).

4. The Dual-ViewTM micro-imager (Optical Insights, LLC) is
an image splitter that is coupled to the EB-CCD camera to
allow the simultaneous acquisition of luminescence images
at two wavelengths. It consists of a dichroic mirror (in our
case, to split the emission at 505 nm using Q505LPxr) and
interference filters to refine wavelengths (i) below 505 nm
(HQ505SP, short-pass filter; “Blue”) and (ii) above 505 nm
(HQ505LP, long-pass filter; “Yellow”). For BRET imag-
ing, the ratio of emission in the two wavelength ranges
can be calculated without the complications due to possible
changes in the total luminescence signal over the time course
of the exposure (this kind of problem could occur with
long exposure time if we exposed the camera to one wave-
length and subsequently to a second wavelength – if the total
luminescence).

5. An epifluorescence attachment (EX 500/20 nm, EM
520LP) is connected to the IX-71 inverted microscope to
allow the measurement of fluorescence images. For low-
power imaging (e.g., Arabidopsis cotyledons, roots etc.),
we used an Olympus Macro XLFLuor 2× objective, NA
0.14 (working distance of 16.3 mm). For higher magnifica-
tion imaging, an Olympus UPlanFl 40× objective, NA 1.30
(oil immersion) was used for Arabidopsis suspension culture
cells, or an Olympus Plan Apo 60× objective, NA 1.45 (oil
immersion) was used for mammalian cells.

6. Light-tight boxes for imaging: #1. For imaging larger sam-
ples, e.g., plant seedlings that are 1- to 3-cm long, we used
a light-tight “box setup.” For plant tissues, like tobacco
or Arabidopsis seedlings, non-infinity-corrected objectives
(Plan 4×, NA=0.13 DL, 160/–; or Plan 10×, NA=0.30
DL, 160/0.17; both manufactured by Nikon) were attached
directly to the Dual-ViewTM image splitter, which was
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placed through a hole in the box (the hole was sealed with
black felt to prevent light leaks). The EB-CCD was cou-
pled to the Dual-ViewTM outside the box. The box was in a
room whose temperature was set at 22◦C. Under these con-
ditions, spontaneous YFP fluorescence or auto-fluorescence
in the absence of coelenterazine (as might occur if there was
a light leak into the box) could not be detected for 10- to
30-min exposures – therefore, the box setup was confirmed
to be light-tight. After treating the transgenic seedlings
with coelenterazine, images could be detected by the EB-
CCD camera for exposures of 5 min or less. See images in
Fig. 1.4.

#2. For microscopic imaging of mammalian cells (36◦C)
or plant cells (22◦C), the IX-71 microscope was encased in a
temperature-controlled (22–37◦C) light-tight box with the
Dual-ViewTM and EB-CCD attached to the bottom port of
the microscope (Dual-ViewTM and EB-CCD camera were
outside of the box). See images in Fig. 1.1.

7. A spectrofluorimeter (QuantaMaster QM-7/SE) was used
for spectral measurements of BRET emission. For lumines-
cence spectrum acquisition, the excitation beam was blocked
and the slit width was set to 16 nm.

8. BRET experiments should always include a positive con-
trol – in our experiments, we used either RLUC-EYFP (for
the plant studies) or hRLUC-Venus (for the mammalian cell
studies). See Figs. 1.1f–j and 1.4f–j. The production of the
hRLUC-Venus construct is described in the next note (see
Note 9).

9. CCAAT/Enhancer Binding Protein α (C/EBPα) is a tran-
scriptional factor that localizes to heterochromatin in the
nucleus and dimerizes. To test BRET signal detection
in the nucleus, we made two fusion proteins with the
nuclear transcriptional factor C/EBPα, one with hRluc
and another with Venus. C/EBP was amplified from
the EYFPC1r-C/EBPalpha244 plasmid (obtained from Dr.
R.N. Day) using XhoI and HindIII linkers. The PCR
product was fused to the C-terminus of hRluc by inser-
tion into the XhoI/HindIII site of PCMV::hRluc to give
PCMV::hRluc-C/EBP. For the other fusion protein (Venus-
C/EBP), Venus (YFP) was amplified from its original plas-
mid Venus/pCS2 (obtained from Dr. Roger Tsien). The
amplicon with NheI and HindIII linkers was inserted into
the XhoI/HindIII site of the EYFPC1r-C/EBPalpha244
plasmid by replacing the EYFP with Venus at the N-terminus
of C/EBP forming a Venus-C/EBP fusion construct. For
an image of GHFT1 cells expressing hRLUC-C/EBPα +
Venus-C/EBPα, see Fig. 1.1p–t.
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10. After germination in calli induction medium, the young
seedlings grow with two normal cotyledons (= embryonic
“leaves”), a short hypocotyl (= embryonic stem), and tiny
roots. Calli and single cells could be easily detected with the
microscope. For subculturing, material that floats in the flask
(enriched single cells and small calli) was transferred to fresh
liquid medium. The green color of newly induced suspen-
sion lines turns to light brown after several subculture pas-
sages. To isolate single Arabidopsis suspension cells, the cell
culture solution can be passed through a sterilized Nylon
mesh filter.

11. Cells were grown in two different types of 35-mm dishes.
We used normal 35 mm dishes (NunclonR, InterMed) for
cell viability and spectral assays. We used 35-mm dishes
with cover-glass bottoms (MatTek Corporation) for BRET
imaging.

12. Longer incubation times may decrease the activity of
lipofectamine.

13. The 20 min incubation is to allow DNA-lipofectamine 2000
complexes to form; this complex is stable for 6 h at room
temperature.

14. After adding coelenterazine to the assay buffer, start mea-
surements immediately. Our measurements were manually
controlled for exposure duration and frequency.

15. For autoluminescence in phenol-red free DMEM only:
we added substrate to 100 μl medium ± serum to a
final concentration of 10 μM. The total luminescence was
measured using the FB12 luminometer. In our tests, we
found that ViviRenTM has less autoluminescence than native
coelenterazine in serum-containing medium for the first
15–20 min, but that its autoluminescence level steadily
increases so that after 20 min, it has more autolumines-
cence than native coelenterazine (see Fig. 1.3a). In serum-
free medium, native coelenterazine has a brief burst of
autoluminescence upon addition but thereafter both native
and ViviRenTM coelenterazine have low autoluminescence.
The autoluminescence of native and ViviRenTM coelen-
terazines in the simple salt medium (1/2 MS) was com-
parable to that of serum-free DMEM (see Fig. 1.3a).
For brightness tests, we used HEK293 cells transfected
with PCMV::hRluc-Venus and tobacco seedlings transfected
with P35 S::RLUC-EYFP. HEK293 cells transfected with
BRET constructs have brighter luminescence when using
ViviRenTM than when using native coelenterazine in serum-
containing medium during the interval 5–50 min after addi-
tion (see Fig. 1.3b). Therefore, for mammalian cells in
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serum-containing medium, ViviRenTM has a better trade-
off of brightness vs. autoluminescene than native coelenter-
azine (compare Fig. 1.3a with 3b). On the other hand,
ViviRenTM does not appear to be useful for BRET in
plant seedlings – native coelenterazine has very low auto-
luminescence in simple salt medium (1/2 MS), and the
brightness signal for native coelenterazine is higher than
for ViviRenTM in plant seedlings, in addition to being well
sustained for over 100 min (see Fig. 1.3b). For improving
the stability of ViviRenTM in serum-containing medium, we
used PBI 1419 (obtained from Erika Hawkins at Promega)
along with ViviRenTM. PBI 1419 stabilizes the signal
of ViviRenTM-dependent luminescence (see Fig. 1.3c; the
structure of PBI 1419 is shown in the inset). Note that PBI
1419 is not commercially available as of this printing, but
Dr. Erika Hawkins at Promega says that Promega will pro-
vide PBI 1419 to interested users (Dr. Erika Hawkins, per-
sonal communication).

16. The cells were incubated for one or 6 h with differ-
ent substrates: native coelenterazine, coelenterazine-h, or
ViviRenTM. Coelenterazine and coelenterazine-h were dis-
solved in ethanol and ViviRenTM was dissolved in DMSO.
Final concentrations were 5 μM for coelenterazine and
coelenterazine-h and 10 μM for ViviRenTM. After the incu-
bation, the cells were harvested and 0.1 ml 0.4% (w/v) Try-
pan Blue was added to 0.1 ml of the cell suspension from
each sample. The stained and unstained cells were counted
using a hemacytometer. Viable cells exclude the Trypan Blue
dye. Therefore, blue-stained cells were scored as nonviable
and unstained cells were scored as viable. Therefore, “Per-
cent Viability” = number of viable cells ÷ total number
of cells. The viability of cells was not significantly affected
by treatment for 1–6 h with either native coelenterazine
or ViviRenTM as compared with the solvent controls (see
Fig. 1.3d)

17. For focusing the samples in the “box setup,” a scissors-
jack was used to support the sample under the non-infinity-
corrected objective (e.g., Plan 4×, NA=0.13 DL, 160/–;
or Plan 10×, NA=0.30 DL, 160/0.17; Nikon) that was
attached to the Dual-ViewTM and EB-CCD. Therefore this
scissors-jack provided a moveable stage which was moved up
and down to focus the sample. The sample was placed on
the jack on top of a white paper background.

18. The Dual-ViewTM micro-imager needs to be precisely
aligned before use. To set up “Full View” (Bypass Mode),
pull the filter holder half-way out of the Dual-ViewTM tube
to image normal brightfield.
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19. Float the plant seedling on a drop of assay buffer and do a
preliminary focusing. Then, aspirate the extra buffer while
keeping the seedling surrounded by a thin film of buffer.
Fine-focus and acquire the BRET image in darkness. Bright-
field (and fluorescence) images can be acquired after the
BRET image is taken. Plant seedling images can be acquired
in the “box setup” to capture the entire seedling’s image
(as in Fig. 1.4) or by using the inverted microscope setup
with the Macro XLFLuor 2× objective (NA 0.14, working
distance of 16.3 mm).

20. For mammalian cells, 20 sequential 100-ms exposures were
acquired and then placed into a “stack” in ImageJ (ver-
sion WCIF). These stacks were integrated to improve sig-
nal:noise by choosing the median value for each pixel over
the sequence of 20 exposures and generating an integrated
image that was used for subsequent analyses.

21. When RLUC-EYFP is expressed in E. coli and mammalian
cells, the emission peaks at 480 nm vs. 530 nm are approx-
imately equal (as in Fig. 1.2c), while the BRET ratio
of RLUC-EYFP expressed in green plant tissue was usu-
ally greater than 1.0 (as in Fig. 1.5b). When we mea-
sured the emission spectrum of RLUC-EYFP in etiolated
tobacco seedlings, we indeed found the emission spec-
trum was closer to 1:1 for 480 nm: 530 nm (see Fig.
1.5b, c). This is probably due to the greater absorption of
plant pigments at 480 nm than that at 530 nm in green
tissue, which can be visualized by the normalization of
luminescence spectra to 530 nm and by absorption spec-
tra of extracted plant tissue (see Fig. 1.5a). The correc-
tion factor can be used to correct the image for the dif-
ferential absorption (compare Fig. 1.4d with 4e and 1.4i
with 4j).

22. We determined the average ratio over the entire sample
along with standard deviation calculation between sam-
ples to demonstrate the reproducibility of replicate sam-
ples. In the case of RLUC being directly fused to EYFP,
the expected BRET ratio is quantifiable (e.g., for RLUC-
EYFP, the 530:480 ratio should be ∼1:1). In situations
where RLUC and EYFP are fused to interacting pro-
teins (e.g., RLUC-COP1, YFP-COP1 or C/EBP fusions)
and are expressed from independent promoters, it is bet-
ter to show the averaged BRET ratio (or ratio in a
given region). When using the same promoter to drive
the expression of both constructs, the estimated rela-
tive amount of RLUC and EYFP fusion proteins var-
ied by less than 10% in our plant and mammalian cell
studies.
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23. Several programs or software can be used to analyze BRET
images. We prefer to use the open architecture “ImageJ”
program. There are also other commercially available pro-
grams that work well, such as “Image Pro Plus” or “Auto-
quant.”
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Chapter 2

Luciferase Protein Complementation Assays
for Bioluminescence Imaging of Cells and Mice

Gary D. Luker and Kathryn E. Luker

Abstract

Protein fragment complementation assays (PCAs) with luciferase reporters currently are the preferred
method for detecting and quantifying protein–protein interactions in living animals. At the most basic
level, PCAs involve fusion of two proteins of interest to enzymatically inactive fragments of luciferase.
Upon association of the proteins of interest, the luciferase fragments are capable of reconstituting enzy-
matic activity to generate luminescence in vivo. In addition to bi-molecular luciferase PCAs, unimolecular
biosensors for hormones, kinases, and proteases also have been developed using target peptides inserted
between inactive luciferase fragments. Luciferase PCAs offer unprecedented opportunities to quantify
dynamics of protein–protein interactions in intact cells and living animals, but successful use of luciferase
PCAs in cells and mice involves careful consideration of many technical factors. This chapter discusses the
design of luciferase PCAs appropriate for animal imaging, including construction of reporters, incorpo-
ration of reporters into cells and mice, imaging techniques, and data analysis.

Key words: Molecular imaging, optical imaging, split luciferase, bioluminescence, protein comple-
mentation assay, PCA.

1. Introduction

Bioluminescence imaging of intact animals is a powerful tech-
nology for detecting and quantifying the spatial and temporal
occurrence of cellular and molecular events using luminescent
enzyme reporters. Traditionally, luciferase enzymes have been
used as reporters of promoter activity and, in the case of fire-
fly luciferase, as an assay for ATP. In contrast to these methods,
luciferase protein complementation assays (PCAs) were developed
to measure post-translational events such as protein interactions,
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phosphorylation, and enzymatic cleavage of substrates. Luciferase
PCAs have been developed for three major luciferases from fire-
fly (1, 2), sea pansy (Renilla reniformis) (3, 4), and the cope-
pod Gaussia (Gaussia princeps) (5). Several firefly and Renilla
luciferase PCAs have been published for use in animals. Although
in vivo Gaussia luciferase PCAs have been published only for live
cells, this technology should be easily translatable to animal work.
This chapter details the steps in developing an in vivo assay based
on luciferase protein complementation, including reporter vector
design, introduction of reporters into cells and animals, and bio-
luminescence imaging of the luciferase PCA in live cells and mice,
with an emphasis on firefly luciferase.

2. Materials

2.1. Molecular
Biology Reagents

1. Plasmids with open reading frames coding for proteins of
interest and luciferases

2. Expression vectors suitable for PCA expression
3. Molecular biology reagents and equipment for PCR, restric-

tion digests, and ligations.

2.2. Cells Culture
Reagents

1. HEK-293 or other cell line with high transfection efficiency
2. Tumor cell line or other biologically relevant cell lines of

interest
3. General cell culture reagents and plasticware.

2.3. Reagents for Cell
Imaging

1. 96-well plates, black plate, clear bottom with lid, tissue cul-
ture treated (Costar #3603)

2. Multichannel pipettes suitable for delivering 1–10 and 20–
200 μl

3. Low adherence sterile pipette tips (Maxymum Recovery
from Axygen, or similar)

4. Sterile commercial 1× phosphate buffered saline (PBS) solu-
tion

5. Luciferin solution 15 mg/ml in PBS (sterile filtered, store at
–20◦C) (firefly luciferase substrate)

6. Coelenterazine 1 mg/ml stock in acidified MeOH (0.5%
HCL (v/v)), store at –20◦C (substrate for Renilla and Gaus-
sia luciferases)

7. IVIS-200 or IVIS-100 (Caliper) or similar bioluminescence
imaging system with software for region of interest analysis.
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2.4. Animal Imaging
Materials

In addition to the items listed above in Section 2.3, the following
items are required or suggested for animal imaging.

1. Mice for construction of animal models (nude or SCID for
xenografts)

2. Coelenterazine, 10 mg/ml stock in acidified MeOH (0.5%
HCL (v/v)), store at –20◦C, dilute to desired concentration
immediately before imaging in 40% DMSO/PBS for animal
imaging (needed only for Renilla and Gaussia luciferases)

3. Small animal shaver (Wahl compact cordless trimmer recom-
mended) (optional)

4. Depiliatory lotion such as Nair or Neet (optional).

3. Methods

3.1. Constructing
a Luciferase PCA

1. Select a suitable target for the luciferase PCA. See Note 1 for
suggestions regarding PCA target selection.

2. Plan relevant orientation of fusion constructs. It is best to
test all reasonable orientations of the fusions, keeping in
mind the cellular location of the fusion. See Note 2 for exam-
ples of bimolecular protein interaction assays and see Note 3
for unimolecular luciferase PCAs.

3. Select an appropriate luciferase for your assay. Several prop-
erties of firefly Renilla, and Gaussia luciferases should be
considered in choosing a luciferase enzyme for the PCA (see
Table 2.1 and Note 4).

4. Design a linker to insert between protein folding domains.
Linkers may be used to control the spacing and freedom of
motion for the enzyme fragments relative to the proteins of
interests. See Note 5 on linker design.

5. Design control constructs. Control constructs that are iden-
tical to experimental constructs with the exception of the
control feature, such as mutation of a phosphorylation or
cleavage site, or substitution of a non-interacting protein
should be prepared.

6. Choose a vector to express the constructs. Fusion constructs
should be inserted in a mammalian expression vector con-
sistent with the selection method for producing stable cell
lines. For pairs of vectors, orthogonal selection methods will
be required. See Note 7 for additional information related
to generating stable cell lines.

7. Verify constructs. Engineered open reading frames should
be fully sequenced. To efficiently choose clones to sequence,
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Table 2.1
Properties of intact luciferases

Luciferase Amino acids Cofactors
λ max (nm)
(in solution) λ range (nm)

Relative
intensity
(intracellular)a

Relative
intensity
(mouse
tissue)a

Firefly 550 ATP, Mg+, O2 578 at 37◦Cb 520–740 at
37◦Cb

1 1

Renilla 311 O2 475a 420–580a 1 NDc

Gaussia 185 (secreted
form)

O2 480a 440–590a Approx 100 2

Sources: aTannous et al. (15).
bZhao et al. (23).
cReference (1) includes data for secreted Gaussia luciferase in mice compared with Renilla luciferase, but this data
is not applicable to intracellular Gaussia complementation assays.

it is sometimes helpful to test plasmid minipreps in transient
transfections (see Section 2.1) to identify clones that pro-
duce luminescence signals.

3.2. Introduction
of PCA Constructs
into Cells

1. Test reporters in transient transfections. Seed HEK-293 cells
in 6-well plates at 150,000 per well. Transfect cells the next
day with 1 μg plasmid DNA for each PCA or control con-
struct (0.5 μg, each for pairs of constructs). On the day after
transfection, split cells into black 96-well plates (1 × 105

cells/well) to be used the next day for imaging. See Section
3.3 for cell imaging. Prepare parallel sets of transfected cells
for western blotting or other relevant biochemical assays.
These assays are important assure that the bioluminescence
output reflects relevant biochemical events. See Note 6 for
suggested controls for cell assays.

2. Produce stable reporter cell lines. In a relevant tumor cell
line, prepare a batch of stable transfectants using standard
methods and isolate clonal sublines expressing the PCA
reporters. See Note 7 for suggested strategies.

3. Test clonal lines. Test tumor cell PCA sublines in culture to
identify a small number of lines that exhibit a good signal-
to-background ratio and produce relatively bright biolumi-
nescence in the PCA. See Section 3.3 for cell imaging.

3.3. Bioluminescence
Imaging of Cells

1. Seed cells in black-walled, clear bottom 96-well tissue cul-
ture plates at a density of 10,000–20,000 cells per well. Per-
mit cells to adhere overnight.
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2. Remove media next day and treat as needed in a minimum
volume of fresh media (e.g., 50 μl). To construct a time
course of drug treatments, it may be helpful to replace the
media then add treatments at 10× to the cells on a single
plate in reverse time order. The plate may then be imaged at
the completion of the course.

3. For imaging firefly luciferase, add luciferin (for firefly
luciferase) to the medium in 1/10 volume at a final concen-
tration of 0.15 mg/ml using a multichannel pipette and low
adherence tips. A low volume multichannel reservoir is help-
ful for reducing luciferin waste. Tip the plate and insert the
pipette tip under the fluid level before expelling the luciferin
to assure full delivery of the substrate. Rock the plate in a
figure-8 motion.

4. For Gaussia or Renilla luciferase imaging in cells, albumin
in media will cause considerable background luminescence
with coelenterazine. To eliminate albumin background with
native coelenterazine, short-term treatments may be per-
formed in media lacking albumin, or media may be removed
and cells washed with PBS prior to imaging. Add coelenter-
azine (1:1,000 of 1 mg/ml MeOH stock) in 50 μl PBS per
well.

5. After addition of luciferase substrate, take a brief test image
of 1–10 s on the IVIS. Use this image to estimate the expo-
sure and binning needed for subsequent images. Typical
settings for luciferase complementation imaging would be
0.5- to 1-min exposure at maximum binning. Take subse-
quent images with the appropriate exposure and binning in
serial mode to assure capture of the peak luminescence sig-
nal. For firefly luciferase, peak light production from intact
cells occurs approximately 5–10 min after substrate addition.
Peak bioluminescence from Gaussia or Renilla luciferases
occurs rapidly within the first minute after adding coelen-
terazine. See Section 3.6 for data analysis.

3.4. Construction
of Mouse Tumor
Model

Tumor cells (≈ 1 × 106) stably expressing the PCA reporter or
control reporter are injected in contralateral flanks of the mouse.
Tumor cells may be injected subcutaneously or orthotopically,
such as in the mammary fat pad. After palpable tumors form,
mice should be imaged as below. For alternative approaches to
construction of mouse models, see Note 8.

3.5. Mouse Imaging For firefly luciferase imaging, mice should be injected intraperi-
toneally with luciferin (15 mg/ml stock in PBS, 150 μg/g
mouse) 10 min before imaging is to begin. Mice are placed in
the isoflurane induction chamber 5 min before imaging, then
transferred to the IVIS imaging chamber after they are fully
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anesthetized. Imaging is performed essentially as for cells
(Section 3.3). For Renilla or Gaussia luciferase PCAs, we rec-
ommend injection of coelenterazine (2.5 mg/kg dissolved in 40%
DMSO in PBS, 50 μl) by tail vein, followed by immediate imag-
ing for 1–5 min (see Note 9).

3.6. Region
of Interest Analysis

Quantify luminescence (photons/s) in a region of interest (ROI)
which encompasses the area of luminescence, keeping a standard
ROI for all the mice in the experiment (see Note 10).

4. Notes

1. Luciferase PCAs could be designed for almost any bio-
chemical event that involves a change in the conforma-
tion or association of proteins. Luciferase PCAs can be
designed to measure either association or dissociation of
the luciferase fragments. (In contrast, only association can
be measured with PCAs based on fluorescent proteins such
as GFP (6), since this method traps the fragments irre-
versibly in the bound state.) One important consideration
is the availability of agents targeting the pathway of interest,
or other strategies (such as mutant forms of the proteins of
interest) that will result in an “on” and an “off” state for
the PCA. For investigation of new biochemical targets, it
is also helpful to prepare a control PCA with related, well-
studied proteins that can be used to help validate the PCA
for the new target. PCAs may be more easily designed for
proteins that have been demonstrated to permit fusions,
such as GFP fusions, without significant perturbation of
function.

One very useful application of the luciferase PCA is to
adapt a FRET or BRET assay for bioluminescence imag-
ing in mice. The user should note that luciferase PCAs dif-
fer from FRET and BRET in that PCAs depend on direct
contact of the luciferase fragments to reconstitute enzy-
matic activity. FRET and BRET, in contrast, generate sig-
nals based on proximity of fusion proteins. Consequently,
some adjustment of the design of the fusion constructs,
such as length of linkers, may be required to convert a
FRET or BRET assay to a luciferase PCA.

Our experience with luciferase PCAs indicates that they
perform optimally at moderate expression levels, such as
those typically achieved in stable cell lines. PCAs necessar-
ily require expression of non-native proteins and should be
designed to minimize any impact of the reporter on cell
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function. Gross over-expression of PCA constructs could,
in principle, induce artificially high protein–protein associa-
tion or enzyme-substrate interactions, for example. As with
any fusion protein or transgene, the user should validate
by methods other than bioluminescence that the luciferase
PCA constructs perform as intended.

2. Two separate open reading frames are used to express
the two fusion proteins in a bimolecular PCA. These may
be incorporated into two vectors (which facilitates a mix-
and-match strategy for co-transfections with other PCA
reporters) or in a single plasmid construct (to more closely
link expression of the two reporters). Figure 2.1 illustrates
features of bimolecular luciferase reporters. Both rational
design and empiric experience govern the construction of
luciferase PCA constructs. In many cases, a review of the
literature will reveal previous fusions, such as those to flu-
orescent proteins, which provide valuable insight into the
impact of fusions on protein localization and function. Sites

Fig. 2.1. Bimolecular constructs for luciferase PCAs. The upper pair of constructs shows two interacting cytoplasmic pro-
teins (FRB domain from the mammalian target of rapaymycin (mTOR) and FK506 binding protein (FKBP)), which associate
upon binding of the compound rapamycin. This association brings Nfluc and Cfluc into close proximity, reconstituting fire-
fly luciferase activity. In this case, the linkers are 16 amino acids long and contain the motif GGGSSSGGG with restriction
sites (2). The lower pair of constructs shows the 7-transmembrane receptor CXCR4 fused as above to Nfluc, while its
cytoplasmic binding partner, β-arrestin 2, is fused to Cfluc with a similar linker consisting of 14 amino acids (20). Note
that the optimal construct orientation for this PCA was with the interacting protein at the N-terminus of Cfluc (20). The
schematic diagram illustrates the concept of bimolecular luciferase complementation for CXCR4-Nfluc and β-arrestin
2-Cfluc. CXCR4-Nfluc binds the chemokine SDF-1, resulting in phosphorylation of the intracellular C-terminal domain of
CXCR4 by a G-protein receptor kinase (GRK) and subsequent recruitment of β-arrestin2-Cfluc to reconstitute luciferase
activity.
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of post-translational modification and important interac-
tions with other binding partners should also be consid-
ered. Finally, it is advisable to attempt more than one ori-
entation for fusions identify an optimal design.

3. Luciferase PCAs constructed as a single open reading frame
have been used to image of several kinds of biochemi-
cal events, including ligand binding, phosphorylation, and
proteolytic cleavage events (Fig. 2.2). See Note 2 for addi-
tional advice regarding general construction of PCAs.

4. We generally prefer firefly luciferase PCA for intracellu-
lar protein interactions and biosensors because for rea-
sons related to mouse imaging in particular. The more
red-shifted light of firefly luciferase (Table 2.1) pene-
trates mouse tissues better, improving signal detection, and

Fig. 2.2. Unimolecular constructs for luciferase PCAs. The upper construct contains a
single protein fragment for the human estrogen receptor with amino acids 281–549
encompassing helix 12 (H12) and the ligand binding domain (LBD) of the receptor,
flanked by inactive fragments of Renilla luciferase (Nrluc and Crluc) (3). This sensor for
estrogen agonists and antagonists produces strong luminescence activity upon ligand-
induced interaction of H12 with the LBD. The middle construct contains two interacting
protein/peptide regions, an FHA2 phosphopeptide binding domain, and an AKT sub-
strate peptide, separated by short linkers and flanked by inactive fragments of firefly
luciferase. This sensor for active (21) produces luminescence upon AKT phosphoryla-
tion of the substrate peptide, which binds to the FHA2 region of the protein and dis-
rupts complementation of the luciferase fragments. (See diagram.) The third construct
codes for a single protein which is cleaved to form a bimolecular product. The construct
includes three functional regions: PepA and PepB are proteins with a strong constitutive
interaction which is disrupted in the intact fusion protein, and DEVD is a substrate for
Caspase-3, an enzyme which is activated early in apoptosis. This apoptosis sensor pro-
duces increased luminescence upon cleavage of the DEVD peptide by Caspase-3 and
subsequent complementation of the luciferase fragments driven by association of PepA
and PepB (22).
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bioluminescence from this luciferase is more stable over
the course of imaging. Luciferin, the substrate for fire-
fly luciferase, has more favorable biodistribution than coe-
lenterazine. In addition, i.p. injection of luciferin is much
more reproducible for many investigators than tail vein or
intracardiac injection required for coelenterazine.

Nevertheless, there are several applications that might
benefit from other bioluminescent PCAs. For example, in
situations where the firefly luciferase cofactors Mg+ and
ATP may be limiting, Renilla or Gaussia luciferase may be
used successfully, although as yet no specific examples of
this exist in the literature. Steric bulk can also be reduced
by employing Renilla and especially Gaussia PCAs due to
their smaller sizes. Finally, it should be noted that luciferase
PCAs are not the only bioluminescent imaging approach to
PCAs. β-galactosidase PCAs have been adapted for biolu-
minescence imaging by using intact firefly luciferase as a
secondary reporter for β-galactosidase activity (7, 8).

Several different strategies have emerged for bisecting
various luciferase enzymes. For firefly luciferase, we used a
library screening approach to identify fragments of NLuc
2–416 and CLuc 398–550 as the best overall combination
of low background and high signal, and we continue to
find that this pair is optimal for our assays (2). Recently,
Paulmurugan et al. reported alternative firefly luciferase
PCA fragments NLuc 2–398 and CLuc 394–550 that
may provide higher signal-to-background for some protein
interactions (9). Two pairs of Renilla luciferase enzyme
fragments have been recommended for their performance
in PCAs: 1–229 and 230–311 (10), and 1–110 and 111–
311 (4). A single recommended Gaussia PCA pair has been
reported (5), consisting of NGluc 1–93, CGluc 94–169.
(Because native Gaussia luciferase contains a 16 amino acid
secretion signal that was removed for the study, the first
three amino acids of the Ngluc are MKP, the final three are
GIG.) Performance of PCAs is heavily impacted by many
factors, so the user should consider testing different pairs of
luciferase fragments to optimize signal-to-background for
a particular application.

5. Linkers serve to provide points for restriction site in the
DNA construct and to control distance and flexibility
between protein domains in the reporter. Flexible linkers
(such as GGGSSGGG flanked by restriction sites necessary
for cloning) may be helpful in reducing the interference
between separate folding domains. For more constraint, a
short tri-glycine linker, or no linker at all, may produce
good results. The user should consider hydrophilicity of
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amino acids, steric bulk, and tendency for secondary struc-
ture formation in selecting a linker sequence.

6. To distinguish a true PCA signal from effects that impact
luciferase enzyme function, the PCA conditions may be
tested on full length luciferase in parallel with the PCA.
PCA reporter function then can be normalized to function
of the intact enzyme to eliminate general effects on enzyme
function. In 96-well plate assays, it may also be necessary
to include a transfection control, such as β-galactosidase,
or to normalize to total protein in a well by an assay such
as sulforhodamine B (11), crystal violet, or BCA (Pierce).

7. Our own experience is that lentiviral constructs tagged
with fluorescent proteins can be used to rapidly and effi-
ciently obtain batch transductants, from which clonal sub-
lines can be generated if needed for optimal performance.
Transductions can be performed with two viral vectors
simultaneously to generate stable reporter cell lines more
rapidly. Lentiviruses significantly reduce the time required
for obtaining stable lines compared with traditional plasmid
strategies.

Use of a selectable marker, linked to the reporter
through an IRES, can help assure retention of the reporter
in cell culture, as well as provide a means to select for
cells expressing the reporter at higher levels. Bimolecular
reporters may be introduced with tri-cistronic expression
vectors (the third position being occupied by a selection
marker), although this strategy commonly results in attenu-
ated expression of mRNA molecules further removed from
the promoter. Available drug selection markers include
neomycin, hygromycin, blasticidin, and zeocin, among
others. Of course, use of selectable markers is not possible
in mice, so poorly tolerated constructs may not be retained
when these constructs are incorporated into solid tumor
models.

To rapidly isolate clonal reporter lines, a batch of cells
stably expressing the PCA reporter is seeded in 15-mm
dishes at 100–300 cells/dish. After colonies of 50 or more
cells form, a grid is drawn on the bottom of the dish
with heavy black marker, and the dish is imaged in the
IVIS under basal conditions or conditions that activate the
PCA to identify luminescent colonies. Placing a layer of
aluminum foil, nitrocellulose, or other non-bioluminescent
material under the dish in the IVIS enables the grid on the
dish to be seen, so that colonies are easily located. Using
the grid system, locate the luminescent colony and mark it
on the underside of the dish with a colored marker. Clones
can be harvested from the dish using cloning rings and
trypsin, or by direct “picking” of colonies. A second round
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of colony selection is helpful to insure stability of the clonal
line.

8. For short-term testing of a luciferase PCA, the simplest
mouse experiment is to conduct treatment tests within
minutes or hours after implanting PCA-expressing cells.
This approach depends only on the short-term survival of
cells in the animal, so that non-tumorigenic cell lines and
transient transfectants can be employed. For this approach
we implant (i.p. or s.q.) 5–10 × 106 cells in PBS. To pro-
duce a more confined locus of cell deposition, cells can be
injected in a 1:1 mixture of PBS (or DMEM) and matrigel.
Cells bearing a relevant control PCA (non-interacting pro-
tein, uncleavable peptide, etc.) should be implanted in a
parallel set of mice (for i.p.) or in the contralateral flanks of
the mice (for s.q.).

Stable cell lines expressing PCAs can be easily used to
construct mouse models by implanting luciferase PCA cell
lines to form tumors. Cells may be injected subcutaneously
to form flank tumors, or in relevant physiologic sites, such
as the mammary fat pad for breast tumor lines. In principle,
PCA constructs could also be introduced to mice directly,
by construction of transgenic animals or infection with viral
vectors, for example, although such assays are not reported
in the literature as yet.

In calculating numbers of cells needed to obtain a
detectable signal, the user should consider the depth and
optical properties of the tissue through which the light will
pass. As a rule of thumb, firefly luciferase light will be atten-
uated approximately tenfold for each centimeter of tissue,
but optically dense tissues such as liver will attenuate light
much more than skin, bone, or lung. Best results generally
will be obtained by maximizing the number of cells and the
perfusion of those cells in the mouse.

9. One of the strengths of luciferase imaging in mice is that a
mouse can be imaged repetitively, such as before and after
a defined pharmacologic intervention. This strategy allows
each mouse to serve as its own control, which reduces
experimental variations. To perform repetitive imaging of
mice, the user should take into account that luciferase lev-
els in mice peak approximately 10 min after i.p. injection,
then decline slowly to background levels by ≈ 6 h post
injection (12). Luciferin biodistribution for imaging firefly
luciferase PCA can be stabilized for hours or days by using
an osmotic pump (Alzet) (13). This method has the advan-
tage of producing a relatively constant bioluminescence
signal in mice, though i.p. injection of luciferin results
in higher tissue concentrations of luciferin and increased
signal.
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Coelenterazine has a more rapid kinetic course in mice.
Therefore, maximum imaging signal for Renilla or Gaussia
luciferases is obtained immediately after injecting coelenter-
azine through intravenous or intracardiac routes (14–16).
In our hands, coelenterazine is not soluble in PBS unless a
co-solvent such as DMSO or ethanol is used, though sev-
eral publications recommend only PBS as a solvent. Injec-
tion of a coelenterazine suspension in PBS is not recom-
mended. Biodistribution of coelenterazine in some tissues,
such as the intact brain, is limited by drug transport pro-
teins, which can hinder in vivo imaging of Renilla or Gaus-
sia PCAs in some tissues (17).

Mouse fur attenuates and scatters light, and this effect
is most pronounced in black mice. This problem may be
overcome by using nude mice or shaving animals over the
region(s) of interest for imaging. For black mice, further
hair removal with a depiliatory lotion (Nair, Neet) after
shaving is helpful. Care should be taken with depiliatories
to limit exposure time and abrasion as mouse skin is quite
delicate.

10. Software accompanying the imaging equipment is used
to perform the region of interest (ROI) analysis.
Figure 2.3 shows an example image and quantified lumi-
nescence obtained with a firefly PCA in cell culture. The
photons detected by the machine are summed over the

Fig. 2.3. Sample firefly luciferase PCA in cell culture. The assay was prepared as described in Section 3.3, using the
CXCR4-Nfluc/βAr2-Cfluc pair diagramed in Fig. 2.1. In this image, the luminescence data appear as a pseudocolor
overlay on the plate photo and is adjusted to illustrate the range of luminescence in the plate. The red grid marks
superimposed on the image denote the regions of interest, one for each well. Total photons/s are summed over each
region and averaged over the quadruplicate samples, to obtain the graphical data on the right of the figure. In this case,
the data illustrate the association of the PCA pair upon incubation for 10 min with the chemokine SDF.
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Fig. 2.4. Sample mouse imaging data. These sample data illustrate the region of interest
analysis, denoted by the identical red squares on each mouse. Photon flux in each area
is quantified in the graph below the image. These data illustrate results for a control
firefly luciferase PCA, and a constitutively interacting PCA pair in transiently transfected
cells (5 × 106) implanted into the peritoneal cavity of the mouse.

area of the ROI to obtain data with units of photons/time
(s), or photon flux. Maintaining a standard region of
interest within an experiment (or series of experiments) is
important to facilitate comparison of mouse imaging data.
A simple circular, oval, or square ROI is normally sufficient
to be used for all the mice within a set (see Fig. 2.4). It
is helpful to image a “blank” mouse injected with luciferin
to obtain a background reading if background subtraction
is desired. It is important to note that manipulation of the
pseudocolor image display does not alter the quantitative
data set for emitted photons. The user should manipulate
the display range of pseudocolor image to best highlight
the luminescence qualities of their sample.

To control for mouse-to-mouse variations, biolumines-
cence data may be normalized to one of several mark-
ers. For firefly luciferase PCAs, data may be normalized
to intact Renilla or Gaussia luciferase incorporated into
PCA cells. Other useful markers could include fluores-
cent proteins, such as mPlum or tdTomato (18–20), which
can be detected using the fluorescence imaging capabilities
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of the IVIS and appropriate filters. (Care should be
taken in fluorescence imaging to account for the red shift
imposed by mouse tissue when selecting excitation and
emission filters.) Fluorescence imaging is best performed
prior to injection of substrates for bioluminescence imag-
ing. Finally, for solid tumors, simple tumor volumes can
suffice for normalizing luminescence signals.
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Chapter 3

Hybrid Raman-Fluorescence Microscopy on Single Cells
Using Quantum Dots

Henk-Jan van Manen and Cees Otto

Abstract

Raman spectral imaging is a label-free, noninvasive optical technique to visualize the spatial distribution
of biomolecules such as DNA, RNA, proteins, and lipids in cells and tissues. Although Raman imaging
has been successfully used in the last 5 years on single cells, an important drawback of this technique
is that it is traditionally regarded as incompatible with fluorescence microscopy. This is because fluores-
cence signals from fluorophore-labeled cells usually overwhelm the orders of magnitude weaker Raman
signals from cellular biomolecules. However, we have recently shown that both nonresonance and reso-
nance Raman microscopy can be combined with fluorescence microscopy on the same cells by spectrally
separating fluorescence emission from Raman scattering. The fluorophores that are used in this case
are semiconductor quantum dots (QDs), which have suitable properties in hybrid Raman-fluorescence
experiments, in particular a large separation between absorption and emission wavelengths. We envis-
age that the combination of fluorescence microscopy with Raman spectroscopy or imaging on cells will
lead to new application in cell biology. Here, we will describe detailed protocols for performing hybrid
Raman-fluorescence experiments on single QD-labeled cells.

Key words: Quantum dots, Raman microscopy, resonance Raman, two-photon fluorescence
microscopy, flavocytochrome b558, neutrophils, macrophages.

1. Introduction

The use of label-free vibrational spectroscopies such as infrared
and Raman spectroscopy in cell and tissue biology has increased in
recent years because vibrational spectra provide detailed informa-
tion about the biochemical composition of small intracellular vol-
umes or tissues. Examples of single-cell Raman spectroscopy stud-
ies include the visualization of DNA/RNA, proteins, and lipid
droplets in apoptotic HeLa cells (1) or phagocytosing neutrophils
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(2), the differentiation of embryonic murine stem cells (3), the
study of stress-induced changes in lung fibroblasts (4), and the
identification of individual leukemia cells (5). In our group, we
have also employed resonant Raman spectroscopy and imaging
to selectively visualize changes in the activation and distribu-
tion of flavocytochrome b558 in single neutrophils (reviewed in
(6, 7)). This cytochrome is the catalytic subunit of the NADPH
oxidase enzyme that is critical in the innate immune response
against invading microorganisms.

Raman spectroscopy and microscopy have traditionally been
regarded as incompatible with fluorescence microscopy on
fluorophore-labeled or autofluorescent cells because the Raman
scattering cross-section of cellular biomolecules is orders of mag-
nitude lower than the product of absorption cross-section and
quantum yield of common fluorophores, which results in a flu-
orescence signal that overwhelms the Raman signals. This is an
unfortunate situation because the enhanced information content
of a hybrid Raman-fluorescence method would provide new mul-
tiplexing possibilities for single-cell optical microscopy and intra-
cellular chemical analysis. We have previously demonstrated the
feasibility of such a hybrid experiment by combining nonres-
onant Raman imaging with continuous-wave two-photon exci-
tation (cw-TPE) fluorescence microscopy of the organic fluo-
rophore Hoechst 33,342 in the nucleus of HeLa cells (8). A
large spectral separation between fluorescence and Raman scat-
tering was obtained in this case because the fluorescence emis-
sion occurs at the anti-Stokes side of the laser excitation wave-
length, whereas the Raman scattering is detected on the Stokes
side. More recently, we have extended this strategy (9) by using
semiconductor quantum dot (QD) nanocrystals, which are gain-
ing popularity because of their excellent fluorescence properties
in live-cell microscopy and in vivo imaging of organisms (10–12).
QDs display a large Stokes shift, a high absorption cross-section,
and a narrow emission bandwidth compared to conventional
fluorophores. We have shown (9) that resonant Raman spec-
troscopy and imaging on single cells can be combined with one-
photon excitation (OPE) fluorescence microscopy on QD-labeled
cells. Moreover, we demonstrated that cw-TPE microscopy on
QD-labeled cells is fully compatible with single-cell nonreso-
nant Raman microscopy. Both cw-TPE fluorescence microscopy
and Raman spectroscopy and imaging are performed with the
same laser beam in these experiments. Two-photon excitation
microscopy would be even more efficient with a pulsed light
source. An advantage of using QDs is that they can be targeted
to selective intracellular locations by conjugating them to ligands,
antibodies, or peptide localization sequences, which will enable
the correlation of QD fluorescence to the Raman signal from cel-
lular biomolecules.
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2. Materials

2.1. QD-Labeled
Polystyrene
Microspheres

1. Streptavidin-conjugated quantum dots (QDs) with a fluo-
rescence emission maximum of 605 nm are used for hybrid
resonance Raman/one-photon excitation (RR/OPE) flu-
orescence microscopy, while similar QDs with a fluores-
cence emission maximum of 585 nm are used for hybrid
nonresonance Raman/two-photon excitation (NR/TPE)
fluorescence microscopy. Both types of QDs, and also QDs
with other emission properties, are sold as 1 μM solutions
by Invitrogen (Carlsbad, CA) (see Note 1). Before use, these
QD solutions should be kept at 4◦C (see Note 2).

2. Biotin-conjugated polystyrene microspheres (diameter
2.2 μm) are obtained as a 1.25% solids suspension in water
(cat. no. 24172; Polysciences, Inc., Warrington, PA) and
kept at 4◦C.

3. Phosphate-buffered saline (PBS) is prepared as a 10× aque-
ous stock solution with 1.37 M NaCl, 27 mM KCl, 100 mM
Na2HPO4, and 18 mM KH2PO4 and autoclaved before
storage at 4◦C. Working solutions are prepared by 10× dilu-
tion with water (see Note 3).

4. Binding buffer: 1% (w/v) bovine serum albumin in PBS.

2.2. QD-Labeled RAW
264.7 Cells

1. The RAW 264.7 macrophage cell line (obtained from the
European Collection of Cell Cultures) is used to exemplify
NR/TPE microscopy on QD-labeled cells because we have
found that these macrophages efficiently internalize QDs by
endocytosis. The QDs are therefore easily observed as bright
punctate features (endosomes) in these cells (see Note 4).

2. RAW 264. 7 cell culture medium is prepared by sup-
plementing RPMI-1640 medium (Gibco/Invitrogen) with
10% (v/v) fetal calf serum, 2 mM glutamine, 100 U/ml
penicillin, and 50 μg/ml streptomycin.

3. Substrate for hybrid Raman-fluorescence microscopy exper-
iments: CaF2 slides (diameter 25 mm, thickness 2 mm) (see
Note 5).

4. Poly-L-lysine: A 0.4% (w/v) stock solution is prepared in
water, filtered (0.2 μm), and kept at 4◦C. For each new
experiment, a working solution of 0.01% (w/v) in water is
prepared.

5. Paraformaldehyde: 1,000 ml of PBS is heated to 60◦C and
40 g of paraformaldehyde is added. The turbid solution is
stirred until cleared, cooled, and filtered (0.2 μm). Aliquots
of 10 ml are kept at −20◦C and warmed to room tempera-
ture before use.
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2.3. QD-Labeled
Granulocytes

1. To demonstrate RR/OPE microscopy on cells, granulocytes
isolated from venous blood of a healthy volunteer are used.
Neutrophilic granulocytes have a high concentration of flav-
ocytochrome b558 in specific granules. The heme groups in
this flavocytochrome provide a large Raman signal in exper-
iments performed under resonance conditions at an excita-
tion wavelength of 413 nm (reviewed in (6, 7)).

2. Granulocyte buffer: PBS with 0.5% (w/v) BSA and 0.38%
(w/v) trisodium citrate.

3. Labeling buffer: PBS with 1% (w/v) BSA, 1 mM CaCl2,
0.5 mM MgSO4, and 5 mM glucose.

2.4. The Combined
Raman-Fluorescence
Microscope

To combine confocal Raman microscopy with fluorescence
microscopy on the same cells, we added a fluorescence branch
in the detection part of an existing, home-built confocal Raman
microspectrometer. The combined setup is schematically depicted
in Fig. 3.1. The following is a detailed description of the equip-
ment that is used for hybrid Raman-fluorescence experiments:

1. A Kr+ gas laser (Innova 90-K; Coherent, Santa Clara, CA)
is used as excitation source in both RR/OPE and NR/TPE
experiments because this laser can be switched between
413 nm (for RR/OPE microscopy) and 647 nm (for
NR/TPE microscopy) output. The output power of the
laser is ∼30 mW for 413 nm and ∼800 mW for 647 nm.

2. The laser beam is guided with mirrors to a beamsplit-
ter positioned at an angle of 45◦ with respect to the
incoming beam. For experiments at 413 nm, a silver-
coated beamsplitter with 30%/70% reflection/transmission
is used, while a dichroic beamsplitter with >90% reflection
at 647 nm and >90% transmission at 673 nm (= 600 cm–1)
and higher is used for experiments at 647 nm (660DCLP;
Chroma Technology, Rockingham, VT).

3. From the beamsplitter the laser beam is guided to a biaxial
scanning mirror (Leica Lasertechnique, Heidelberg, Ger-
many) positioned at an angle of 45◦ with respect to the
incoming beam in neutral position. The maximum scan
area of the scanning mirror in this work is 15 × 15 μm2.

4. After passing a lens (focal distance 100 mm), the laser
beam enters the back aperture of a water-dipping objective
(Plan Neofluar; Carl Zeiss, Jena, Germany) placed in an
upright microscope (Olympus). The objective has a mag-
nification of 63× and a numerical aperture of 1.2, which
brings the excitation light to a focus in a diffraction-limited
spot of 0.32 μm (at 413 nm) or 0.49 μm (at 647 nm)
(1/e2) diameter of the laser beam waist under the objec-
tive, according to a Gaussian beam approximation (13).
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Fig. 3.1. Schematic representation of the combined Raman-fluorescence microscopy
setup. Abbreviations: DBS, dichroic beamsplitter; SM, scanning mirror; L1, lens 1 (focal
length 100 mm); FM, mirror on foldable mount; M, mirror; NF, notch filter; EF, emission
filter; L2 and L3, lens 2 and 3 (focal length 35 mm); PH, pinhole; APD, avalanche photo-
diode; CCD, charge-coupled device. The individual components are further described in
the text.

Before entering the objective, the laser beam diameter was
adjusted to 6.3 mm, which was truncated to (1/e2)-points
by the back aperture of the objective.

5. The scattered Raman light and emitted fluorescence is col-
lected by the same objective, reflected again by the scan-
ning mirror, transmitted through the beamsplitter, and
directed to either the fluorescence or Raman detection
branch by a mirror in a foldable mount. In this way, Raman
and fluorescence images are collected sequentially (see
Note 6).

6. In the Raman detection branch, a holographic notch filter
for 413 or 647 nm (both from Kaiser Optical Systems, Ann
Arbor, MI) is used to filter reflected and Rayleigh-scattered
laser light, and a lens with a focal length of 35 mm brings
the Raman scattering to a focus on a pinhole (diameter
25 μm) placed at the entrance of a spectrograph. The
pinhole reduces out-of-focus contributions to the Raman
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signal and limits the detection volume to <0.5 μm3.
The axial resolution provided by the objective/pinhole is
∼2.5 μm (FWHM).

7. The spectrograph (HR460; Jobin Yvon, Villeneuve d’Ascq,
France) contains a blazed holographic grating (1,200
lines/mm for 413 nm, 600 lines/mm for 647 nm)
for dispersion of the Raman signal, which is sub-
sequently detected by a liquid nitrogen-cooled CCD
(1,100 PB/VISAR; Princeton Instruments, Trenton, NJ)
with 1,100 × 330 pixels of 24 × 24 μm2. The spectro-
graph/CCD combination provides spectral resolutions of
2.1 cm–1/pixel and 1.7 cm–1/pixel for experiments at 413-
and 647-nm excitation, respectively.

8. In the fluorescence branch, a holographic notch filter for
413 or 647 nm (both from Kaiser Optical Systems, Ann
Arbor, MI) is used to filter reflected and Rayleigh-scattered
laser light, and a bandpass emission filter (590–650 nm;
Chroma Technology, Rockingham, VT) to detect Qdot R©
605 fluorescence in RR/OPE experiments and 577.5–
632.5 nm (Chroma Technology) to detect Qdot R© 585 flu-
orescence in NR/TPE experiments) is used for the selective
detection of QD fluorescence.

9. A lens with a focal length of 35 mm brings the fluores-
cence light to a focus on a pinhole (diameter 25 μm) placed
before an avalanche photodiode (APD) detector (SPCM-
200; PerkinElmer Optoelectronics, Fremont, CA).

10. The scanning mirror and APD acquisition of fluores-
cence is controlled by home-written routines in LabVIEW
(National Instruments, Austin, TX). Acquisition of Raman
data is controlled by WinSpec software (Princeton Instru-
ments, Trenton, NJ).

11. Accessories that are convenient to use and indispensable for
successful hybrid Raman-fluorescence microscopy experi-
ments:
(a) A collection of grey filters to decrease the laser excita-

tion power. This is especially important for fluorescence
detection at 413-nm excitation because photobleaching
of QDs occurs at too high excitation powers.

(b) A power meter to measure the laser excitation power
under the microscope objective and elsewhere in the
set up.

(c) Fluorescent plastic slides (see Note 7) to optimize the
optical alignment of the fluorescence branch. Alterna-
tively, 10 μl of a dilute QD solution may be sandwiched
between glass coverslips and used for optimization of
the fluorescence signal.
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(d) Polystyrene Petri dishes to optimize the optical align-
ment of the Raman branch. Polystyrene gives sharp
and strong Raman signals both in the fingerprint
region (500–1,800 cm–1) and high-frequency region
(2,800–3,100 cm–1).

(e) Capillaries filled with toluene for calibration of the
Raman wavenumber axis. To calibrate the fingerprint
region, toluene Raman bands at 521, 785, 1,004,
1,210, and 1,604 cm–1 are used and a third-order poly-
nomial is used for fitting. A toluene-filled capillary may
also be used to optimize the optical alignment of the
Raman branch.

(f) A tungsten halogen light source (AvaLight-HAL;
Avantes BV, Eerbeek, The Netherlands) with a known
emission spectrum to correct the acquired Raman spec-
tra for the frequency-dependent optical detection effi-
ciency of the setup.

3. Methods

3.1. Preparation
of QD-Coated
Polystyrene
Microspheres

1. Biotin-conjugated polystyrene microspheres (10 μl of the
suspension obtained from Polysciences) are suspended in
500 μl of binding buffer.

2. The suspension is briefly vortexed, sonicated for 5 min
(to break up microsphere aggregates), and centrifuged at
5,000×g for 3 min in a microcentrifuge.

3. The supernatant is carefully aspirated and the microspheres
are resuspended in 500 μl of binding buffer and centrifuged
again.

4. The supernatant is carefully aspirated and the microspheres
are resuspended in 200 μl of binding buffer. Next, 2 μl of
QD stock solution (Qdot R© 605 streptavidin conjugate or
Qdot R© 585 streptavidin conjugate) are added to the micro-
sphere suspension. This mixture is incubated for 30 min at
room temperature while gently shaking the microtube.

5. Excess QDs are removed by two washing and centrifugation
steps in binding buffer.

6. The QD-labeled microspheres are finally resuspended in
200 μl of PBS and used within 2 days.

7. To check for a homogeneous distribution of QDs on
the microspheres, aliquots (∼10 μl) of the suspension are
sandwiched between two coverslips (thickness 170 μm)
and examined by confocal laser scanning microscopy on
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a Zeiss LSM510 microscope (Carl Zeiss, Göttingen, Ger-
many) (see Note 8). Confocal fluorescence imaging is
performed with Zeiss LSM acquisition software, using a
C-Apochromat 63×/1.2 numerical-aperture water-immer-
sion objective, 488-nm excitation (from an Ar+ laser), and a
Hamamatsu R6357 photomultiplier tube to detect the QD
fluorescence after spectral filtering through a 560-nm long-
pass filter. A representative confocal fluorescence image of
QD-labeled microspheres is shown in Fig. 3.2.

Fig. 3.2. Confocal fluorescence image (100 × 100 μm2) of Qdot R© 585-coated
polystyrene microspheres (diameter 4.3 μm). Excitation 488 nm, emission >560 nm.

3.2. Preparation
of QD-Labeled RAW
264.7 Cells

1. RAW 264.7 macrophages are maintained at 37◦C in a 5%
CO2 atmosphere and passaged twice a week by gently scrap-
ing them off the tissue culture flask surface and diluting
them 1:6 (v/v) with fresh culture medium into a new tis-
sue culture flask.

2. To prepare CaF2 slides coated with poly-L-lysine, clean CaF2
slides are thoroughly rinsed with ethanol and water and sub-
sequently incubated with a poly-L-lysine solution for 1 h at
60◦C. The slides are washed 3× with water and kept in PBS
until use (see Note 9).

3. Samples for NR/TPE hybrid Raman-fluorescence experi-
ments are prepared by first pipetting 250 μl of a RAW
264.7 cell suspension (∼106 cells/ml) in culture medium
onto poly-L-lysine-coated CaF2 slides and incubating the
slides overnight at 37◦C in a 5% CO2 atmosphere. Next,
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cell-coated CaF2 slides are immersed in 20 nM of QDs
(Qdot R© 585 streptavidin conjugate) in culture medium and
incubated for 2 h at 37◦C to allow internalization of QDs by
the macrophages.

4. After two wash steps with PBS, the QD-containing cells are
fixed by immersing the slides in 4% paraformaldehyde for 1 h
at room temperature.

5. The slides are washed 2× with PBS and kept in PBS during
hybrid NR/TPE microscopy experiments.

3.3. Preparation
of QD-Labeled
Neutrophilic
Granulocytes

1. Peripheral blood from a healthy donor is obtained by
venipuncture and collected in a 10-ml heparinized tube.
Granulocytes are freshly isolated from this blood according
to a published procedure (see Note 10) and suspended
at ∼2 × 106 cells/ml in granulocyte buffer (see Note 8).

2. A 250-μl aliquot of granulocytes is pipetted onto a poly-
L-lysine-coated CaF2 slide (see Section 3.2, Step 2) and
incubated for 30 min at 37◦C.

3. Unbound granulocytes are removed by washing with gran-
ulocyte buffer.

4. Granulocyte-coated CaF2 slides are immersed in 20 nM of
QDs (Qdot R© 605 streptavidin conjugate) in labeling buffer
and incubated for 30 min at 37◦C to allow internalization of
QDs by the granulocytes.

5. After two wash steps with PBS, the QD-containing cells are
fixed by immersing the slides in 2% paraformaldehyde for 1 h
at room temperature.

6. The slides are washed 2× with PBS and kept in PBS during
hybrid RR/OPE microscopy experiments.

7. To verify that the granulocytes have internalized QDs, a
similar procedure as described in this section is performed
using freshly isolated granulocytes adhered to LabTek 8-well
glass chamber slides (Nalge Nunc, Rochester, NY) and incu-
bated with 20 nM QDs for 30 min. The slides are exam-
ined on a Zeiss LSM510 microscope. Confocal fluorescence
imaging is performed with Zeiss LSM acquisition software,
using a C-Apochromat 63×/1.2 numerical-aperture water-
immersion objective, 488-nm excitation (from an Ar+ laser),
and a Hamamatsu R6357 photomultiplier tube to detect the
QD fluorescence after spectral filtering through a 560-nm
longpass filter. A representative confocal fluorescence image
of QD-labeled neutrophilic granulocytes is shown in
Fig. 3.3a. The corresponding brightfield image is shown in
Fig. 3.3b. The accumulation of QDs in intracellular vesicles
is clearly visible in the fluorescence image.
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Fig. 3.3. Confocal fluorescence image (a) and corresponding brightfield image (b) of
neutrophils incubated with QDs. The accumulation of QDs into vesicles is clearly shown
in the fluorescence image.

3.4. Hybrid
Raman-Fluorescence
Microscopy

3.4.1. General
Guidelines

In combined Raman-fluorescence experiments on QD-labeled
samples, it is recommended to perform fluorescence microscopy
before Raman microscopy because a fluorescence image is
acquired in a few seconds while a Raman image may take up to
15 min. Therefore, fluorescence imaging allows one to quickly
select cells with a level of QD-labeling that is suitable for hybrid
imaging. Moreover, in experiments at 413 nm the laser power
that is necessary for obtaining a high-quality resonance Raman
signal of flavocytochrome b558 in granulocytes (∼0.5–1 mW)
will destroy QD fluorescence by photobleaching. In that case,
acquiring the fluorescence image before the RR image is the only
successful hybrid Raman-fluorescence procedure. For NR/TPE
experiments at 647-nm excitation, both images are acquired at
the same laser power (∼25–50 mW) and photobleaching of QDs
is less of a problem. However, we have observed that the use of
too high laser powers at 647 nm may result in disruption of the
cell morphology and a large increase in background in the Raman
signal, presumably due to photothermal cell ablation caused by
excessive absorption of energy by QDs. The effect of the high
laser powers that are used in Raman microspectroscopy on cells is
always an important issue, as we have previously discussed (7).

The Raman setup allows three types of Raman microspec-
troscopy experiments:

• Point spectroscopy, where the laser beam is positioned into the
sample and a Raman spectrum is obtained from that position;

• Scanning spectroscopy, where the laser beam is scanned over
a region of interest and one Raman spectrum is recorded,
which is representative for the whole region;
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• Spectral imaging, where the laser beam is scanned over a
region of interest and a Raman spectrum is recorded at every
image position. From the resulting 3D data set (one spec-
tral and two spatial dimensions), Raman images are con-
structed by plotting the integrated intensity of a Raman band
of interest as a function of position. In addition, multivariate
data analysis techniques such as principal component analysis
(PCA) and hierarchical cluster analysis (HCA) may be used
to investigate in more detail the major variances in the spec-
tral imaging data set.

Each of these three spectroscopy modes is fully compatible
with fluorescence microscopy. For example, a fluorescence image
may reveal an interesting location in the cell, after which the laser
beam is positioned in that location to record a Raman spectrum
containing a wealth of chemically specific information.

In the next section we discuss the general start-up procedure
for hybrid Raman-fluorescence microscopy. The subsequent sec-
tions will provide protocols for performing hybrid experiments on
QD-coated microspheres and QD-labeled cells.

3.4.2. Start-Up
Procedure

1. The CCD camera is filled with liquid nitrogen to cool the
CCD chip. It takes ∼1 h to reach the operating temperature.

2. All of the equipment is switched on. The laser is allowed to
stabilize its output power for ∼0.5 h.

3. A polystyrene Petri dish is mounted on the microscope stage
and the laser is focused just inside the dish. The sensi-
tivity of the Raman detection branch is checked by using
a known amount of excitation light (for example, 1 mW
of 413 nm or 100 mW (could be (significantly) less) of
647 nm) and recording the number of counts detected for
the polystyrene Raman band at 1,000 cm–1. If the number of
detected counts is too low (with respect to previous experi-
ence), an optical alignment of the excitation and/or Raman
detection branch should be performed. If the number of
detected counts is as expected, then the Raman wavenumber
axis is calibrated with a toluene-filled capillary (see Section
2.4 Step 11e). Subsequently, record a white-light spectrum
using the tungsten halogen light source (see Section 2.4
Step 11f).

4. A mirror is flipped into the detection branch by using the
foldable mount (see Fig. 3.1).

5. A green fluorescent plastic slide is mounted on the micro-
scope stage and the laser power is decreased to ∼10 μW of
413 nm (see Note 11) by using a grey filter. The laser is
focused just inside the slide. The sensitivity of the fluores-
cence detection branch is checked by recording the number
of counts detected on the APD for the fluorescent slide.
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If the number of detected counts is too low (with respect to
previous experience), an optical alignment of the excitation
and/or fluorescence detection branch should be performed.

6. The setup is now ready for hybrid NR/TPE or RR/OPE
microscopy experiments.

3.4.3. Hybrid
Raman-Fluorescence
Microscopy
on QD-Coated
Microspheres

1. An aliquot (∼100 μl) of QD-coated microspheres is pipet-
ted onto a clean and dry CaF2 slide and incubated for
30 min at room temperature. Most microspheres will stick
to the surface and remain fixed during a hybrid Raman-
fluorescence experiment.

2. The microscope start-up procedure described in Section
3.4.2 is performed.

3. The CaF2 slide is mounted on the microscope stage and
the microspheres are brought into focus by using bright-
field illumination. A few microspheres are positioned in the
15 × 15 μm2 field of view of the scanning mirror. The
brightfield illumination is turned off.

4. The mirror is inserted into the detection branch with the
foldable mount.

5. The laser power is adjusted to ∼10 μW for 413-nm excita-
tion or ∼100 mW (could be (significantly) less) for 647-nm
excitation.

6. A fluorescence image of the microspheres is acquired. Typ-
ical acquisition parameters on our setup are 128 × 128 pix-
els and 0.25 ms/pixel.

7. The mirror from the detection branch is flipped away with
the foldable mount.

8. The laser power is adjusted to ∼1 mW for 413-nm exci-
tation or left at ∼100 mW for 647-nm excitation (see
Note 12).

9. A Raman image of the microspheres is acquired. Typical
acquisition parameters on our setup are 32 × 32 pixels and
1 s/pixel.

10. A Raman image is constructed by plotting the 1,000 cm–1

Raman band of polystyrene as a function of image pixel
position.

3.4.4. Hybrid NR/TPE
Raman-Fluorescence
Microscopy on
QD-Labeled Cells

1. The start-up procedure described in Section 3.4.2 is per-
formed.

2. The CaF2 slide with QD-labeled RAW 264.7 cells is
mounted on the microscope stage and the cells are brought
in focus using brightfield illumination. A cell is positioned
in the 15 × 15 μm2 field of view of the scanning mirror.
The brightfield illumination is turned off.



Hybrid Raman-Fluorescence Microscopy on Single Cells Using Quantum Dots 57

3. The mirror is inserted into the detection branch with the
foldable mount.

4. The laser power is adjusted to ∼25 mW for 647-nm exci-
tation.

5. A TPE fluorescence image of the QDs located inside the
cell is acquired. Typical acquisition parameters on our setup
are 128 × 128 pixels and 0.25 ms/pixel.

6. The mirror from the detection branch is flipped away with
the foldable mount.

7. A Raman image of the cell is acquired. Typical acquisition
parameters on our setup are 32 × 32 pixels and 1 s/pixel.
Alternatively, if the QD fluorescence image shows a cellu-
lar location that is interesting for further study by Raman
microspectroscopy, the laser beam can be positioned in that
location and a Raman spectrum can be acquired at only that
location. This saves time in comparison with the acquisition
of a full Raman image of the cell.

8. Steps 3–7 are repeated for other cells.
9. Raman images of the cells are constructed by plotting

Raman bands of known origin (for example, the phenylala-
nine band at 1,004 cm–1 or the DNA band at 785 cm–1)
as a function of image pixel position.

10. Figure 3.4 shows a NR image (a) and a TPE image (b) of
a QD-labeled RAW 264.7 cell. The accumulation of QDs
into vesicular organelles is clearly shown in the TPE image.
The NR image shows areas rich in lipids, for example, the
lipid droplets (LDs) marked with arrows.

Fig. 3.4. Hybrid Raman-fluorescence microscopy on a single cell. Nonresonant Raman
image (a) constructed from the high-frequency region (2,800−3,050 cm–1) and corre-
sponding two-photon excitation fluorescence image (b) of a RAW 264.7 cell incubated
with QDs. The colors range from blue (lowest intensity) to red (highest intensity). Lipid
droplets in (a) are marked with arrows.
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3.4.5. Hybrid RR/OPE
Raman-Fluorescence
Microscopy on
QD-Labeled Cells

1. The start-up procedure described in Section 3.4.2 is per-
formed.

2. The CaF2 slide with QD-labeled granulocytes is mounted
on the microscope stage and the cells are brought in focus
using brightfield illumination. A cell is positioned in the
15 × 15 μm2 field of view of the scanning mirror. The
brightfield illumination is turned off.

3. The mirror is inserted into the detection branch with the
foldable mount.

4. The laser power is adjusted to ∼25 μW for 413-nm excita-
tion.

5. A OPE fluorescence image of the QDs located inside the
cell is acquired. Typical acquisition parameters on our setup
are 128 × 128 pixels and 0.25 ms/pixel.

6. The mirror from the detection branch is flipped away with
the foldable mount.

7. The laser power is adjusted to ∼0.5–1 mW.
8. A Raman image of the cell is acquired. Typical acquisition

parameters on our setup are 32 × 32 pixels and 1 s/pixel.
Alternatively, if the QD fluorescence image shows a cellu-
lar location that is interesting for further study by Raman
microspectroscopy, the laser beam can be positioned in that
location and a Raman spectrum can be acquired at only
that location. This saves a lot of time in comparison with
recording a full Raman image of the cell.

9. Steps 3–7 are repeated for other cells.
10. Raman images of the cells are constructed by plotting the

flavocytochrome b558 RR band at 1,375 cm–1 as a function
of image pixel position.

4. Notes

1. Cat. no. Q10151MP from Invitrogen is a sampler kit
containing streptavidin conjugates of Qdot R© 525, Qdot R©
565, Qdot R© 585, Qdot R© 605, and Qdot R© 655.

2. The QD solutions supplied by Invitrogen should never be
stored at −20◦C because this will induce aggregation of
the QDs.
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3. All solutions and buffers are prepared in water with a resis-
tivity of 18.2 M�·cm.

4. In principle, any cell type or tissue that can be labeled
with QDs is amenable to hybrid Raman-fluorescence
microscopy. For example, QDs functionalized with anti-
bodies or receptor ligands might be employed to label spe-
cific cells or subcellular sites such as the plasma membrane.
Demonstrations of such use of QDs abound in the litera-
ture. Recent reviews are available (10–12).

5. CaF2 slides are used because glass and quartz cover slips
cause a large background signal in Raman experiments.
Besides a relatively strong Raman band at 323 cm–1, CaF2
slides from different vendors may also show large Raman
signals at other frequencies due to impurities, which may
obscure the observation of Raman bands from cellular
components. It is therefore recommended to investigate
the quality of CaF2 slides with Raman spectroscopy before
Raman experiments on cells are undertaken.

6. Using a dichroic beamsplitter instead of a foldable mirror,
it will be possible to collect Raman and fluorescence images
simultaneously, if the pixel dwell times were identical.

7. Different fluorescent plastic slides suitable for common
excitation wavelengths (for example, 488, 543, 568, and
633 nm) are available from Chroma Technology, Rocking-
ham, VT. These slides are sometimes handed out at confer-
ence exhibition booths.

8. Other confocal laser scanning microscopes or widefield flu-
orescent microscopes may be used to check the distribution
of QDs on the microspheres.

9. CaF2 slides freshly coated with poly-L-lysine are used
immediately to prepare cell samples for combined Raman-
fluorescence microscopy. Since CaF2 slides can be reused,
they are cleaned after microscopy experiments with deter-
gent, rinsed copiously with water and ethanol, and allowed
to dry. The commercial value of CaF2 is appreciable and
re-use is economic for that reason.

10. A step-by-step protocol describing the isolation of granu-
locytes from peripheral blood is beyond the scope of this
chapter. A detailed protocol has been published (14).

11. Granulocytes should be used within 4 h from isolation in
order to avoid extensive cell death.

12. In case of 647-nm excitation, the laser power can be kept
at ∼100 mW because continuous-wave two-photon excita-
tion fluorescence requires high laser powers (8, 15).
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Chapter 4

Labeling of Mesenchymal Stem Cells with Bioconjugated
Quantum Dots

Bhranti S. Shah and Jeremy J. Mao

Abstract

Quantum dots (QDs) are semiconductor nanocrystals, and recently they have been shown as effective
probes for cell labeling. Due to their unique spectral, physical, and chemical properties, QDs can concur-
rently tag multiple intercellular and intracellular components of live cells for time ranging from seconds
to months. Different color QDs can label different cell components that can be visualized with fluores-
cent microscopy or in vivo. Here, we provide a detailed protocol for labeling postnatal and differentiated
stem/progenitor cells with bioconjugated quantum dots. For example, peptide CGGGRGD is immobi-
lized on CdSe-ZnS QDs with free carboxyl groups. These bioconjugates label selected integrins on cell
membrane of human mesenchymal stem cells (hMSCs). QD concentration and incubation time to effec-
tively label hMSCs is optimized. We discovered that bioconjugated QDs effectively label hMSCs not only
during population doubling, but also during multi-lineage differentiation into osteoblasts, chondrocytes,
and adipocytes. Undifferentiated and differentiated stem cells labeled with bioconjugated QDs can be
readily imaged by fluorescent microscopy. Thus, quantum dots represent an effective cell labeling probe
and an alternative to organic dyes and fluorescent proteins for cell labeling and cell tracking.

Key words: Quantum dots, mesenchymal stem cells, cell differentiation, cell labeling, peptide,
fluorescent.

1. Introduction

Our understanding of cell biology originated from anatomical
and histological observations. Cells that are morphologically alike
and reside in a given tissue are specifically named, such as car-
diomyocytes in the heart, hepatocytes in the liver, and osteoblasts
in bone. Developmental biology studies later identified that the
end-stage differentiated cells such as cardiomyocytes, hepato-
cytes, and osteoblasts derive from progenitor cells or stem cells.
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In multicellular organisms, each tissue consists of multiple cell
types. For example, bone consists of osteoblasts or bone form-
ing cells, osteoclasts or bone-breaking cells, and osteocytes that
are mature osteoblasts entrapped in mineralized matrix. There
has been a long-lasting aspiration to effectively label cells and
track their fate in developmental biology, preferably in vivo and
in real time (1). Under the same token, there is an acute need to
track the fate of stem cells in tissue engineereing and regenera-
tive medicine (2, 3). There are broadly three types of cell label-
ing probes: organic dyes, fluorescent proteins, and quantum dots
(Table 4.1).

Organic dyes have been widely utilized in cell biology and
developmental biology such as dapi, rhodamine phalloidin, Di-I
(4–7). Organic dyes are capable of labeling cells in culture for
short time and can be observed under fluorescent microscope.
However, organic dyes readily photobleach and lose fluorescence,
and therefore are only useful for short-term cell labeling. Addi-
tionally, organic dyes have broad emission spectrum, but narrow
excitation spectrum, causing an overlap of different emission spec-
trum, which is undesirable. Organic dyes are sensitive to changes
in local pH, and accordingly may readily disintegrate and lose
fluorescence. Organic dyes are virtually impossible for long-term
in vivo cell tracking. On the plus side, organic dyes are easy to use
and inexpensive.

Genetically encoded fluorescent proteins such as green flu-
orescent protein (GFP) have been widely used for cell labeling
(8–10). GFPs are typically transfected into the cells via retro-
virus, lentivirus, or non-viral approaches. GFPs have a number
of important advantages over organic dyes for cell labeling. For
example, GFPs have better photostability and pH tolerance, in

Table 4.1
Comparison of cell labeling and tracking probes

Organic dyes
Fluorescent proteins
(e.g., GFP) Quantum dots (QDs)

Emission spectrum Broad Broad Narrow

Excitation spectrum Narrow Narrow Broad
Photostability Poor Good Good

pH sensitivity Yes No No
Luminescence time Minutes to hours Months Months

Fluorescence intensity in vivo Weak Moderate Strong
Overlap with autofluorescence No Yes No

Multi-color labeling Cumbersome Cumbersome Readily
In vivo cell tracking No Questionable Yes

Italic texts denote advantageous features, in comparison with non-italic text.
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addition to much longer luminescence time. However, GFPs suf-
fer from a number of intrinsic deficiencies such as sensitivities
to proteolytic enzymes, difficulty for labeling multiple cell lin-
eages, and overlap with body’s autofluorescence signal spectrum,
which makes it difficult to use for in vivo cell tracking. Whereas
a critical advantage of GFPs over QDs is genetic incorporation of
GFPs, QDs nonetheless are several times brighter than GFPs and
have excitation and emission spectra that are different from body’s
autofluorescence.

Quantum dots (QDs) are small light-emitting semiconduc-
tor particles, typically in the size range of 2–0 nm (11–14). After
years of non-biological applications, two independent communi-
cations in Science in 1998 showed that highly luminescent QDs
could be made water soluble and tethered to biomolecules for cell
labeling (15, 16). Subsequently, the fluorescence yield of biocon-
jugated QDs has been enhanced (17). Currently, QDs are com-
mercially available from several companies. In contrast to organic
dyes or fluorescent proteins, QDs have several distinctive advan-
tages, especially for long-term cell labeling and in vivo cell track-
ing (Table 4.1). QDs are photostable and maintain fluorescence
intensity in the culture of tumor cells (7, 18). The narrow emis-
sion and broad excitation spectrum of QDs enable the viewing of
multiple colors at a given wavelength. Both the emission and exci-
tation spectra of QDs can be fine-tuned (19). QDs are internal-
ized primarily by endocytosis and continue to reside in cytoplasm
(20, 21). Detailed protocols for QD labeling and the imaging of
live cells have been elegantly documented (18, 19).

The primary objective of this chapter is to provide an effective
protocol for labeling postnatal stem/progenitor cells with quan-
tum dots. We will discuss the following aspects of QD labeling
of stem/progenitor cells: (1) conjugate RGD peptide to quan-
tum dot nanoparticles; (2) label hMSCs during self-replication
with QD bioconjugates; (3) determine cytocompatibility of QD-
bioconjugates; and (4) explore QD labeling of hMSCs during dif-
ferentiation into lineage-specific cells.

2. Materials

2.1. Culture and
Expansion of Human
Mesenchymal Stem
Cells

1. Bone marrow samples from healthy human donors (All-
Cells, Berkeley, CA)

2. RosetteSepTM (Stem Cell Technologies, Vancouver, BC,
Canada)

3. 35-mm petri dishes (Falcon, Becton Dickinson Labware,
Franklin Lakes, NJ)
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4. DMEM: Dulbecco’s Modified Eagle’s Minimal Essential
Medium Low Glucose (DMEM-LG) (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA) and 1% antibiotic-
antimycotic (10,000 U/ml penicillin, 10,000 μg/ml strep-
tomycin, and 25 μg/ml amphotericin B) (Atlanta Biologi-
cals, Lawrenceville, GA)

5. Phosphate buffered saline (PBS) (Lonza, Walkersville,
MD)

6. Solution of trypsin (0.25%) and ethylenediamine tetraacetic
acid (EDTA) (1 mM) (Atlanta Biologicals)

7. 5% DH autoflow CO2 air-jacketed incubator (Nuaire, Ply-
mouth, MN)

8. Trypan blue solution (Sigma, St. Louis, MO)
9. Tissue culture six-well plate (Becton Dickinson Labware,

Franklin Lakes, NJ)
10. Centrifuge 5417R machine (Eppendorf, Westbury, NY).

2.2. Quantum Dot
Bioconjugation

1. Zinc sulphide (ZnS) capped cadmium selenium (CdSe)
quantum dots with functionalized carboxyl surface groups
(0.25 mg/ml) (Evident Technologies, Troy, NY or Invitro-
gen, Carlsbad, CA) (see Note 2) and stored at 4◦C without
exposure to light

2. CGGGRGD peptide: prepare 1 mg/ml solution in water
and store it at 4◦C (see Note 3)

3. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.
HCl) (Pierce, Rockford, IL)

4. MES buffer (1 M) (Sigma, St. Louis, MO)
5. Sulfo NHS (N-hydrocylsulfo-succinimide) (Sigma, St.

Louis, MO)
6. Sodium borate buffer: 0.1 M borate (Sigma, St. Louis, MO),

0.5 M NaCl (Sigma, St. Louis, MO), pH 8.3, and sterilize
before storage at room temperature

7. Distilled water (DI) (Millipore, Billerica, MA)
8. Ultrasonic cleaner (Fisher Scientific, Pittsburgh, PA)
9. Stir Plate (Fisher Scientific, Pittsburgh, PA)

2.3. Human
Mesenchymal Stem
Cell Differentiation
into Osteoblasts

1. Dexamethasone (Sigma, St. Louis, MO) is dissolved in ster-
ile PBS at 100 nM, stored in aliquots at –80◦C, and then
added to the osteogenic medium as required

2. L-Ascorbic acid (Sigma, St. Louis, MO) is dissolved in sterile
PBS at 0.05 mg/ml, stored in aliquots at –80◦C, and then
added to the osteogenic medium as required
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3. Glycerol 2-phosphate disodium salt hydrate (β-
glycerophosphate) (Sigma, St. Louis, MO) is dissolved
in sterile PBS at 0.01 M, stored in aliquots at –80◦C, and
then added to the osteogenic medium as required

4. Osteogenic medium: Dulbecco’s Modified Eagle’s Minimal
Essential Medium Low Glucose (DMEM-LG) (Sigma, St.
Louis, MO) supplemented with 10% FBS, 1% antibiotic-
antimycotic, 100 nM dexamethasone, 0.05 mg/ml ascorbic
acid, and 0.01 M β-glycerophosphate (22–24)

5. Alkaline phosphatase reagent (Raichem, San Deigo, CA)
(25–28)

6. Calcium content (Raichem, San Deigo, CA) (25–28)

2.4. Human
Mesenchymal Stem
Cell Differentiation
into Chondrocytes

1. Sodium pyruvate (Sigma, St. Louis, MO) is dissolved in ster-
ile PBS at 100 μg/ml, stored in aliquots at –80◦C, and then
added to the chondrogenic medium as required

2. L-Ascorbic acid (Sigma, St. Louis, MO) is dissolved in sterile
PBS at 50 μg/ml, stored in aliquots at –80◦C, and then
added to the chondrogenic medium as required

3. L-Proline (Sigma, St. Louis, MO) is dissolved in sterile PBS
at 40 μg/ml, stored in aliquots at –80◦C, and then added
to the chondrogenic medium as required

4. Dexamethasone (Sigma, St. Louis, MO) is dissolved in ster-
ile PBS at 0.01 μM, stored in aliquots at –80◦C, and then
added to the chondrogenic medium as required

5. Albumin from bovine serum (Sigma, St. Louis, MO) is dis-
solved in sterile distilled water at 2 mg/ml and stored in
single aliquots at –80◦C

6. TGFβ3 (R&D Systems, Minneapolis, MN) is reconstituted
in 50-μl solution of 4 mM HCl (Fisher Scientific, Pitts-
burgh, PA) and 2 mg/ml BSA, stored in aliquots at –80◦C,
and then added to the chondrogenic medium as required

7. Chondrogenic medium: Dulbecco’s Modified Eagle’s Min-
imal Essential Medium High Glucose (DMEM-HG) sup-
plemented with 1% antibiotic-antimycotic, 1% ITS+1 Liq-
uid Media Supplement (100×) (Sigma, St. Louis, MO),
100 μg/ml sodium pyruvate, 50 μg/ml L-ascorbic acid,
40 μg/ml L-proline, 0.01 μM dexamethasone, 10 ng/ml
TGFβ3 (23, 26, 27, 29)

8. Alcian Blue 8X (Sigma, St. Louis, MO)
9. Blyscan glycosaminoglycan assay (Accurate Chemical and

Scientific Corp., Westbury, NY) (23, 26, 27, 29)
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2.5. Human
Mesenchymal Stem
Cell Differentiation
into Adipocytes

1. Dexamethasone (Sigma, St. Louis, MO) is dissolved in ster-
ile PBS at 50 nM, stored in aliquots at –80◦C, and then
added to the adipogenic medium as required

2. Insulin (Sigma, St. Louis, MO) is dissolved in sterile DMEM
at 10 μg/ml, stored in single use aliquot at –80◦C, and then
added to the adipogenic medium as required

3. 3-Isobutyl-1-methylxanthine (Sigma, St. Louis, MO) is dis-
solved in sterile DMSO (Fisher Scientific, Pittsburgh, PA) at
0.5 μM, stored in aliquots at –80◦C, and then added to the
adipogenic medium as required

4. Indomethacin (Sigma, St. Louis, MO) is dissolved in ster-
ile 100% ethanol (Sigma, St. Louis, MO) at 60 μM, stored
in aliquots at –80◦C, and then added to the adipogenic
medium as required

5. Adipogenic medium: Dulbecco’s Modified Eagle’s Mini-
mal Essential Medium Low Glucose (DMEM-LG) supple-
mented with 50 nM dexamethasone, 10 μg/ml insulin, and
5 mM isobutyl-methylxanthine, 10% FBS and 1% antibiotics-
antimycotics (26, 30–32)

6. Oil Red O staining (Cambrex, East Rutherford, NJ) (26,
30–32)

7. Free glycerol determination kit (Sigma, St. Louis, MO)
(26, 32)

2.6. Brightfield and
Fluorescence
Microscopy

1. Inverted microscope (Leica, Northvale, NJ) equipped with a
mercury arc lamp (100 W) (Chiu Technology Corp., Kings
Park, NY) and a 32,007 Qdot 605 with 40-nm emission
filter (Chroma, Rockingham, VT).

2. Original images were captured using a microscope mounted
camera (Leica, Northvale, NJ) controlled by image acquisi-
tion software (Leica 3.0 Suite, Leica, Northvale, NJ).

3. Adobe Photoshop 7.0 (Adobe Systems Incorporated, San
Jose, CA).

3. Methods

Short peptides containing a motif such as RGD mimic cell adhe-
sion proteins and serve as ligands for integrin receptors including
hMSCs. RGD peptide serves as a ligand for α3β1, αvβ1, αvβ5, and
other integrin receptors. The free carboxyl group on QDs is avail-
able for covalent coupling to biomolecules such as proteins, pep-
tides, and nucleic acids by cross-linking to reactive amine groups
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(33). The cystine (C) amino acid of the CGGGRGD peptide
links to the CdSe-ZnS quantum dot through an amide bond, the
GGG sequences of glycine (G) amino acids provide a spacer in
the amino acid, and the RGD peptide goes and binds itself to
specific integrins present on the cell surface. These QDs absorb
light in the near UV spectrum (<450 nm) and emit in the orange
spectrum (600 ± 10 nm). The orange emission has prompted
Evident Technologies, Inc. to refer to the quantum dots as “Fort
Orange quantum dots” (see Note 4). QDs are conjugated to the
CGGGRGD peptide through simple covalent bonding by using a
common cross linking reagent EDC.

3.1. Preparation
of Bioconjuagted
Quantum Dots

1. A solution of 5 mg EDC, 3.75 mg Sulfo-NHS, 0.2 ml MES
buffer, and 0.3 ml DI water is sterilized (see Note 4) and
added to 0.5 ml of carboxyl QDs (see Note 2), stirred, and
allowed to react at room temperature for 30 min.

2. This solution is then centrifuged at 4,000 rpm for 60 min to
obtain a precipitated QD-Sulfo-NHS pellet.

3. QD-Sulfo-NHS pellet is rinsed twice with DI water to
remove unbound particles, and then a solution consisting of
0.5 ml of CGGGRGD peptide solution, 0.3 ml of DI water,
and 0.2 ml of sodium borate buffer is sterilized (see Note 3)
and added to the pellet.

4. QD-Sulfo-NHS pellet is then dissolved in the above peptide
containing solution using an ultrasonic cleaner.

5. RGD peptide is allowed to react with QDs bound to Sulfo-
NHS at 4◦C overnight. After the overnight reaction, RGD
peptide replaces Sulfo-NHS to get bound to the QD to form
a QD-peptide complex.

6. Any excess CGGGRGD peptide is removed via centrifuga-
tion at 4,000 rpm for 90 min.

7. Bioconjugated QDs pellet is then dissolved in 2 ml of sterile
DI water using an ultrasonic cleaner and wrapped in tin foil
before storing at 4◦C.

8. Bioconjugated QDs can be further diluted in DMEM to
obtain 0.5, 5, 20, and 50 nM concentrations.

3.2. Culture and
Expansion of Human
Mesenchymal Stem
Cells

1. Primary human MSCs are extracted from the human bone
marrow using RossetteSep procedure, cultured in DMEM,
and maintained at 37◦C.

2. When the cells approached confluence, they are serially pas-
saged using trypsin/EDTA.

3. Human MSCs from passage #3–4 are re-plated onto a six-
well tissue culture treated dish with 5,000 cells per well and
used for cell labeling experiments with bioconjugated QDs.
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4. Cultures are kept overnight in 2 ml of DMEM to allow cell
attachment.

5. Upon microscopic confirmation of cell attachment, hMSCs
are gently washed several times with PBS to remove any cell
debris (Note 5).

3.3. Incubation of
Human Mesenchymal
Stem Cells with
Bioconjugated
Quantum Dots

1. To determine the optimal labeling concentration, hMSCs
are incubated with different concentrations of bioconjugated
QDs, i.e., 0.5, 5, 20, and 50 nM for 16–20 h (see Note 6).

2. To determine the optimal labeling time, hMSCs are incu-
bated with bioconjugated QDs at a concentration of 30 nM
for 5 min, 30 min, 2 h, and 16–20 h (see Note 7).

3. After incubation, QD-labeled hMSCs are washed several
times with PBS to remove unbound bioconjugated QDs (see
Note 5) and then suspended in 2 ml of DMEM.

4. Brightfield and fluorescence microscopy (see Note 8) are
performed to determine the optimal QD concentration and
time for labeling hMSCs (pictures not shown).

3.4. Test the Effects
of QD Labeling on
Cell Proliferation

1. The presence of cadmium and selenium in the core of QDs
makes QDs susceptible to toxicity (33, 34). To determine
whether QD bioconjugates are cytotoxic, hMSCs (5,000
cell/well) are incubated with the bioconjugated QDs with
an optimized 30 nM concentration (see Note 8) and opti-
mized incubation time of 16–20 h.

2. After incubation, QD-labeled hMSCs are washed several
times with PBS to remove unbound bioconjugated QDs (see
Note 5) and then suspended in 2 ml of DMEM for up to an
additional 22 days, with DMEM change every 3–4 days.

3. Brightfield and fluorescence microscopy (see Note 8) are
performed at various time points (days 0, 4, 7, and 22) to
determine whether QD labeling negatively affects cell pro-
liferation and QD labeling is retained in replicated hMSCs
(Fig. 4.1).

4. Cell viability is assessed using trypan blue solution (Fig. 4.2)
(22, 34). QD labeled and unlabeled hMSCs are trypsinized
and centrifuged at 500 rcf for 5 min to produce a pellet.
Cells are then suspended in 2 ml of DMEM. A total of
10 μl of this cell suspension is mixed with 10 μl of try-
pan blue dye in a sterile glass tube. Cell viability for various
time points (Day 0, 7, 14 and 22) is determined by using
a hemacytometer and counting the number of live cells vs.
dead cells.
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Fig. 4.1. Human mesenchymal stem cells (hMSCs) labeled with bioconjugated quantum
dots (QDs) undergo proliferation up to the tested 22 days. hMSCs after 16-h incubation
with bioconjugated QDs (30 nM) (a–a2). Following the removal of extracellular QDs,
QD-labeled hMSCs and unlabeled hMSCs of the same subpopulation were continuously
cultured for 4, 7, and 22 days (b–b2, c–c2, d–d2, respectively). Scale bar: 30 μm.
QDs were internalized in the cytoplasm, even after 22 days of culture-expansion (e–e2),
clearly observed in fluorescent (e1) and overlay (e2) images, apparently endocytosed as
aggregates. Scale bar: 5 μm.

Fig. 4.2. Cell viability. Cell viability lacked statistically significant difference between
QD-labeled hMSCs and unlabeled hMSCs. With or without QD labeling, substantial num-
ber of hMSCs remained viable (range: 67–93%).
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3.5. Test the Effects
of QD Labeling on
Osteogenic
Differentiation of
hMSCs

1. Human MSCs are labeled with QD bioconjugates overnight
(see Notes 6 and 7) and unlabeled hMSCs served as control.

2. QD labeled and unlabeled hMSCs are treated with
osteogenic medium for up to 28 days (22–24) with
osteogenic medium changes every 3–4 days.

3. Brightfield and fluorescence microscopy (see Note 8) are
performed to determine whether QD labeling negatively
affects osteogenic cell differentiation as compared to unla-
beled cells and QD labeling is retained in differentiated cells
(Fig. 4.3).

4. Differentiation of labeled and unlabeled hMSCs into
osteogenic cells is determined qualitatively by alkaline phos-
phatase reactivity for 14 days and calcium content for 28
days (25–28).

Fig. 4.3. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during
osteogenic differentiation. a Expression of alkaline phosphatase (ALP) during osteogenic
differentiation of QD-labeled hMSCs. b–b2 QDs remained in hMSCs during osteogenic
differentiation (b) brightfield image of hMSCs labeled with QDs; b1 fluorescent image of
b1 showing QD labeling; b2 overlay of (b) and (b1) (c and d) No significant differences in
ALP content and calcium production between QD-labeled and unlabeled hMSC-derived
osteoblasts, respectively. Scale: 30 μm.
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3.6. Test the Effects
of QD Labeling on
Chondrogenic
Differentiation of
hMSCs

1. Human MSCs are labeled with QD bioconjugates overnight
(see Notes 6 and 7) and unlabeled hMSCs served as control.

2. Chondrogenic differentiation of QD labeled and unlabeled
hMSCs is performed in pellet culture since 2D culture
of hMSCs and/or chondrocytes may lead to induce de-
differentiation (22, 32). Upon 80–90% confluence, QD-
labeled or unlabeled hMSCs are trypsinized, centrifuged
for 8 min at 500 rcf, and then suspended with a final
density of 5 M cells/ml. Drops of 50 μl cell suspension
(approx. 250,000 cells) are slowly placed into each of 24-
well untreated culture dishes, followed by 3-h incubation at
37◦C to allow for cell attachment.

3. After incubation, QD-labeled and unlabeled hMSCs are
incubated in chondrogenic medium for up to 28 days with
chondrogenic medium changes every 3–4 days.

4. Brightfield and fluorescence microscopy (see Note 8) was
performed to determine whether QD labeling negatively
affects chondrogenic cell differentiation as compared to
unlabeled cells and QD labeling is retained in differentiated
cells (Fig. 4.4).

5. Alcian blue labels glycosaminoglycans and is a conventional
marker for chondrogenesis. Differentiation of labeled and
unlabeled hMSCs into chondrogenic cells is determined by
measuring Glycosaminoglycan (GAG) content, an indication
of biosynthesis of cartilage matrix (23, 26, 27, 29).

3.7. Test the Effects
of QD Labeling on
Adipogenic Cell
Differentiation of
hMSCs

1. Human MSCs are labeled with QD bioconjugates overnight
(see Notes 6 and 7) and unlabeled hMSCs served as control
(see Note 9).

2. QD labeled and unlabeled hMSCs are treated with adi-
pogenic medium for up to 28 days with adipogenic medium
changes every 3–4 days (26, 31–33).

3. Brightfield and fluorescence microscopy (see Note 8) are
performed to determine whether QD labeling negatively
affects adipogenic cell differentiation as compared to unla-
beled cells and QD labeling is retained in differentiated cells
(Fig. 4.5).

4. Oil-Red O staining is used to detect lipid vacuole formation
in QD labeled and unlabeled hMSCs (26, 31–33).

5. Differentiation of QD labeled and unlabeled hMSCs into
adipogenic cells is also determined by measuring Glycerol
content (26, 33).

3.8. Data Analysis
and Statistics

Quantitative analyses are applied to all numerical data including
cell viability, alkaline phosphatase (ALP) and calcium content for
osteogenic differentiation, glycosaminoglycan (GAG) content for
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Fig. 4.4. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during chondrogenic differentiation
(a–c) QD labeling of hMSCs during chondrogenic differentiation in pellet culture (a: Brightfield; b: Fluorescent; c: Over-
lay). d and e Positive alcian blue staining of QD labeled or unlabeled hMSCs during chondrogenic differentiation. f No
statistically significant difference in glycosaminoglycan (GAG) content between QD labeled and unlabeled hMSC-derived
chondrocytes. Scale bar: 250 μm.

Fig. 4.5. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during adipogenic differentiation. a–c
Formation of intracellular lipid vacuoles in QD-labeled hMSCs during adipogenic differentiation. Arrow points to intra-
cellular lipid vacuole. Scale bar: 50 μm. d and e Oil-red O staining showing adipogenesis formation without (d) or with
(e) QD labeling. Scale bar: 100 μm. f No statistically significant difference in glycerol content between QD labeled and
unlabeled hMSC-derived adipocytes.
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chondrogenic differentiation, and glycerol content for adipogenic
differentiation at various time points. ANOVA with bonferroni
tests are applied at an alpha level of 0.05.

4. Notes

1. This protocol can be adapted probably for all adherent cells
such as hMSCs, osteoblasts, fibroblasts, etc. (35, 36).

2. Multiplexing QDs (multiple color QDs) from different com-
panies come in a different concentration, which should be
taken into account before conjugation.

3. QD bioconjugation protocol should be strictly followed
under sterile conditions after sterilizing various solutions.
Use syringe and 0.22-μm filter to sterilize solutions.

4. We have tested both Evident Technology’s Fort Orange
QDs and Invitrogen’s Green Dots for labeling hMSCs. This
presently described protocol should work with QDs of dif-
ferent colors from both Evident and Invitrogen.

5. Upon overnight labeling of hMSCs with QD bioconjugates,
it is difficult to remove unbound QDs as they remain stuck
to the plate. Despite washing several (5, 6) times, some
unboumd QDs are likely to remain in culture.

6. Since QD bioconjugates are endocytosed by hMSCs,
overnight labeling likely provides sufficient time for QD
internalization.

7. While incubating 5,000 cells/well overnight with QD bio-
conjugates, mix 30 nM QDs in 0.5 ml of DMEM prior to
addition to cell culture.

8. Visualize QD-labeled cells in a dark room under fluorescent
filter.

9. For adipogenic differentiation, ensure that the cells are
confluent before adding adipogenic differentiating medium.
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Chapter 5

Quantification of miRNA Abundance in Single Cells
Using Locked Nucleic Acid-FISH and Enzyme-Labeled
Fluorescence

Jing Lu and Andrew Tsourkas

Abstract

The ability to quantify miRNA abundance at the single-cell level and image its spatial distribution could
lead to unique insight into the biological roles of miRNAs and miRNA-associated gene regulatory net-
works. This protocol describes a method for quantitatively imaging miRNAs in single cells using fluo-
rescence in situ hybridization (FISH). The method combines the unique miRNA recognition properties
of locked nucleic acid (LNA) with the signal amplification technology known as enzyme-labeled fluo-
rescence (ELF). Although both approaches have previously been shown to increase detection specificity
and/or sensitivity in FISH, combining these techniques into one protocol allows for single molecule
detection. Specifically, individual miRNAs are identified as bright, photostable fluorescent spots. The
dynamic range was found to span over three orders of magnitude and the average miRNA copy number
per cell was within 17.5% of measurements acquired by quantitative RT-PCR.

Key words: miRNA, fluorescence in situ hybridization (FISH), locked nucleic acid (LNA), enzyme-
labeled fluorescence (ELF), single molecule detection.

1. Introduction

In recent years, it has become well established that small RNAs
are key regulators of gene expression and translation. In fact, one
class of short noncoding RNAs (18–25 nt in length), termed
microRNAs (MiRNAs), have been predicted to influence the
regulation of over one third of all human genes (1). They
have also been implicated in most major cellular processes
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including proliferation, apoptosis, developmental timing,
hematopoiesis, and organogenesis (2). To date, there have over
600 miRNAs identified in humans (http://www.sanger.ac.uk/
Software/Rfam/mirna/) (3).

Despite recent progress in miRNA discovery and our under-
standing of miRNA biogenesis and mechanism, the influence of
miRNA on central signaling pathways and cell cycle control is
still largely unknown (4). Elucidating these physiological roles
of miRNA will likely require miRNA expression to be correlated
with mRNA and protein abundance at the single-cell level, espe-
cially considering the complex stochastic nature of gene expres-
sion in mammalian cells and the impact of these fluctuations on
phenotypic diversity and cell fate (5–8).

Although numerous techniques are available for studying
miRNA expression, including Northern blot, microarrays, RNA-
primed array-based Klenow enzyme assay (RAKE), and mirVana
miRNA labeling and detection kits (Ambion), these techniques
all require the lysis of a population of cells and thus do not allow
miRNA abundance to be quantified at single-cell level. Single-
cell PCR could provide one option for the quantification of RNA
transcripts within single cells, but this technique can only be used
to examine a small number of cells. Moreover, single-cell RT-PCR
is laborious and can often result in poor sample quality, which can
lead to ambiguous findings and erroneous conclusions. There-
fore, a more suitable option for the single-cell analysis of miRNA
may be fluorescence in situ hybridization (FISH). It has already
been well established that locked nucleic acid (LNA) oligonu-
cleotides can be used as effective hybridization probes, allowing
miRNA to be visualized at the tissue, cellular, and even sub-
cellular level (9–13). Further, LNA probes exhibit a remarkable
affinity and specificity against RNA targets, allowing for the dis-
crimination of even single-base mismatches (14–17). Unfortu-
nately, traditional miRNA-FISH does not possess the sensitivity
for the detection of single miRNAs, and thus cannot be used pro-
vide a quantitative measure of miRNA abundance within single
cells.

To overcome the limited sensitivity of LNA-FISH, we
have recently combined LNA-FISH with enzyme-labeled flu-
orescence (ELF) (18). ELF is a process whereby cleavage of
a pro-luminescent substrate by phosphatase yields a brilliant,
yellow-green fluorescent product at the site of enzymatic activ-
ity. The ELF precipitate is not only photostable compared to
commonly used fluorophores but also results in labeling that
is up to 40 times brighter than signals achieved with probes
directly labeled with fluorophores (19). Consequently, individ-
ual miRNAs are identified as bright, photostable fluorescent
spots and can be simply counted on a fluorescence microscopy
image.
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2. Materials

2.1. Cell Culture 1. Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) for HeLa and
MCF-7 cell culture.

2. L-15 medium supplied with 2 mM glutamine and 15% FBS
for MDA-MB-231 cell culture.

3. Solution of trypsin (0.25%) and ethylenediamine tetraacetic
acid (EDTA) (1 mM).

4. Multi-chambered coverglass slides and 10-cm cell culture
dishes (Lab-Tek, Nalge Nunc, Rochester, New York, United
States).

2.2. Locked Nucleic
Acid (LNA) Probes

LNA probes, e.g., 5′-CACAAACCATTATGTGCTGCTA-3′ for
miR-15a and 5′-CCCCTATCACGATTAGCATTAA-3′ for miR-
155, with digoxigenin (DIG) on the 3′ end. LNA probes can
be purchased from Exiqon (see Note 1). 2.5 pmol of probe
will be used for each hybridization. Probes purchased from
Exiqon usually have a concentration of 25 μM. Dilute probes
in a total volume of 250 μl nuclease-free water for a con-
centration of 100 nM as stock. Aliquot the stocks of LNA
probe and store at –20◦C or below (see Note 2). When in use,
the probe will be further diluted in Hybridization buffer at a
1:10 ratio.

2.3. Fluorescence In
Situ Hybridization
(FISH)

1. 4% (wt/vol) paraformadelhyde in PBS, pH7.4. Dissolve
EM-grade formaldehyde powder in 1× DEPC-PBS with
stirring and heating. Cover the flask with aluminum foil to
limit evaporation. Do not heat the solution to a boil. Once
the powder is dissolved, let the solution cool to room tem-
perature and subsequently filter it through a 0.2-μM filter
(see Note 3).

2. Diethylpyrocarbonate (DEPC) (see Note 4).
3. Deionized formamide. Add 100 ml of ultra pure for-

mamide to 5 g resin (AG501-XB, BioRad) and stir for 1 h
at room temperature. Remove resin using Whatman No. 1
filter paper or a 0.2-μm filter (see Note 5).

4. 20× SSC.
5. 50× Denhardt’s solution.
6. 20× (200 mM) Ribonucleoside Vanadyl Complex, RVC.
7. 50% dextran sulfate. Add 25 g of dextran sulfate to 50 ml

DEPC-treated water and stir overnight.
8. Escherichia coli tRNA.
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9. Hybridization buffer: 25% formamide, 0.05 M EDTA,
4× SSC, 10% dextran sulfate, 1× Denhardt’s solution,
0.5 mg/ml E. coli tRNA and 20 mM RVC. To 14 ml
DEPC-treated water, add 12.5 ml of deionized formamide,
10 ml of 20× SSC, 10 ml 50% dextran sulfate, 1 ml of
50× Denhardt’s solution, and 2.5 ml 20× RVC for a total
volume of 50 ml. Add 50 mg E. coli tRNA directly to the
solution. Divide the hybridization buffer into 5-ml aliquots
and store at –80◦C. The hybridization buffer has a pH of
approximately 6–6.5 (see Note 6).

10. Goat anti-DIG-alkaline phosphatase antibody (see Note 7).
11. ELF 97 mRNA in situ hybridization kit (Molecular Probes,

Inc, Eugene, OR, USA).
12. Post-fixation solution: 2% formaldehyde, 20 mg/ml BSA

in 1× PBS.

2.4. Hybridizer Slide Moat (Model 240000, Boekel Scientific) (see Note 8).

2.5. Microscope Olympus IX81 motorized inverted fluorescence microscope
equipped with a back-illuminated EMCCD camera (Andor), an
X-cite 120 excitation source (EXFO), and Sutter excitation and
filter wheels. A UPLN 60× oil immersion objective, N.A. 0.9.

2.6. Filter Sets All filter sets were purchased from Chroma Technology.

ELF (e460spuv, HQ535/50, Q505lp)
Hoescht (D350/50, D460/50, 400dclp)

2.7. Software IPLab acquisition software with AutoQuant plug-in
ImageJ software (available from NIH website http://rsbweb.

nih.gov/ij/).

3. Methods

We have previously demonstrated the utility of LNA-FISH and
ELF signal amplification for the absolute quantification of miRNA
in single cells (18). In brief, the cells cultured in multiple cham-
bered slides were fixed using fresh 4% (wt/vol) paraformaldehyde
(PFA) and prehybridized. This was followed by a 1-h hybridiza-
tion step using a DIG-labeled LNA oligonucleotide probe com-
plementary to the mature miRNA. The LNA probes were then
labeled with alkaline phosphatase-conjugated anti-DIG antibod-
ies. A highly fluorescent signal at the site of LNA hybridiza-
tion was generated using ELF 97. Fluorescent images were
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acquired using an Olympus IX81 motorized inverted fluorescence
microscope equipped with a back-illuminated EMCCD camera
(Andor), an X-cite 120 excitation source (EXFO), and Sutter
excitation and filter wheels. A UPLN 60× oil-immersion objec-
tive, N.A. 0.9, was used for all imaging experiments. For image
analysis and signal quantification, the software IPlabs and ImageJ
were used.

We described this method as highly sensitive and specific for
miRNA detection. Specifically, by combining LNA hybridization
probes with ELF signal amplification, single miRNAs could be
visualized and counted to yield quantitative measures of miRNA
expression. The dynamic range of this approach spanned more
than three orders of magnitude (i.e., 1 to ∼1,000 miRNAs
per cell) directly and through the construction of standardiza-
tion curves could also yield quantitative measurements on cells
with higher miRNA copy numbers. Overall, LNA-ELF-FISH is
extremely simple and yields reproducible data. Further, in con-
trast to RT-PCR, no cell lysis, miRNA purification, or sam-
ple enrichment steps are required and spatial information is
retained.

Additional advantages of LNA-ELF-FISH include the long
stokes shift and high photostability of the fluorescent precipitate
formed with ELF. The long stokes shift results in low autofluo-
rescence and the high photostability allows for repeated imaging.
Moreover, the fluorescent precipitate is extremely bright and thus
only short exposure times are needed (i.e., ∼10 ms).

One potential shortcoming of LNA-ELF-FISH that is impor-
tant to recognize is its reliance on the hybridization of a single
LNA probe. Any nonspecific binding will result in a false-positive
signal that can be mistaken for miRNA. Conversely, inefficient
hybridization will result in an underestimate of target mRNA.
Therefore, it becomes extremely important to use both posi-
tive and negative control probes to optimize the experimental
conditions. Comparisons between the average copy number per
cell determined by LNA-ELF-FISH and measurements obtained
by quantitative RT-PCR is also recommended as an additional
control.

3.1. LNA-ELF-FISH 1. Seed cells into multi-chambered coverglass slides and incu-
bate under normal growth conditions overnight, reaching
50–70% confluency.

2. Wash cells in 500 μl 1× PBS three times, 5 min per wash
(see Note 9).

3. Fix the cells with 500 μl 4% formaldehyde for 30 min at
room temperature.

4. Wash slides three times with 500 μl 1× DEPC-treated
PBS, 5 min per wash.
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5. Permeabilize at 4◦C in 500 μl 70% ethanol at least
overnight. To prevent evaporation, cover the chamber slide
with parafilm. The parafilm should be placed under the
plastic cover.

6. Remove 70% ethanol and wash slides in 500 μl 1× DEPC-
treated PBS once for 5 min.

7. Prehybridize cells in 250 μl Hybridization buffer, cover
with parafilm and incubate in a humid chamber at 60◦C
for 2–4 h (see Note 10).

8. Perform FISH using 250 μl of LNA probes at a concentra-
tion of 10 nM at ∼55◦C for 1∼3 h after prehybridization
(see Notes 11 and 12).

9. Perform four stringent washes in 4× SSC (briefly), 2× SSC
(30 min), 1× SSC (30 min), and 0.1× SSC (20 min) at
37◦C (see Note 13).

10. Generate bright fluorescent precipitate at sites of miRNA
hybridization according to the manual of ELF 97 mRNA
In Situ Hybridization Kit.

11. Wash the cells in 500 μl 1× wash buffer (make 50 ml of
1× wash buffer from the 10× stock provided with the
ELF kit) three times, 5 min each at room temperature (see
Note 14).

12. Incubate cells in 200 μl blocking buffer (component B
of ELF kit) in a humid chamber at room temperature for
1 h.

13. Add 2 μg/ml of goat anti-DIG-AP antibody in block-
ing buffer (diluted 1–250) to the cells and incubate at
room temperature for 1 h. Use 250 μl per well (see
Note 15).

14. After three washes in 1× wash buffer (5 min per wash),
incubate cells in 200 μl ELF 97 phosphatase substrate
working solution for 10–15 min. To make ELF 97 phos-
phatase substrate working solution, dilute ELF 97 phos-
phatase substrate (component D) tenfold into the devel-
oping buffer (component C). Filter the resulting solution
into a sterile vial using a 0.2-μM pore-size filter. After fil-
tration, dilute the substrate additive 1 (component E) and
substrate additive 2 (component F) each 1:500 into the
substrate working solution, vortex the solution well, and
use it immediately or store it at 4◦C in a sterile container
for up to 48 h (see Note 16).

15. For long-term in situ signal preservation, quickly wash the
sample with 1× wash buffer, two times. Postfix the samples
by incubating the slides in post-fixation solution for 30 min
at room temperature (see Note 17).
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16. Counterstain the cells in 1 μg/ml Hoechst 33342 and
mount in mounting solution (see Note 18).

17. Fluorescence imaging. The slides can be checked quickly
for hybridization efficiency and background levels 1 h after
mounting. However, fluorescence needs to be retrieved
overnight to give the best results for visualization. Slides
can be stored for months without losing their signals if kept
at 4◦C.

3.2. Image
Acquisition and
Analysis

1. Following in situ hybridization, acquire fluorescent images
of cells. IPLab acquisition software can be used to acquire
3D images.

2. After randomly selecting cells in a field, take a 3D stack
viewed image of single cells with 0.3-μm increments in the
z-direction and a total of 35 sections.

3. Deconvolve the 3D images in IPLab using AutoQuant
plug-in software.

4. Create a 2D image in IPLab using a maximum intensity
merged image.

5. Process images in ImageJ using the following com-
mands:(I) Process -> Sharpen, (II) Image -> type -> 8-bit
and (III) Process -> binary -> make binary. Fluorescent
images of individual miRNAs in single mammalian cells
that have been processed are shown in Fig. 5.1.

6. Count the total number of isolated signals within single
cells in ImageJ using the particle analysis counter program
(Analyze -> analyze particles).

7. In cells where the number of miRNAs exceeds ∼1,000
copies, it will become increasingly difficult to discern indi-
vidual fluorescent spots. At very high miRNA copy num-
bers (>2,000), the entire cell will likely exhibit a nearly uni-
form fluorescent signal. For these cells, it is necessary to
construct a standard curve to acquire a measure of miRNA
copy number. This approach is described in Steps 8–12.

8. First, identify as many ‘countable’ cells as possible from the
slide, i.e., cells that possess low enough miRNA copies to
be accurately counted.

9. In ImageJ, count the miRNA copy numbers of these
selected cells following Steps 1–6.

10. Measure the total integrated fluorescence of the ‘count-
able’ cells. Specifically, draw a region of interest (ROI)
around individual cells and use the following command in
ImageJ: Analyze->measure. Record the value listed under
‘IntDen’. Move the ROI to another location within the
image that is devoid of cells to acquire a background
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Fig. 5.1. Fluorescent images of individual miRNAs in HeLa cells. HeLa cells were stained
with an LNA probe for miR-15a followed by ELF signal amplification. Each bright fluo-
rescent spot represents a single miRNA. The total number of miRNAs identified in each
cell is shown in the lower right corner of each panel. Scale bars, 5 μm.

measure of ‘IntDen’. Determine the difference between
these two measurements. This value is the total integrated
fluorescence of the cell.

11. Draw a linear correlation between the total integrated fluo-
rescence and the miRNA copy number for all of the ‘count-
able’ cells. Fit the data with a trend line.

12. Measure the total integrated fluorescence of ‘uncountable’
cells, i.e., cells in which individual miRNA cannot be dis-
cerned, using the same method as described in Step 10.

13. Plug the total integrated fluorescence measurement
acquired from each uncountable cell into the trend line
equation from Step 11. Solve for the unknown, i.e.,
miRNA copy number. Quantitative analysis of miRNA in
three cancer cell lines is provided in Fig. 5.2.

4. Notes

1. Each probe was designed to hybridize to the mature
miRNA sequences. On average, 30% of the oligonu-
cleotides within the sequence are modified to an LNA.
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Fig. 5.2. Quantitative analysis of miRNA copy number in HeLa, MDA-MB231, and MCF-7 cells. The total number of miR-
15a molecules in (a) Hela cells (n = 198) and (b) MDA-MB-231 cells (n = 148) was determined following LNA-ELF-FISH.
Similarly, the total number of miR-155 in (c) MCF-7 cells (n = 84) was also quantified. Since individual miRNA could not
be discerned in some cells with high miRNA copy number, an estimate was obtained by first drawing a linear correlation
between miRNA copy number and total cellular fluorescence. The correlations for (d) Hela, (e) MDA-MB-231, and (f)
MCF-7 cells are shown. The equation describing each correlation was used to calculate the miRNA copy numbers in
cells with high expression, based on their fluorescence intensity (from Lu and Tsourkas (18)).

Probes in this study were prelabeled with DIG on the 3′
end, but they can also be unlabeled or labeled with FITC
or biotin etc on 5′ and/or 3′ ends. It is very important
to use control probes to check the reliance of the method,
including a positive probe, for example, U6; and a scram-
bled sequence as negative probe.

2. Labeled LNA probes should be aliquoted when received
since their efficiency decreases with multiple freeze and
thaw cycles. Labeled probes can be stored for up to 2 years
at –20◦C until use.

3. PFA is a possible carcinogen and harmful by inhalation,
ingestion or skin absorption. Use gloves and work in a fume
hood. Aliquot and store at –20◦C; thaw on the same day,
before the fixation step.

4. DEPC is an eye skin and respiratory tract irritant and toxic
by ingestion. Use gloves and work in fume hood.

5. Formamide is a teratogen and a mutagen. Can cause harm
to lungs and liver by high doses of inhalation. Contact with
eyes and skin should be prevented. Work in a fume hood to
avoid inhaling fumes. Formamide waste should be collected
and disposed according to local rules and regulations. It
should be kept in the dark at 4◦C.
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6. If the hybridization temperature exceeds 55◦C, add cit-
ric acid to 9.2 mM final concentration, as the pH of for-
mamide increases at high temperatures leading to loss of
hybridization efficiency.

7. If a biotin labeled LNA probe is used, streptavidin-AP
should be used. However, if LNA-ELF-FISH is extended
to tissue sections such as the liver, where a large amount
of biotin may be present, endogenous biotin has to be
blocked before applying streptavidin-AP.

8. It is very important to put slides in a humid chamber
during hybridization. This is accomplished by placing wet
(western blot) filter paper or a wet paper towel in the incu-
bator. The liquid used to humidify the chamber should
ideally possess the same concentration of formamide and
SSC as in the hybridization buffer; however, in most cases
DEPC-treated water is sufficient.

9. Some cells types such as NIH3T3 cells are sensitive to tem-
perature; use warm PBS or even warm fixative.

10. We prehybridize at temperatures of 17–22◦C below the
predicted Tm value of the LNA oligonucleotide probe
used.

11. The optimal level of formamide can be determined to gain
maximal signal-to-background ratio. Here the optimal level
of formamide used during hybridization and washing was
empiricaly determined to be 25%.

12. The optimal hybridazation temperature is 20–22◦C below
the Tm of the LNA probes. Due to enhanced hybridization
properties of LNA, hybridizing for longer than 3 h does
not improve the signal intensity. Most of the probe will
hybridize within the first hour.

13. Use prewarmed SSC solution (37◦C). Stringency washes
can be adjusted to achieve the best signal-to-noise ratio.

14. It is very important that do not let the slide dry out at any
stage of the ELF detection protocol.

15. If the sample is expected to contain significant endoge-
nous phosphastase activity, we recommend incubating sam-
ples for 1 h in 1 mM levamisole diluted with the blocking
reagent, just prior to adding the phosphatase conjugate.

16. Do not allow the fluorescent signal to develop for
more than 2 h because a high background consisting
of large fluorescent crystals and nonspecific labeling may
result.

17. It is very important to postfix the cells, or else the localized
punctuate fluorescence may suffer from diffusion.
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18. In general, Hoescht was preferred over DAPI because
DAPI would often exhibit a bright fluorescent signal even
with the ELF filter set, making it difficult to count the indi-
vidual bright spots corresponding to single miRNA.

Acknowledgments

The authors thank Dr. Steven Bartush from Exiqon for LNA
probe design. This work was supported by the National Insti-
tutes of Health (NCI) R21-CA125088 and R21-CA116102; the
National Science Foundation BES-0616031; and the American
Cancer Society RSG-07-005-01.

References

1. Lewis, B. P., Burge, C. B., and Bartel, D. P.
(2005) Conserved seed pairing, often flanked
by adenosines, indicates that thousands of
human genes are microRNA targets. Cell
120, 15–20.

2. Kim, V. N. (2005) MicroRNA biogenesis:
coordinated cropping and dicing. Nat. Rev.
Mol. Cell Biol. 6, 376–85.

3. Griffiths-Jones, S. (2004) The microRNA
Registry. Nucleic Acids Res. 32, D109–11.

4. Chang, T. C. and Mendell, J. T. (2007)
MicroRNAs in vertebrate physiology and
human disease. Annu. Rev. Genomics Hum.
Genet. 8, 215–39.

5. Hume, D. A. (2000) Probability in tran-
scriptional regulation and its implications for
leukocyte differentiation and inducible gene
expression. Blood 96, 2323–8.

6. Kepler, T. B. and Elston, T. C. (2001)
Stochasticity in transcriptional regulation:
origins, consequences, and mathematical rep-
resentations. Biophys. J. 81, 3116–36.

7. Ross, I. L., Browne, C. M., and Hume, D.
A. (1994) Transcription of individual genes
in eukaryotic cells occurs randomly and infre-
quently. Immunol. Cell Biol. 72, 177–85.

8. Swain, P. S., Elowitz, M. B., and Siggia, E.
D. (2002) Intrinsic and extrinsic contribu-
tions to stochasticity in gene expression. Proc.
Natl. Acad. Sci. USA 99, 12795–800.

9. Kloosterman, W. P., Wienholds, E., de
Bruijn, E., Kauppinen, S., and Plasterk, R. H.
(2006) In situ detection of miRNAs in ani-
mal embryos using LNA-modified oligonu-
cleotide probes. Nat. Methods 3, 27–29.

10. Nelson, P. T., Baldwin, D. A., Kloosterman,
W. P., Kauppinen, S., Plasterk, R. H., and
Mourelatos, Z. (2005) RAKE and LNA-
ISH reveal microRNA expression and local-
ization in archival human brain. RNA. 12,
187–91.

11. Politz, J. C., Zhang, F., and Peder-
son, T. (2006) MicroRNA-206 colocal-
izes with ribosome-rich regions in both
the nucleolus and cytoplasm of rat myo-
genic cells. Proc. Natl. Acad. Sci. USA 103,
18957–62.

12. Silahtaroglu, A. N., Nolting, D., Dyrskjot,
L., Berezikov, E., Moller, M., Tommerup,
N., and Kauppinen, S. (2007) Detec-
tion of microRNAs in frozen tissue sec-
tions by fluorescence in situ hybridization
using locked nucleic acid probes and tyra-
mide signal amplification. Nat. Protoc. 2,
2520–8.

13. Wienholds, E., Kloosterman, W. P., Miska,
E., Alvarez-Saavedra, E., Berezikov, E., de
Bruijn, E., Horvitz, H. R., Kauppinen,
S., and Plasterk, R. H. (2005) MicroRNA
expression in zebrafish embryonic develop-
ment. Science 309, 310–1.

14. Chou, L. S., Meadows, C., Wittwer, C. T.,
and Lyon, E. (2005) Unlabeled oligonu-
cleotide probes modified with locked nucleic
acids for improved mismatch discrimi-
nation in genotyping by melting anal-
ysis. Biotechniques 39, 644, 646, 648
passim.

15. Johnson, M. P., Haupt, L. M., and Griffiths,
L. R. (2004) Locked nucleic acid (LNA)



88 Lu and Tsourkas

single nucleotide polymorphism (SNP) geno-
type analysis and validation using real-time
PCR. Nucleic Acids Res. 32, e55.

16. Valoczi, A., Hornyik, C., Varga, N., Burgyan,
J., Kauppinen, S., and Havelda, Z. (2004)
Sensitive and specific detection of microR-
NAs by northern blot analysis using LNA-
modified oligonucleotide probes. Nucleic
Acids Res. 32, e175.

17. You, Y., Moreira, B. G., Behlke, M. A.,
and Owczarzy, R. (2006) Design of LNA

probes that improve mismatch discrimina-
tion. Nucleic Acids Res. 34, e60.

18. Lu, J. and Tsourkas, A. (2009) Imaging indi-
vidual microRNAs in single mammalian cells
in situ. Nucleic Acids Res. 37, e100.

19. Paragas, V. B., Zhang, Y. Z., Haugland, R. P.,
and Singer, V. L. (1997) The ELF-97 alka-
line phosphatase substrate provides a bright,
photostable, fluorescent signal amplification
method for FISH. J. Histochem. Cytochem.
45, 345–57.



Section II

Imaging in Pre-clinical Settings





Chapter 6

Imaging Fate of Stem Cells at a Cellular Resolution
in the Brains of Mice

Khalid Shah

Abstract

Transplantation of genetically engineered cells into the central nervous system (CNS) offers immense
potential for the treatment of several neurological disorders. Monitoring expression levels of transgenes
and following changes in cell function and distribution over time is critical in assessing therapeutic efficacy
of such cells in vivo. We detail a unique method to visualize the fate of human neural stem cells (NSC)
and tumor cells at a cellular resolution in glioma bearing brains in vivo by using intravital-scanning
microscopy in real-time. The ability to monitor fate of stem cells in disease models enables studies aimed
at evaluating the efficacy of their treatment for CNS disorders.

Key words: Stem cells, glioma, in vivo intravital microscopy.

1. Introduction

Neural stem cells (NSC) are defined by their ability to self-renew
and give rise to mature progenitors of neural lineages. The abil-
ity of NSC to migrate to diseased areas of the brain (1–3) and
their capacity to differentiate into all neural and glial pheno-
types (4) provides a powerful tool for targeting the treatment
of both diffuse and localized neurologic disorders. Several stud-
ies have demonstrated the effectiveness of NSC transplantation in
the treatment of neurodegenerative diseases, including spinal cord
injury and brain tumors (1, 5–8). While these studies demonstrate
the feasibility of NSC-based therapy, cellular delivery of therapeu-
tic proteins via NSC grafts will likely require long-term transgene
expression. In vivo assays that permit rapid assessment of the fate
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of transplanted NSC, transgene expression, and differentiation are
urgently needed to objectively compare therapeutic efficacies of
different paradigms. Several imaging modalities, including mag-
netic resonance imaging (MRI) and fluorescence imaging pro-
vide means of tracking transplanted cells in vivo (9–11) but these
techniques are often constrained by limited sensitivity and/or
retention of the label (12, 13). Laser scanning microscopic meth-
ods, e.g., intravital and multiphoton microscopy are becoming
more widely used to image cellular details in vivo as they permit
in vivo detection of fluorescent reporter proteins within intact tis-
sue (14). To view stem cell fate in mouse model of glioma in real
time, we have designed a surgical protocol and used fluorescently
labeled stem cell and brain tumor cells. This chapter will detail
anesthesia, surgical preparation, craniotomy, animal recovery, and
imaging procedures in mouse glioma models using glioma cells
and stem cells expressing different fluorescent proteins.

2. Materials

2.1. Cell Culture 1. Neural stem cells (NSC) expressing DsRed2 (NSC-DsRed2)
(15)

2. Glioma cells (Gli36) expressing GFP (Gli36-GFP) (15)
3. Glioma cell medium: Dulbecco’s Modified Eagle’s Medium

(DMEM) (Gibco/BRL, Bethesda, MD) supplemented with
10% fetal bovine serum (FBS, HyClone, Ogden, UT)

4. NSC medium: (DMEM/F-12 Gibco, 0.6% D-glucose
(Sigma-Aldrich), 0.5% albumax (Gibco), 0.5% glutamine
(Gibco), recombinant human FGF (20 ng/ml) (R & D Sys-
tems), recombinant human EGF (20 ng/ml) (R & D Sys-
tems), N2 supplements (Gibco), and 1% non-essential amino
acids (Cellgro), 1 mM sodium pyruvate (Cellgro), 26 mM
sodium bicarbonate)

5. Solution of trypsin (0.25%) and ethylenediamine tetraacetic
acid (EDTA) (1 mM) from Gibco/BRL

6. 1× penicillin/streptomycin (from 200× stock, Invitrogen)

2.2. Cell
Transplantation and
Imaging In Vivo

1. SCID mice (6–8 weeks old; Charles River Laboratories,
Wilmington, MA)

2. Anesthesia: ketamine, 120 mg/kg; xylazine 16.0 mg/kg
3. Stereotaxic frame (Harvard Apparatus, Cambridge, MA)
4. Hand-held micro-drill (Fine Science tools, Foster city, CA)
5. 0.45-mm Round drill burr (VWR, Willard, OH).
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6. Fine scissors (Fine Science tools, Foster city, CA)
7. 1-ml syringes with 27-gauge needle (Becton and Dickin-

son, Franklin Lakes, NJ)
8. Cotton-tipped applicators (Scientifics)
9. Forceps, angled and straight and ultrafine angled (Fine Sci-

ence tools, Foster city, CA)
10. Stereo dissecting microscope – variable magnification (1×

to 4.5×) (Nikon, Melville, NY)
11. 10-μl 26-gauge Hamilton Gastight 1701 syringe (Hamil-

ton, Reno, NV)
12. 70% Isopropyl alcohol (Fisher Scientific, Pittsburgh, PA)
13. Betadyne solution (Bruce Medical, Waltham, MA)
14. Bone wax (Ethicon, Somerville, NJ)

2.3. Intravital Laser
Scanning Microscope

To acquire optical sections in the cranial window in the brain,
we use a prototype multichannel upright laser scanning fluo-
rescent microscope IV100 (Olympus, Japan). The microscope
has a custom-designed stage, which is equipped with a heat-
ing plate regulated by a thermostat (37◦C). Lasers used for
excitation include a 488-nm argon laser, a 561-nm solid-state
yellow laser, and a 633-nm HeNe-R laser. Emission signal
is filtered using 505–525, 586–615, and 660–730 nm band-
pass filters, respectively. Images are acquired with Fluoview
imaging software (Olympus) and quantification is performed
using Image J analysis software (version 1.40, freeware, NIH,
http://rsbweb.nih.gov/ij/download.html).

3. Methods

3.1. Cell Culture 1. Culture human neural stem cells (NSC) and glioma cells
(Gli36) in culturing medium as described below. For our
studies, we used:
(a) Human fetal neural stem cell line expressing DsRed2

(NSC-DsRed2) derived from the human diencephalic
and telencephalic regions of 10–10.5 weeks gestational
age from an aborted human Caucasian embryo (see
Note 1).

(b) Gli36-GFP, a human glioma cell line expressing GFP
whose in vitro and in vivo characteristics have been
described elsewhere (1, 16) (see Note 1).

2. Culture NSC-DsRed2 and glioma cells in their respective
culturing medium at 37◦C in a humidified atmosphere with
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5% CO2 and 1× penicillin/streptomycin (Invitrogen, Grand
Island, NY). When cells reach 70–80% confluency, subcul-
ture cells in a 1:4 (NSC-DsRed2) or 1:5 (glioma cell) ratio.

3.2. Cell
Transplantation
and Imaging

This protocol is used for transplantation of glioma cells expressing
different fluorescent markers in mice and describes the dual imag-
ing of NSC fate and glioma progression in mice glioma model.

3.2.1. Anesthetizing and
Handling the Animal

1. Grasp the animal firmly with one hand and anesthetize
by injecting ketamine and xylazine intraperitoneally
(120 mg/kg ketamine and 16 mg/kg xylazine) (see Note 2).

3.2.2. Surgery 1. Secure animal on a stereotactic head frame and trim dorsal
surface of the animal’s head (see Note 3) (Fig. 6.1).

Fig. 6.1. Creation of a cranial window and implantation of cells: a Anesthetized mouse in a stereotax being implanted with
glioma cells. b Cranial window created after drilling through the bone and exposing the cortical surface. c Implantation
of cells in a cranial window using a Hamilton syringe.

2. Disinfect the shaved area by applying alternating two coats
of Betadyne and isopropyl alcohol.

3. Using scissors and forceps, remove the skin from the dis-
infected region and use a dry cotton swab to completely
remove the periosteum membrane from the exposed skull
surface (see Note 4)

4. Gently create a square approximately 4 × 4 mm diameter
into the right hemisphere of the skull surface with the drill.
Position the drill with the prospective window site and begin
drilling through the bone, exposing the cortical surface.
Place several pieces of saturated gel foam over the crevice
(see Note 5).

5. Using an absorbent wedge, soak-up excess PBS and blood
while being careful to prevent over-drying. Using a syringe,
apply additional PBS to the gel foam as needed to main-
tain a moist environment. Depending on the extent of
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bleeding, multiple washes and re-application of gel foam may
be necessary.

3.2.3. Tumor Cell
Implantation

1. Place 4-μl of Gli36-GFP glioma cells (100,000 cells) in a
10-μl 26-gauge Hamilton Gastight 1701 syringe needle and
insert the needle to a specified depth into the left frontal
lobe. In our experiments we use the following stereotactic
co-ordinates (2.5 mm lateral and 0.5 mm caudal to bregma;
depth 1.0 mm from dura).

2. Implant cells over a period of 4 min with 30 s intervals (see
Note 6).

3. After implantation is complete, wait for 5 min and remove
needle over a period of 10 min with an interval of 1 min.

4. Seal the burrow hole with Matrigel and close the wound
with 4.0 vicryl or surgical staples.

3.3. Animal Recovery For the most part, the animal should survive the procedure
despite the absence of an external heat source. Make certain the
animal is restrained and that it cannot cause harm to itself rela-
tive to the probe. When the animal is maintaining its own normal
body temperature and has a reflexive response to toe-pinch stimu-
lation, it is ready to be returned to a clean and un-occupied cage.
The usual recovery time for this procedure can range from 2 to
12 h. If the animal has not resumed normal grooming and eat-
ing behavior beyond this time frame, it may require additional
medical attention or euthanasia.

3.3.1. Preparation of
Mouse for Intravital
Fluorescence
Microscopy

1. One week after glioma cell implantation, prepare mice for
intravital microscopy.

2. Anesthetize the mouse by injecting ketamine and xylazine
intraperitoneally (120 mg/kg ketamine and 16 mg/kg
xylazine).

3. Secure animal on a stereotactic head frame and open the
surgical staples to expose the cortical surface.

4. Transfer surgically exposed animal to the intravital imaging
system.

3.3.2. Intravital
Fluorescence
Microscopy of
Glioma Cells

1. Choose 4× objective for imaging and rapidly scan glioma
cells with desired excitation at moderate speed with medium
laser power and high PMT gain. For Gli36-GFP cells, we
typically use 488-nm channel. Gradually increase power if
unable to localize glioma cells within the field (see Notes 7
and 8).

2. To obtain a z-series of an average-sized tumor (20–40 μm
in diameter) use 1-to 5-μm z-steps. For kinetic studies, a
four-dimensional movie (z-series overtime) can be created
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by acquiring multichannel image stack as well as varying
power settings

3.3.3. Image Analysis 1. Transfer image stacks from the IV100 system which are
stored as multi-layer tiff files.

2. Analyze images with Image J analysis software programme.

3.4. Stem Cell
Implantation

1. Anesthetize and secure the same animals implanted with
glioma cells on a stereotactic head frame as described in
Section 3.2.

2. Drill the hole in the contralateral, right frontal lobe at the
following coordinates: 2.5 mm lateral and 0.5 mm caudal to
bregma; depth 1.0 mm from dura.

3. Place 4–5 μl of NSC-DsRed2 (500,000 cells) in a 10-μl
26-gauge Hamilton Gastight 1701 syringe needle and
implant cells as described in Section 3.2.

4. Seal the burrow hole with Matrigel and close the wound
with 4.0 vicryl or surgical staples and let the animal recover
as described in Section 3.3.

3.5. In Vivo Intravital
Microscopy of NSC
and Glioma Cells

1. Three days post stem cell implantation, prepare mice for
intravital microscopy by anesthetizing mouse by injecting
ketamine and xylazine intraperitoneally.

2. Choose 4× objective for imaging and rapidly scan stem cells
with desired excitation at moderate speed with medium laser
power and high PMT gain as described in Section 3.4.3.
For NSC-DsRed2 cells, we typically use 580-mn excitation
channels.

3. Scan the animals again on day 7 and day 10 post-NSC
implantation. In our case we look for migration of NSC
toward gliomas (see Note 9) (Fig. 6.2).

4. Analyze image stacks from the IV100 system which are
stored as multi-layer tiff files. There will be 200 images in
a 2 -channel experiment and if 100 slices are acquired for
each channel, the first 100 would be from channel
1 (488 nm channel), the next 100 would be from channel 2
(580 nm channel).

3.6. Tissue
Processing

1. Immediately following the last imaging session, sacrifice
mice and immerse brains in Tissue-Tek (Sakura Finetek, Tor-
rence, California) on dry ice.

2. Using cryostat, cut 7 μm of coronal brain and mount them
on slides.
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Fig. 6.2. NSC migrate into gliomas in vivo. Intravital microscopy of NSC-DsRed2
implanted in mice with established GFP-GFP gliomas on days 3 (a), 7 (b), and 10 (c)
after NSC implantation. d Summary data of NSC cell density at the site of NSC implan-
tation and co-localized with established glioma at 3, 7, and 10 days post-implantation
(∗p < 0.05 vs. NSC at implantation site). Magnification ×10. Adapted from Shah et al.
(15) with permission from Society for Neuroscience.

3. Visualize slides on microscopy GFP and DsRed2 fluores-
cence on a confocal microscope (LSM Pascal, Zeiss).

4. View slides under phase contrast microscopy (to locate
the cells and identify the focal plane) and finally under
confocal microscopy (LSM Pascal, Zeiss). Excitation at
488 nm induces the green fluorescence for EGFR-GFP
expression, while excitation at 510 nm induces red fluo-
rescence for DsRed2 expression. Examples of the signals
for Gli36-GFP and NSC-DsRed2 expression are shown in
Fig. 6.3.

5. Sections can also be stained with different antibodies. In our
studies, we stain for Nestin, GFAP, MAP-2, and Ki67 for
1 h in a blocking solution (0.3% BSA, 8% goat serum, and
0.3% Triton-X100) at room temperature (RT), followed by
incubation at 4◦C overnight with following primary anti-
bodies diluted in blocking solution: (1) anti-human nestin
(clone 10C2; Chemicon), (2) anti-human GFAP (Chemi-
con), and (3) anti-Ki67 (clone MIB-1; DAKO) and anti-
MAP-2 (Chemicon).

6. Sections are washed three times with PBS, incubated in
appropriate secondary antibody, and visualized using con-
focal microscope (LSM Pascal, Zeiss) (Fig. 6.3).
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Fig. 6.3. NSC are present specifically in the gliomas in an undifferentiated state. Mice implanted with Gli36-GFP-Rluc
glioma cells stereotactically into the right frontal lobe were implanted with Fluc-DsRed2 NSC 2 days later. Mice were
imaged by intravital microscopy and sacrificed on day 10 after NSC implantation. Mice brains were sectioned and con-
focal microscopy was performed. a Light image showing the normal brain (NB) and the tumor (T); b Fluorescent image
of panel a showing NSC (red) infiltrating the tumor (green); 10× magnification. c Higher magnification (40×) image of
panel b. d–o Immunohistochemistry on brain sections from Gli36-glioma bearing mice implanted with NSC expressing
GFP-Fluc, 10 days post-implantation. Representative images of brain sections immunostained for nestin (d, h, l), Ki67
(e, i, m), GFAP (f, j, n), and MAP-2 (g, k, o). (Green-GFP expression; Red-Ki67, GFAP, or MAP-2 expression; Yellow-co-
expression of GFP and nestin.) Adapted from Shah et al. (15) with permission from Society for Neuroscience.
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4. Notes

1. The in vitro and in vivo properties of human neural stem
cells used in this study (including the absence of transfor-
mation, clonality, multipotency, stability, and survival) have
been described in detail elsewhere (17–19). An efficient and
robust way to follow cells both in culture and in vivo is to
transduce them with lentiviral vectors expressing fluorescent
marker genes. These vectors have the ability to integrate
transgenes into the genome of dividing and non-dividing
cells (20) and provide means of efficient long-term expres-
sion in cells and their progeny without using any antibiotic
selection marker.

2. The ideal dosage of anesthesia for each animal will vary pri-
marily based upon the animal’s body mass.

3. We use custom-built circular-based stereotaxic assemblies
that fit directly into our microscope stage (Fig. 6.1). Any
design that can be secured to a microscope stage and incor-
porates pointed earbars and a noseclamp should suffice. To
effectively immobilize the animal’s head, the ear bars must
be clamped firmly just anterior to the ears. Once the mouse
appears to be secured, confirm by observing absence of head
movement.

4. The skull should be kept moist by frequent application of
sterile PBS following the removal of the periosteum.

5. When marking the skull, it is best to err on the side of cau-
tion, drilling only deep enough to produce a visible outline.
It is important to keep the skull cool and moist with ster-
ile PBS. Selectively dry only the area that will be immedi-
ately drilled, and reapply PBS when moving on to another
area. The skull thickness varies considerably; the skull will be
thickest toward the posterior portion and can be quite thin
in the anterior region, especially near the midline. It can be
challenging to judge whether or not the drill has completely
penetrated the skull especially because it is quite transparent
once it becomes very thin.

6. Care should be taken to consistently implant tumors at the
same location and depth to facilitate imaging interpretation
from within this relative point source.

7. Although multiphoton excitation is relatively benign at low
power, long-term repetitive scans can yield tissue damage
and photo-bleaching. It is best to calculate an estimated total
scan-exposure time, keeping the time between z-series inter-
vals to a maximum; essentially establishing a balance between
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temporal resolution and photo-damage. The goal is to max-
imize dynamic range without saturating the data. It is ideal
to have two power settings: a low power and high power set-
ting for each mice. Using the same power settings thought
study facilitates comparison between subjects.

8. Higher magnification objectives (10× and above) often
reduce image quality because of pulsation motion arti-
fact sensitivity. Of note is that the IV100 system allows a
twofold zoom feature without changing objectives, so that
the user can acquire 8× magnification images with the 4×
objective.

9. Animals can be imaged by intravital microscopy every day.
However, imaging the animal requires exposing the cortical
surface and could influence the survival of mice. It is rec-
ommended to image mice with cranial windows every 3–5
days.
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Chapter 7

Magnetic Resonance Imaging of Brain Inflammation
Using Microparticles of Iron Oxide
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Daniel C. Anthony, Nicola R. Sibson, and Robin P. Choudhury

Abstract

For molecular magnetic resonance imaging (mMRI), microparticles of iron oxide (MPIO) create potent
hypointense contrast effects that extend a distance far exceeding their physical size. The potency of the
contrast effects derive from their high iron content and are significantly greater than that of ultra-small
particles of iron oxide (USPIO), commonly used for MRI. Due to their size and incompressible nature,
MPIO are less susceptible to nonspecific vascular egress or uptake by endothelial cells. Therefore, MPIO
may be useful contrast agents for detection of endovascular molecular targets by MRI. This Chapter
describes the methodology of a novel, functional MPIO probe targeting vascular cell adhesion molecule-
1 (VCAM-1), for detection of acute brain inflammation in vivo, at a time when pathology is undetectable
by conventional MRI. Protocols are included for conjugation of MPIO to mouse monoclonal antibod-
ies against VCAM-1 (VCAM-MPIO), the validation of VCAM-MPIO binding specificity to activated
endothelial cells in vitro, and the application of VCAM-MPIO for in vivo targeted MRI of acute brain
inflammation in mice. This functional molecular imaging tool may potentially accelerate accurate diag-
nosis of early cerebral vascular inflammation by MRI, and guide specific therapy.

Key words: Microparticles of iron oxide, MPIO, MRI, inflammation, brain, molecular imaging,
vascular cell adhesion molecule 1, VCAM-1.

1. Introduction

Multiple sclerosis is a disease of the central nervous system (CNS)
characterized by multifocal inflammatory white matter lesions,
demyelination, and axonal loss (1). Endothelial vascular cell adhe-
sion molecule-1 (VCAM-1; CD106) and its ligand, α4β1 integrin
(also known as very late antigen-4, VLA-4), are key mediators of
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leukocyte recruitment and plaque development (2). VCAM-1 is
not expressed constitutively on cerebral vascular endothelium but
is upregulated upon endothelial activation (3). Selective inhibitors
that bind to the α4 subunit of α4β1, blocking association with
VCAM-1, substantially reduce new or enlarging lesions on MRI
and clinical relapse in MS (4). VCAM-1 is therefore an attractive
molecular imaging target of early cerebral vascular inflammation.
Molecular imaging techniques that can accurately identify mark-
ers of early inflammation in the brain are needed to accelerate
accurate diagnosis and guide specific therapy.

Microparticles of iron oxide (MPIO) are super-paramagnetic
particles consisting of a magnetite (Fe3O4) and/or maghemite
(Fe2O3) core surrounded by a polymer coat. MPIO possess sev-
eral characteristics that are potentially useful for imaging endovas-
cular molecular targets. First, MPIO have a high iron content,
orders of magnitude greater than that contained in ultrasmall par-
ticles of iron oxide (USPIO) commonly used for MRI contrast.
Due to the high iron content, MPIO create potent negative con-
trast effects on T2∗-weighted images that extend to a distance
roughly 50 times the physical diameter of the MPIO. Second,
the potency of MPIO contrast has recently enabled in vivo cell
tracking (5) and in vivo detection of single MPIO-labelled cells
by MRI (6). Third, due to their size, MPIO are less susceptible
than USPIO to non-specific uptake by endothelial cells and there-
fore they retain specificity for endovascular molecular targets (7).
Finally, MPIO are commercially available with a range of reactive
surface groups, providing the opportunity for covalent conjuga-
tion of protein, antibodies or small peptides. Commercial sources
of MPIO include Invitrogen (Paisley, UK), Bangs Laboratories
(Fishers, IN, USA), and Miltenyi Biotec Ltd (Surrey, UK).

We have recently developed a novel VCAM-1 targeted MPIO
probe that identifies VCAM-1 expression in vivo in mouse acute
brain inflammation with exceptional conspicuity and at a time
when pathology is undetectable by conventional MRI techniques
(8). MPIO (1 μm diameter), with reactive tosyl groups, are used
for covalent conjugation of mouse monoclonal VCAM-1 anti-
bodies (VCAM-MPIO). Activated mouse endothelial cells, stim-
ulated with tumor necrosis factor α (TNF-α), are used to test the
capacity of VCAM-MPIO constructs for specific and quantita-
tive binding in vitro. For in vivo studies, acute brain inflamma-
tion is induced by stereotactic injection of interleukin 1β (IL-1β)
into the left corpus striatum of mice. VCAM-MPIO are admin-
istered intravenously and in vivo MRI of the brain is performed
at 7 Tesla using a T2

∗-weighted 3D gradient-echo sequence, with
a final isotropic resolution of 88 μm3. VCAM-MPIO generate
highly specific, potent hypointense contrast effects that delineate
the architecture of activated cerebral blood vessels, with minimal
background contrast.
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The commercial availability of MPIO and VCAM-1 antibod-
ies supports a straightforward protocol for producing targeted
MPIO probes for early detection of brain inflammation in vivo.
An additional advantage of this protocol is that MPIO are read-
ily adaptable for diagnostic imaging of other endothelial-specific
targets, simply by modifying the protein ligand. We have recently
used similar MPIO-based constructs to image adhesion molecules
in atherosclerosis (9) and activated platelets in mouse models of
cerebral malaria (10) and atherothrombosis (11, 12). This tar-
geted MPIO-based approach may provide a useful tool for early
identification of vascular inflammation by MRI, which may accel-
erate accurate diagnosis and guide delivery of specific therapy.

2. Materials

2.1. Conjugation of
VCAM-1 Antibody
to MyOneTM

Tosylactivated MPIO

1. MyOneTM Tosylactivated superparamagnetic polystyrene
Dynabeads R© (1.08 μm diameter) (Invitrogen, Paisley, UK).
Store at 4◦C (see Note 1).

2. Dynal MPC R© -S magnetic particle concentrator (magnet)
(Invitrogen).

3. Pre-washing and Coating buffer: 0.1 M sodium borate, pH
9.5. Store at 4◦C (see Note 2).

4. 3 M Ammonium sulphate.
5. Antibody ligand (see Notes 3 and 4): Purified monoclonal

rat anti-mouse CD106/VCAM-1 antibody (clone M/K2)
(Cambridge Bioscience, Cambridge, UK). Store at 4◦C (see
Note 5). Purified isotype negative control IgG-1 antibody
(clone Lo-DNP-1) (Serotec, Oxford, UK). Store at 4◦C.

6. Blocking buffer: phosphate buffered saline (PBS), pH 7.4,
0.5% bovine serum albumin (BSA), and 0.05% Tween 20.
Store at 4◦C.

7. Washing and Storage buffer: PBS, pH 7.4, 0.1% BSA, and
0.05% Tween 20. Store at 4◦C.

2.2. In Vitro
VCAM-MPIO Binding
to TNF-α Stimulated
sEND-1 Cells

1. Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U penicillin, and 0.1 mg/ml streptomycin. Store at
4◦C.

2. Trypsin/EDTA solution. Store at 4◦C.
3. Round microscope cover slips (19 mm).
4. Murine recombinant tumor necrosis factor alpha (TNF-α,

R&D systems, Abingdon, UK). Reconstitute with sterile
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PBS and store aliquots at –20◦C. Reconstituted TNF-α is
stable at –20◦C for 3 months.

5. Recombinant mouse VCAM-1 Fc chimera (Fc-VCAM-1)
and recombinant mouse ICAM-1 Fc chimera (Fc-ICAM-1)
(R&D systems). Reconstitute with sterile water (50 μg/ml)
and store aliquots at –20◦C. Once reconstituted, Fc-VCAM-
1 and Fc-ICAM-1 are stable at –20◦C for 4 weeks.

6. Paraformaldehyde. Prepare a 1% (w/v) solution fresh for
each experiment.

7. Purified monoclonal rat anti-mouse CD106/VCAM-1 anti-
body (clone M/K2) (Cambridge Bioscience). Store at 4◦C.

8. Alexa Fluor 488 conjugated rabbit secondary antibody to
rat IgG (Vector Laboratories, Peterborough, UK). Store at
4◦C.

9. Vectashield mounting media containing 4′,6-Diamidino-2-
Phenylindole (DAPI) nuclear stain (Vector Laboratories).
Store at 4◦C.

2.3. In Vivo Mouse
Protocol

1. Adult male NMRI mice (mean body weight 35 g).
2. 2.0–2.5% isofluorane anaesthesia (in 70% N2O: 30% O2).
3. 1 mg/ml mouse recombinant IL-1β (R&D systems).

Reconstitute with sterile PBS and store in aliquots at –20◦C.
Once reconstituted, IL-1β is stable for 3 months at –20◦C.

4. Low endotoxin saline containing 0.1% BSA.

2.4. MRI 1. Quadrature birdcage coil with an in-built stereotaxic frame.
2. 7 Tesla horizontal bore magnet with a Varian Inova spec-

trometer (Varian, Inc., Palo Alto, CA, USA).
3. Physiological monitoring and regulation: subcutaneous

ECG electrodes (in-house); circulating warm-water system
and rectal probe (Harvard Apparatus).

2.5. MR Image
Analysis

1. ImagePro Plus Image analysis software (Media Cybernetics,
Marlow, UK).

2. 3D Constructor plug-in for ImagePro Plus (Media
Cybernetics).

3. Methods

MyOneTM Tosylactivated MPIO (1 μm diameter) are used for
direct covalent conjugation of mouse monoclonal VCAM-1 anti-
bodies (VCAM-MPIO). Tosylactivated MPIO do not require
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surface activation, unlike, for example, iron oxide particles with
reactive carboxylic acid surface groups, which require activation
prior to conjugation, using either carbodiimide, most commonly
1-ethyl-3-(3-dimethylaminopropyl) (EDC), or a combination of
EDC and N-hydroxyl succinimide ester (NHS). Furthermore, the
hydrophobic properties of tosylactivated MPIO facilitate optimal
antibody orientation since Fc regions of the antibody, which are
generally more hydrophobic than the Fab portion, will adsorb
to the hydrophobic surface of MPIO followed by rapid covalent
bond formation This exposes the Fab-regions of the antibody,
thus maximizing the binding potential of antibody-conjugated
MPIO to the target protein. The antibody-conjugated MPIO
are stable at 4◦C for several months without loss of antigen
binding.

It is important to test and validate the capacity of VCAM-
MPIO constructs for specific and quantitative binding in vitro
prior to in vivo studies. This can be accomplished by incubat-
ing VCAM-MPIO or negative control IgG-MPIO with acti-
vated mouse endothelial cells, stimulated with graded doses
of tumor necrosis factor alpha (TNF-α). After extensive wash-
ing to remove unbound MPIO, specific MPIO binding to
cells can be visualized and quantified using differential inter-
ference confocal microscopy. To further validate binding speci-
ficity, VCAM-MPIO can be pre-blocked with soluble chimeric
protein containing the extracellular domain of VCAM-1 (Fc-
VCAM-1) or with negative control soluble extracellular ICAM-1
(Fc-ICAM-1). Fc-blocked VCAM-MPIO can be incubated with
activated endothelial cells as above and subsequently VCAM-1
demonstrated using immunofluorescence. Cells can be assessed
by confocal microscopy for VCAM-MPIO binding and VCAM-1
immunofluorescence on the cell surface.

For in vivo MRI studies, acute brain inflammation in mice
is induced by unilateral stereotactic injection of IL-1β into the
left corpus striatum. After 3 h, VCAM-MPIO or negative control
IgG-MPIO is intravenously injected into a tail vein and allowed
to circulate for 1.5–2 h prior to MRI. This allows time for spe-
cific MPIO binding in the brain and clearance of unbound MPIO
from the blood. Control groups of mice may undergo identi-
cal treatments with substitution of IgG-MPIO or injected with
VCAM-1 antibody (0.2 mg/kg body weight) 30 min prior to
VCAM-MPIO administration to block VCAM-1 binding sites
in vivo. MR images are acquired using a T2

∗-weighted 3D
gradient-echo sequence, with a final isotropic resolution of 88
μm3. For MR image analysis, hypotense signal areas are seg-
mented using an automated histogram-based tool using Image-
Pro Plus and rendered to create a three-dimensional volumetric
map of MPIO binding in the brain (see Fig. 7.2).
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3.1. Conjugation of
VCAM-1 Antibody
to MyOneTM

Tosylactivated MPIO

1. MyOneTM Tosylactivated MPIO (5 mg, 5 × 109 MPIO)
are transferred into a 1.5-ml microcentrifuge tube (see
Note 6). The tube is placed in a Dynal MPC-S mag-
net (see Note 7) until MPIO have formed a pellet at the
side of the tube and the liquid is clear. The supernatant
is discarded.

2. The tube is removed from the magnet and MPIO resus-
pended in 1 ml of pre-washing and coating buffer (0.1 M
sodium borate buffer, pH 9.5). The tube is placed in the
magnet to pellet MPIO. The supernatant is removed and
this step is repeated once more.

3. The MPIO pellet is resuspended in 200 μg antibody (see
Notes 8 and 9).

4. Ammonium sulphate (3 M) is immediately added to give a
concentration of 1 M in the final coating solution.

5. The tube is placed in a rotating wheel and incubated, with
constant head-over-head rotation, at 37◦C for 20 h.

6. MPIO are pelleted and the supernatant discarded to
remove unbound antibody.

7. Blocking buffer is added at the same volume used for coat-
ing the MPIO, i.e., in this example 600 μl.

8. The tube is placed in a rotating wheel and incubated, with
constant head-over-head rotation, at 37◦C overnight to
block any remaining unbound active tosyl sites.

9. MPIO are pelleted using the magnet and the supernatant
discarded.

10. The tube is removed from the magnet and MPIO resus-
pended in Washing and Storage buffer (1 ml). The tube
is placed in a rotating wheel and incubated, with constant
head-over-head rotation, at 4◦C for 5 min. MPIO are pel-
leted using the magnet and the supernatant discarded. This
step is repeated three times.

11. Antibody-conjugated MPIO are stored in Washing and
Storage buffer at concentration of 2.5 × 1010 MPIO/ml.
The solution is stable at 4◦C for several months without
loss of antigen binding (see Note 10).

3.2. In Vitro
VCAM-MPIO Binding
to TNF-α Stimulated
sEND-1 Cells

1. Cells of a mouse endothelial cell line, sEND-1 are passaged
when approaching confluency with trypsin/EDTA. Cells
are plated at a density of 8 × 105 per 35 mm well in a
6-well plate, each well containing a sterile 19-mm round
cover slip.

2. Cells are stimulated for 20 h at 37◦C with graded doses of
mouse recombinant TNF-α (0–10 ng/ml DMEM).
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3. The TNF-α media is then removed by aspiration.
4. Stimulated cells are incubated with VCAM-MPIO or

IgG-MPIO (2.5 × 107 MPIO in 2 ml DMEM) in
duplicate. The cell plate is immediately placed onto a
sample rocker to avoid sedimentation of MPIO, and
incubated for 30 min at room temperature with continual
mixing.

5. The media is removed by aspiration and unbound MPIO
removed by extensive washing with PBS.

6. 1% paraformaldehyde (2 ml) is added for 30 min at room
temperature to fix cells.

7. The cell coverslip is mounted onto a glass slide by slowly
inverting the coverslip onto mounting medium (13 μl) on
a microscope slide. Nail varnish is used to seal the sample
(see Note 11).

8. MPIO binding to cells are viewed using differential
interference contrast microscopy. Four fields of view are
acquired per sample. The number of bound MPIO per field
are quantified using ImagePro plus.

9. For blocking experiments, VCAM-MPIO are pre-blocked
with 5 μg Fc-VCAM-1 or Fc-ICAM-1 per μg MPIO for
1 h at room temperature (13).

10. Fc-blocked MPIO (2.5 × 107 MPIO in 2 ml DMEM) are
incubated with cells stimulated with 50 ng/ml TNF-α or
unstimulated cells, extensively washed with PBS and fixed
as described above (see Steps 4–6). Experiments are per-
formed in triplicate.

11. Fc-blocked MPIO binding to cells are viewed using an
inverted microscope (20× objective). Four fields of view
are acquired per sample. The number of bound MPIO per
field are quantified using ImagePro plus.

12. For immunofluorescent VCAM-1 staining, MPIO-bound
cells are incubated with rat anti-mouse VCAM-1 (5 μg per
ml PBS) for 1 h at room temperature.

13. Primary antibody is removed and the cells washed three
times for 5 min each with PBS.

14. Cells are incubated with secondary Alexa Fluor 488 conju-
gated rabbit antibody to rat IgG (1:100) for 1 h at room
temperature (see Note 12).

15. The secondary antibody is removed and the cells washed
three times for 5 min each with PBS.

16. The cell coverslip is carefully mounted onto a glass slide
as described above (see Step 7) using mounting media con-
taining DAPI nuclear stain. Cells are kept in the dark at 4◦C
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until imaged using confocal microscopy. Slides are viewed
on the same day of preparation.

17. Cells are assessed for VCAM-MPIO binding (see
Note 13) and VCAM-1 immunofluorescent staining using
confocal microscopy (see Note 14). An example is shown in
Fig. 7.1.

Fig. 7.1. VCAM-MPIO binding co-localises with VCAM-1 immunofluorescence on
the surface of sEND-1 cells, stimulated with TNF-α (50 ng/ml). VCAM-MPIO were
pre-incubated with soluble extracelluar VCAM-1 (Fc-VCAM-1) or ICAM-1 (Fc-ICAM-1)
(5 μg/μg MPIO) for 1 h at room temperature. Fc-blocked MPIO were incubated with
stimulated cells, extensively washed using PBS and immunostained for VCAM-1. Con-
focal images were obtained on a Zeiss LSM150 using ×60 oil-immersion lens. Pre-
incubation of VCAM-MPIO with FcICAM-1 did not inhibit VCAM-MPIO binding. VCAM-
MPIO were visualized as autofluorescent spheres (see arrows) on the cell surface that
co-localised with VCAM-1 immunofluorescence. Pre-incubation of VCAM-MPIO with Fc-
VCAM-1 abolished VCAM-MPIO binding, despite cell surface expression of VCAM-1, as
confirmed by immunofluorescence.

3.3. In Vivo Mouse
Protocol

1. Mice are deeply anaesthetised using 2.0–2.5% isofluorane (in
70% N2O:30% O2).

2. Mice are positioned in a stereotaxic frame under a Wild
M650 operating microscope (Leica Microsystems, Milton
Keynes, UK).

3. Using a glass pipette with a tip <50 μm, mouse recombi-
nant IL-1β (1 ng in 1 μl of low endotoxin saline containing
0.1% BSA) is stereotactically injected into the left striatum,
0.5 mm anterior and 2 mm lateral to the bregma, at a depth
of 2.5 mm, over a 10-min period.

4. After 3 h, a cannula is inserted into the tail vein for
administration of MPIO (4 × 108 MPIO in 200 μl low
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endotoxin saline containing 0.1% BSA) (see Note 15).
VCAM-MPIO (4 × 108) is also administered to control
mice that receive intracerebral injections of saline or no
intracerebral injections.

5. To block VCAM binding sites in vivo, a further group of
mice are injected with VCAM-1 antibody (0.2 mg/kg body
weight) 3 h after IL-1β injection and VCAM-MPIO admin-
istered 15 min later.

6. Following MPIO injection, mice are positioned in a quadra-
ture birdcage coil with an in-built stereotaxic frame. All mice
are closely monitored for any signs of ill-health or toxicity
(see Note 16).

3.4. MRI 1. MRI is performed using a 7 Tesla horizontal bore magnet
with a Varian Inova spectrometer. During MRI, anesthesia is
maintained with 1.0–1.5% isofluorane in 70% N2O:30% O2,
ECG is monitored via subcutaneous electrodes, and body
temperature maintained at 37◦C by a circulating warm-water
system.

2. MR images of the brain are acquired using a T2
∗-weighted

3D gradient-echo sequence with the following parameters;
flip angle 35◦, repetition time (TR) = 50 ms, echo time
(TE) = 5 ms, field of view (FOV) 22.5 × 22.5 × 31.6 mm,
matrix size 192 × 192 × 360, two averages. The total acqui-
sition time is approximately 1 h (see Note 17). The data is
zero-filled to 256 × 256 × 360 and reconstructed off-line,
to give a final isotropic resolution of 88 μm3.

3.5. MR Image
Analysis

1. Extra-cerebral structures in each MR image are manually
masked using ImagePro Plus.

2. Low signal areas are segmented in ten evenly spaced slices
per brain using the automated signal intensity histogram-
based tool in ImagePro Plus to obtain the median low signal
intensity value (see Note 18).

3. Low signal areas are segmented in 41 contiguous slices of
the brain, spanning a depth of 3.6 mm from the dorsal hip-
pocampus ventrally. To ensure true laterality, the left and
right hemispheres are segmented simultaneously, 1 mm from
the midline outwards.

4. The median signal intensity value is applied to the 41 slice
sequence to correct for minor variations in absolute signal
intensity between individual scans.

5. Masks of the segmented low signal areas in 41 contigu-
ous slices are merged and reconstructed using the 3-D
Constructor plug-in for ImagePro Plus to visualize MPIO
binding patterns in the inflamed (left) and non-inflamed
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Fig. 7.2. 3-dimensional (3-D) volumetric maps of VCAM-MPIO binding pattern in the
brain. a T2

∗-weighted 3-D gradient echo MR image of mouse brain, 1–2 h post-MPIO
injection, from a 7-Tesla magnet, approximately 90 μm isotropic resolution. Mouse was
given a stereotactic injection of IL-1β into the left corpus striatum (1 ng in 1 μl saline),
3 h prior to intravenous injection of VCAM-MPIO (4 × 108 MPIO). Intense low signal
areas on the left hemisphere reflect specific VCAM-MPIO retention on acutely activated
vascular endothelium with virtually absent contrast effect in the contra-lateral control
hemisphere. b Low signal contrast effects were segmented in 41 contiguous MR slices
using an automated signal intensity histogram tool using ImagePro Plus. Masks of low
signal areas were merged and 3-D reconstructed to create a 3-D volumetric map of
low signal voxels. c Surface rendered 3-D volumetric map of VCAM-MPIO binding pat-
terns. (i) VCAM-MPIO contrast effects delineated the architecture of inflamed cerebral
vasculature in the IL-1β-stimulated hemisphere (image left) with almost total absence
of binding on the contra-lateral, non-activated side. The midlines are indicated by verti-
cal sections. (ii) Absence of MPIO contrast effects in mouse intravenously injected with
VCAM-1 antibody (0.2 mg per kg), prior to VCAM-MPIO intravenous injection, which
effectively blocked VCAM-MPIO binding.

(right) cerebral hemispheres. Examples of three-dimensional
(3-D) volumetric maps of VCAM-MPIO binding patterns
are shown in Fig. 7.2.

4. Notes

1. MPIO should be kept in liquid suspension during storage
at 4◦C as drying will reduce the performance of MPIO.
We found it useful to store the MPIO vial on a sample
roller at 4◦C in order to prevent sedimentation of MPIO.
MPIO should never be frozen as this will cause irreversible
aggregation.
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2. The pre-washing and coating sodium borate buffer must
not contain any protein or amino groups (e.g., glycine,
Tris) as these will bind to MPIO surface, inhibiting specific
antibody binding. A higher pH favours optimal antibody
binding.

3. MyOneTM Tosylactivated MPIO can be conjugated to any
ligand containing amino or sulphydryl groups (i.e., anti-
body, protein, peptide, or glycoprotein). However the anti-
body or protein must be purified since all proteins or amino
groups will bind to the MPIO surface.

4. Preservatives such as sodium azide may disturb antibody
conjugation to MPIO. In addition, sodium azide is cyto-
toxic and therefore not suitable for in vivo application.
Therefore, antibodies free from stabilisers should be used
or else remove stabilisers from the antibody/protein solu-
tion prior to conjugation.

5. The VCAM-1 antibody is commercially supplied in sodium
borate buffer, pH 8.0, free from stabilisers. We found
this antibody to be excellent for immunofluorescence
imaging.

6. MPIO should be thoroughly resuspended prior to use by
vortexing.

7. The Dynal MPC-S magnet can be used to prepare up
to 6 microcentrifuge tubes of antibody-conjugated MPIO
simultaneously.

8. For antibody conjugation, a concentration of 40 μg anti-
body per mg of MPIO is optimal. Conjugating less than
recommended amounts of antibody may cause aggregation
of MPIO. We found it best to use a stock purified antibody
concentration of 0.5–1 mg/ml in order to achieve a suffi-
cient antibody coating concentration. More dilute antibod-
ies may require methods to concentrate the antibody prior
to conjugation with MPIO.

9. MPIO should be suspended in the antibody solution with
very efficient mixing using a vortex and transferred imme-
diately to the sample rotating wheel for incubation. MPIO
should not be allowed to come out of suspension at any
stage.

10. We store our antibody-conjugated MPIO, continually mix-
ing on a sample roller at 4◦C to avoid sedimentation
and drying of MPIO, which would reduce their binding
capacity.

11. Air bubbles are undesirable in the mounting medium.
Therefore, the coverslip should be inverted slowly onto the
mounting media using fine forceps.
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12. We found Alexa Fluor 488 conjugated rabbit sec-
ondary antibody to be excellent for visualizing VCAM-1
immunofluorescent staining by confocal microscopy as it is
not prone to bleaching. This is particularly important when
constructing z-stacks.

13. MPIO autofluoresce under confocal microscopy due to
their high iron content and can be viewed using either red
or green emission.

14. Due to the diameter of the MPIO, it may be difficult to
find a focal plane that is suitable for simultaneously visual-
izing bound MPIO and immunofluorescent staining using
confocal microscopy. We found it useful to create a z-stack
of images throughout the depth of the MPIO and use
the merged image to view co-localisation of immunfluo-
rescence and MPIO.

15. For in vivo administration, we found it best to perform
intravenous MPIO injections away from the MR magnet.
We previously tried injecting MPIO into mice positioned
inside the magnet. However, MPIO rapidly came out of
solution when they were within the magnetic field and sed-
imented prior to administration.

16. We have found antibody-conjugated MPIO to be well tol-
erated in all mice, with no animals showing any signs of ill
effect during close observation for up to 5 h post-injection.

17. We have serially imaged the same mouse and found maxi-
mal contrast at 1–2 h with diminution by 4 h.

18. Image analysis should be performed by an operator blinded
to the origin of data.
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Chapter 8

Optical Characterization of Arterial Apoptosis

Maarten F. Corsten and Abdelkader Bennaghmouch

Abstract

Apoptosis is a biological hallmark of both acute and chronic vascular pathology. It contributes to erosion
and rupturing of atherosclerotic plaques, causing stroke and myocardial infarction, and plays an impor-
tant role in post-angioplastic remodeling. Therefore, apoptosis is intensively studied in both explanatory
and interventional vascular studies. Real-time molecular imaging of vascular processes, such as apoptosis,
promises to improve our understanding and control over vascular micropathology, and could accelerate
the development of novel therapies. Annexin A5 binds to apoptotic cells and is a well-established molec-
ular imaging tool for detecting cell death in vivo. Here we describe a relatively straightforward approach
to visualizing cell death in a murine carotid artery injury model using fluorescently tagged annexin A5.
Our methods allow investigators to monitor gross apoptotic burden in real-time, as well as to assess in
detail the apoptotic cell population and localization.

Key words: Molecular imaging, apoptosis, vascular injury, carotid artery, atherosclerosis, vulnerable
plaque, annexin A5, annexin V, optical imaging, vital imaging, multiphoton imaging.

1. Introduction

The concept of programmed cell death (apoptosis) has revolu-
tionized our understanding of physiology and disease. In vascular
biology, apoptosis has been shown to play an important role in
pathological processes such as plaque erosion, rupture, restenosis,
and vascular remodelling (1–4). These processes underlie clinical
conditions including myocardial infarction and stroke, rendering
vascular apoptosis an intensively studied research topic.

Non-invasive detection of apoptosis has become feasible since
the introduction of annexin A5. Because of its high binding
affinity to phosphatidyl serine (PS), a cell membrane marker of
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apoptotic cells (5), labeled annexin A5 has been used to non-
invasively image cell death in cancer, myocardial infarction, and
atherosclerosis in both pre-clinical and clinical studies (6–10).
Although nuclear imaging of annexin A5 is a powerful technique
that can reveal crude presence of vascular apoptosis (11), and per-
haps predict risk of plaque rupturing (10), it cannot provide the
temporal and spatial detail required to study the elementary biol-
ogy and evolution of vascular damage. Fluorescence imaging does
meet these specific requirements to a large extent.

Compared to other molecular imaging modalities, optical
imaging is a fast and relatively low-cost technique that offers high
resolution and multiplexing capability. Additionally, short acqui-
sition times usually permit sequential imaging to capture molec-
ular processes throughout time. Here we describe a straightfor-
ward protocol for detecting vascular apoptosis using fluorescently
tagged annexin A5. Progression of annexin A5 uptake following
acute vascular injury can be visualized in vivo using a vital flu-
orescence reflectance imaging setup, and subsequently, localiza-
tion and identity of the annexin A5 positive cells can be better
defined by two-photon laser scanning microscopy and immuno-
histochemistry. Imaging techniques such as described here offer
considerable opportunities for studying vascular pathologies, such
as atherosclerosis and post-angioplasty remodeling, and for accel-
erated screening of novel anti-apoptotic drugs.

2. Materials

2.1. Labeled Annexin
A5

1. Biotinylated or fluorescently labeled 2nd generation annexin
A5 (see Note 1) can be purchased from MosaMedix
(second generation annexin-A5, Maastricht, the Nether-
lands) or Invitrogen (Annexin V, Invitrogen, Carlsbad, CA)
(see Note 2) and should be stored at 2–6◦C, away from light.
Avoid freezing (see Note 3). To exclude non-specific attach-
ment to injured vessels, a labeled mutant annexin A5 that
does not bind to phosphatidylserine (annexin A5-M1234,
Mosamedix) is ideally incorporated in the study setup.

2. Dilute and aliquot annexin A5 – wild-type or M1234 mutant
control – labeled with either Alexa568, Oregon Green (OG,
for multispectral experiments) or biotin at 1 mg/ml and
store at 2–6◦C away from light.

2.2. Murine Model
of Carotid Artery
Endothelial Injury

1. Standard small animal surgical equipment including stere-
omicroscope, electrocardiogram (ECG) monitoring system,
and heating pad.
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2. Six- to eight-week-old specified pathogen free Swiss mice
(Charles River/Jackson Laboratories) (see Note 4).

3. A cannula, consisting of a blunted 30G1/2 needle inserted
into a polyethylene tube (PE-10, Portex Limited, England),
attached to a saline-filled syringe.

4. Flexible wire with a 0.35 μm diameter (Guidant Europe NV,
Belgium).

5. Pentobarbital (Nembutal) dissolved in PBS at 20 mg/ml (see
Note 5).

6. Unfractioned heparin (5,000 IE/ml) (LEO Pharma, the
Netherlands), stored at room temperature.

2.3. Vital
Epifluorescence
Imaging of Arterial
Injury Temporal
Dynamics

1. A stereomicroscope (Leica MZ FL III, Leica, Switzerland)
equipped with a fluorescent module.

2. A peltier-cooled 12-bit B/W charge-coupled-device (CCD)
camera (Hamamatsu C4742-95, Hamamatsu Photonics Sys-
tems, Japan) interfaced to a computer and operated by
AquaCosmos 1.2 or HiPic 5.1 software, provided by the
camera manufacturer.

3. Image processing software (Hipic/Aquacosmos, Hama-
matsu).

4. Appropriate band-pass filters (Omega Optical, Brattleboro,
Vermont) for selective fluorophore detection: for Oregon
Green (OG), a 470/5 nm and a 525/5 nm band-pass fil-
ter (for excitation and collection, respectively) can be used.
For Alexa568, 560/5 nm (excitation) and 620/5 nm (col-
lection) band-pass filters are appropriate.

5. Premade concentrations of labeled annexin as described
above.

2.4. Multiphoton
Characterization
of Apoptotic Cell
Population

1. Arterial perfusion chamber (IDEE, Maastricht, the Nether-
lands).

2. Hanks’ balanced salt solution (HBSS, Invitrogen, the
Netherlands) having a pH of 7.4.

3. Syto13 (Molecular Probes, Leiden, the Netherlands) can be
purchased as a 5-mM stock solution in dimethylsulfoxide
and should be stored at 2–6◦C away from light. Shortly
before usage, dilute Syto13 in PBS to a 4-μM labeling solu-
tion, which can be kept at room temperature.

4. Biorad 2100 MP Laser Scanning System (Biorad, Hemel
Hempstead, GB).

5. A 140-fs-pulsed Spectra Physics Tsunami Ti-sapphire laser
(Mountain View, CA, USA) is used for excitation, tuned and
locked at 800 nm.
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6. Microscope objective of 60×, water dipping, numerical aper-
ture 1.0, working distance 2 mm.

7. To detect emitted fluorescence, multiple photo multiplier
tubes (PMT) are required.

8. A Nikon E600FN microscope (Nikon, Germany).
9. Image-Pro Plus 6.0 software (Media Cybernetics, Sil-

ver Spring, MD, USA) for image processing. For three-
dimensional reconstructions one can use 3D Constructor
5.1 software (Media Cybernetics).

2.5. Ex Vivo
Localization of
Annexin A5 Binding

1. For tissue fixation, use freshly prepared 2% paraformalde-
hyde (PFA) (see Note 6) buffered in HEPES 10 mM, NaCl
140 mM, CaCl2 2.5 mM, and pH 8.0.

2. For deparaffinization: xylol, ethanol (100, 96, and 70%), 1%
H2O2 in methanol, phosphate buffered saline (PBS).

3. Vectastain ABC-kit (PK-6100, Vector Laboratories,
Burlingame, CA, USA) is used for biotin detection and
should be stored at 2–6◦C. Use 1% bovine serum albumin
(BSA) in PBS to buffer ABC-kit reagents.

4. Diaminobenzidine tetrahydrochloride (DAB) (Sigma-
Aldrich, Zwijndrecht, the Netherlands) is stored at –20◦C.

5. Imidazole (Sigma-Aldrich, Zwijndrecht, the Netherlands) is
stored at 2–6◦C.

6. 30% H2O2 for activation of DAB/imidazole substrate mix,
kept at 2–6◦C.

7. Haematoxylin, kept at room temperature.
8. Mounting solution (Enthalan, Merck, Germany), kept at

room temperature, and regular cover slips.
9. For imaging and storing of stained sections, use a regular

light microscope with camera and interfaced to a computer
equipped with a dedicated software package for image pro-
cessing and analysis (QWin V3, Leica, Switzerland).

3. Methods

The murine carotid artery wall is sufficiently thin to be pene-
trated by a readily detectable portion of intraluminally emitted
fluorescent photons. Therefore, a programmed cell death ligand
such as annexin A5 can be optically labeled to visualize in vivo
and throughout time the evolution of apoptosis in the arterial
wall following experimental de-endothelialization. Since vital,
planar imaging is limited by resolution in high magnification
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fields, primarily due to inability to reject out-of-focus signal, it
can provide valuable information about the onset, extent, and
propagation of apoptosis, but reveals little information about
the vascular layer and cellular subset of annexin A5 positiv-
ity. Multiphoton imaging does allow gathering such additional
information and thus represents a helpful extension of vital
imaging.

3.1. Fluorescently
Labeled Annexin A5

1. Fluorescently labeled annexin A5 should be kept at 2–6◦C
away from light until shortly before experiments. Prior to
administration, the compound to be administered is allowed
to settle at room temperature for approximately 30 min
to minimize physiological disturbances due to temperature
gradients.

3.2. Murine Model of
Mechanical Carotid
Artery Endothelial
Injury

1. The heating pad should be preheated and material for
surgery prepared, including sutures, cannula, and flexible
wire.

2. Anesthetize the mouse with an intraperitoneal injection of
pentobarbital 70 mg/kg.

3. The animal is placed in supine position on the heating pad
and the cannula is carefully inserted into the right jugular
vein. Take great care in avoiding air bubbles in the cannula
as they might cause lethal emboli in the murine circulation.

4. After cannulation, animals are administered Heparin 20 μl
(5,000 IE/ml) per cannula to prevent vessel occlusion by
thrombus (see Note 7).

5. The animal is kept in supine position and a 15- to 20-mm
incision is made in the ventral neck area. The bifurcation of
right communal carotid artery is now carefully exposed. Also
expose the left communal carotid artery, which will serve as
a control artery for imaging, and should thus experience the
same amount of environmental exposure. Throughout the
procedure, keep both vessels moist as much as possible by
superfusion with saline (see Note 8).

6. For temporary blood flow control, three sutures are placed:
one suture proximal of the bifurcation around the com-
mune artery, the other two distal of bifurcation, around the
internal and external carotid artery, respectively. The sutures
should be tightened around the vessel to abrogate blood
flow, but should not be knotted (Fig. 8.1).

7. An iris scissor is used to create a small incision in the exter-
nal carotid artery to provide an entrance for the 0.35-μm
flexible guide wire. The wire is carefully introduced in the
artery and advanced to the common carotid. Then, the wire
is pushed and pulled back three times over a 10-mm distance
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Fig. 8.1. Schematic representation of carotid artery endothelial denudation procedure. a Sutures are placed around the
commune, internal and external carotid artery for blood flow abrogation. Only the suture around the external artery is
knotted. Through a small incision in the external artery, distal of the knotted suture, the wire is introduced into the carotid
artery. b Proceed the wire past the bifurcation and advance into the common carotid artery. Push and pull the wire three
times over a 10-mm distance to ensure complete endothelial denudation. c After removing the wire, sacrifice the external
carotid artery by placing and knotting a suture distal of the incision point. Then restore blood flow through the internal
and commune carotid arteries by releasing their respective sutures. Panel d demonstrates the relative sizes of wire and
commune carotid artery. Reproduced from Sata et al., with permission from Elsevier (copyright 2000) (15).

for complete removal of the endothelium. The wire is then
removed.

8. After removing the wire, the external carotid artery is sac-
rificed proximally of the incision by knotting the suture.
Remaining blood flow is then restored by releasing and
removing the sutures around commune and internal carotid
arteries.

3.3. Vital
Epifluorescence
Imaging of Arterial
Injury Temporal
Dynamics

1. During surgery and imaging mouse temperature is kept con-
stant at 36.5◦ and ECG is monitored.

2. Timing of injection of labeled annexin(s) depends on
study goal. For regular visualization and quantification of
annexin uptake following endothelial injury inject annexin
A5-Alexa568 (4 mg/kg) (see Notes 9 and 10) before
endothelial injury. For multispectral imaging of early and late
vascular apoptosis following arterial injury, inject annexin
A5-Alexa568 (4 mg/kg) before endothelial injury and inject
annexin-OG (4 mg/kg) at 120 min after injury, or at any
alternative time-point relevant to the studied hypothesis.

3. For immunohistochemical purposes, inject annexin A5-
biotin (12 mg/kg) before injury and sacrifice at any time
point relevant to studied hypothesis (see Note 11).

4. When injecting labeled annexin A5, strictly avoid intro-
ducing air bubbles into the circulation.
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5. To prevent bleaching as much as possible, aim to work in a
dark or dimmed environment as much as possible following
fluorophore administration.

6. For optimal contrast and to decrease background signal, a
piece of black plastic (see Note 12) is placed behind the arte-
rial region of interest.

7. Select the preferred magnification for imaging the entire
region of interest and select the appropriate filter set. When
imaging, be sure to acquire a parallel set of images of the
contralateral control carotid artery. For an example of hence
obtained images, see Fig. 8.2.

8. The exposed segments (around 1 cm) of the injured and
non-injured vessels are imaged sequentially using an acqui-
sition time of 2,000 ms (see Note 13) at appropriate time
intervals, e.g., every 10 min until the end of the experiment
(90 min) in a longitudinal study setup (see Note 14).

Fig. 8.2. In vivo planar imaging of annexin A5 accumulation in the damaged carotid
artery wall. a and b: Annexin A5-Oregon Green (green) uptake after endothelial denuda-
tion in injured and contralateral control artery, respectively. c High magnification (160×)
of panel a. d Low magnification overview of the mouse neck area during surgery and
imaging, showing the ventral neck area with exposed right (damaged) and left (control)
carotid arteries.

3.4. Multiphoton
Characterization
of Apoptotic Cell
Population

1. For two-photon light scanning microscopy (TPLSM), ani-
mals were sacrificed by flushing saline through the left ven-
tricle for 4 min. Arteries were immediately explanted, freed
from adipose tissue, and stored in HBSS at 4◦C for a
maximum of 20 min.
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2. Subsequently, arteries were mounted on two glass
micropipettes (tip diameter 80–100 μm) in a homebuilt per-
fusion chamber filled with 37◦C HBSS, and carefully flushed
with HBSS (12).

3. Syto13 was added to the HBSS solution in the perfusion
chamber to a final concentration of 4 μm and applied both
intra- and extraluminally for fluorescent nuclear counter-
staining (green).

Fig. 8.3. Two-photon imaging allows for characterizing the fluorescent vascular cell
population. a and b In vivo vital imaging of annexin-Alexa568 (red) localization 5 min
after endothelial denudation shows marked localized uptake in the damaged carotid
artery (b) and no uptake in the contra-lateral control vessel (a). c and d Corresponding
ex vivo two-photon image reconstructions after treatment with Syto-13 green nuclear
dye. Two-photon images reveal an absence of annexin A5-positive cells in the control
vessel (c), whereas the damaged vessel harbors a population of annexin A5-positive,
stretched, spindle-shaped cells, with a long axis perpendicular to the direction of blood
flow. These characteristics are highly indicative for smooth muscle cells residing in the
medial vascular layer. To emphasize the discriminatory ability of two-photon imaging
for cellular identity, e and f show low-magnification and high-magnification two-photon
images, respectively, of annexin A5 uptake (red) in undamaged carotid arteries of a
50-week old ApoE-knockout mouse. The annexin A5-positive cells do not display an
organized arrangement or orientation and are not spindle-shaped. This corroborates
with atherosclerotic plaque biology, where annexin A5 uptake is known to occur
predominantly in inflammatory cells.
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4. Flushing is adjusted to reach a physiological transluminal
pressure of 80 mmHg, using a modified Big Ben sphygmo-
manometer (Riester, Germany) (12).

5. All imaging is performed on the central part of the artery, at
37◦C, and in absence of luminal flow.

6. The perfusion chamber is positioned on the Nikon micro-
scope.

7. For TPLSM imaging (13), pinholes are fully opened and two
photomultipliers are used, accepting wavelengths of either
500–540 nm (for Syto13) or above 570 nm (Alexa568)
(see Note 15).

8. Imaging speed is set at 0.1 Hz with a pixel dwelling time of
39 μs, or at 0.3 Hz with a dwelling time of 12 μs combined
with Kalman filtering (n = 3 cycles). Laser power is min-
imized to prevent thermal damage to the arteries, e.g., at
8 mW (12).

9. Separate images are stored per PMT and then merged to a
single two-dimensional image. For an example of thus pro-
duced images, see Fig. 8.3. Series of two-dimensional images
can additionally be merged into a z-stack using Image-Pro
and 3D Constructor software to create a three-dimensional
model of the studied artery.

3.5. Ex Vivo
Localization of
Annexin A5 Binding

1. Ex vivo annexin A5 staining is ideally performed on vessels
of animals that were injected with biotinylated annexin A5
(see Note 16) or biotinylated M1234 (serving as a non-
binding control) 30 min before sacrifice.

2. The anesthetized animal is sacrificed by perfusion with 0.9%
Saline via the left ventricle with for 3 min, followed by per-
fusion fixation with 20 ml of 2% PFA. The injured right and
uninjured left common (internal control) carotid arteries
are subsequently excised, post-fixed in 2% PFA, incubated
in 70% ethanol, embedded in paraffin, and cut into longi-
tudinal sections (4 μm).

3. The sections are de-waxed in xylol and rehydrated by pro-
ceeding through a series of decreasing ethanol concentra-
tions (100, 96, and 70%, respectively).

4. To block endogenous peroxidase activity, sections are incu-
bated with 1% H2O2 in methanol for 15 min, and subse-
quently washed in PBS.

5. Vectastain ABC-kit (PK-6100, Vector Laboratories,
Burlingame, CA) is prepared 30 min before usage, by
mixing the supplied components. For each section, 1 μl
of reagent A and 1 μl of reagent B are added to 98 μl of
PBS/BSA (1%).
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6. Sections are incubated in buffered ABC-kit for 30 min and
subsequently washed in PBS.

7. The peroxidase detection solution is freshly prepared
directly before usage by adding 8 ml of Tris-HCl, 1 ml
of imidazole, and 1 ml of DAB. Activate by adding 2.5 μl
of 30% H2O2 (see Note 17).

8. The DAB/imidazole mixture is applied to the sections and
staining is monitored under a light microscope. When suf-
ficiently stained, the reaction is stopped by washing in PBS.

9. Sections are counterstained by 30 s incubation in haema-
toxylin and subsequently washed in tap water.

10. Dehydrate sections by proceeding through ethanol (70,
96, and 100%, respectively) and xylol and cover sections
with enthalan and glass cover slips.

11. Stained sections are microscopically photographed with a
magnification of 400× and quantified using a convenient
Leica software package (QWin, Leica, Switzerland).

12. For quantitative study purposes, the apoptotic index
(defined as the percentage annexin A5 positive cells in the
total wall area) can be calculated in the (neo)intima, media
and adventitia. Evaluating multiple representative sections
from different heights of the mouse vessel and compar-
ing to non-injured control arteries provides a referenced
readout.

4. Notes

1. Second generation annexin A5 differs from wild-type
annexin A5 in conjugation chemistry. A cysteine modifica-
tion at the biologically non-functional side of the molecule
allows routine thiol conjugation and ensures 1:1 stoichio-
metrical binding without perturbing the biological affin-
ity for phosphatidyl serine (PS). In contrast, fluorophore
coupling to wild-type annexin A5 is non-site specific and
may interfere with PS binding sites. Throughout this chap-
ter, ‘annexin A5’ refers to 2nd generation, not wild-type
annexin A5.

2. Alternatively, 2nd generation annexin A5 can be gener-
ated from cDNA using a bacterial expression vector such as
pET-5a (Novagen), and expressed in Escherichia coli. After
performing fluorophore conjugation, confirm PS binding
affinity of the labeled annexin by ellipsometry (14).
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3. When stored at 2–6◦C and away from light, annexin
A5-fluorescent conjugates should be stable for at least
6 months (manufacturer’s protocol), but we have obtained
good results with conjugates stored over 12 months.

4. For these purposes, the authors do not have any animal
gender preferences. Males are usually preferred to exclude
fluctuating hormonal influences on wound healing, but this
is not relevant in acute, terminal experiments. Younger ani-
mals, however, are preferred over older ones, as older mice
tend to have more adipose and connective tissue, which
complicates both surgery and imaging.

5. The authors have good experiences with the use of pento-
barbital in terminal experiments; however, replacement of
the anesthetic with ketamine/xylazine or isoflurane might
be well-suited alternatives.

6. PFA 4% is regularly used for tissue fixation. However, for
fragile tissues, such as carotid arteries, less concentrated
(and aggressive) PFA is recommended. To reduce the bur-
den of making fresh PFA every week, prepare an excess
amount at once and freeze aliquots in glass at –20◦C. After
thawing an aliquot, discard what has not been used at the
end of the week.

7. We recommend using high dose heparin since the experi-
ment in question is terminal and prevention of thrombotic
vessel occlusion is a key factor to imaging success.

8. Do aim to keep the arteries permanently moist to avoid
dehydration damage, as this may lead to false positive
results with imaging.

9. The fluorophore quantity required for imaging depends on
the fluororescent molecule’s brightness. When using alter-
native fluorophores, dose optimization may prevent low
sensitivity or wasting of valuable imaging probe.

10. Administering 4 mg/kg of a 1 mg/ml solution to a
6-week-old Swiss mouse (typically weighing 35–50 g)
implies injecting up to 200 μl. When performing multi-
spectral experiments, keep in mind that 400 μl is a rather
large volume to inject into a Swiss mouse. Consider to
reduce dosing, or use higher concentrations of labeled
annexin A5 for this application if necessary.

11. Both fluorescent and immunohistochemical (biotin) detec-
tion of annexin A5 uptake should be adequately controlled
with non-injured carotids and, preferably, non-binding
mutant M1234 annexin A5.

12. The type of plastic material used is of modest interest
(garbage bags have served these investigators well), as long
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as it is flexible and is put in place with minimal manipula-
tion and stretching of the carotid artery.

13. As carotid arteries are typically subject to minimal move-
ment, longer acquisition times such as recommended here
can be used to improve optical imaging resolution.

14. When performing a sequential imaging study, take care
to avoid too long cumulative exposure time to prevent
bleaching. Limit excitation exposure to instants required
for imaging and minimize frequency of imaging to the
necessary.

15. For any given set of fluorescent emission spectra, PMT fil-
ter settings should be adjusted to optimize photon detec-
tion of 1 fluorophore per PMT, while minimizing bleed-
through from the other markers used.

16. When annexin A5-biotin is not available or undesired,
a direct immunohistochemical stain for annexin A5 can
be performed using anti-annexin A5 antibodies (Hyphen
Biomed, France).

17. The total volume prepared can be scaled up or down while
keeping the constituents’ relative proportions equal.
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Chapter 9

Intravital Fluorescence Microscopic Molecular Imaging
of Atherosclerosis

Farouc A. Jaffer

Abstract

Atherosclerosis is a lipid deposition and inflammatory disease that results in considerable morbidity and
mortality worldwide. Advances in molecular imaging, particularly near-infrared fluorescence imaging,
are now enabling the in vivo study of fundamental biological processes that govern atherogenesis and
its complications. Here we describe applications of near-infrared fluorescence reporter technology and
intravital fluorescence microscopy to elucidate important biological processes in atherosclerosis in vivo.

Key words: Atherosclerosis, near-infrared fluorescence, molecular imaging, intravital microscopy,
inflammation.

1. Introduction

Progression and complication of atherosclerotic plaques may pro-
duce unheralded sudden cardiac death, myocardial infarction,
stroke, and ischemic limbs. Unraveling of the underlying biology
of atherosclerosis has provided new opportunities to limit these
devastating complications; however, improved understanding and
treatment of atherosclerosis remains urgently needed.

Molecular imaging, specifically optical molecular imaging, is
well positioned to provide novel insight into atheroma initiation,
progression, and complications in vivo (1–3). The development
of multichannel intravital fluorescence imaging systems in con-
cert with versatile fluorescence reporter agents is permitting a
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high-resolution window into atherosclerosis biology in vivo.
In particular, a multitude of new near-infrared fluorescence
(NIRF) imaging agents has significantly expanded the capa-
bilities of intravital microscopy. Imaging in the NIR win-
dow offers several advantages compared to visible light flu-
orochromes, including increased penetration depth of NIR
photons due to markedly reduced blood photon absorp-
tion, as well as reduced tissue background autofluorescence
(4, 5). Recent studies employing NIRF reporters have shed
light in vivo insight on macrophage phagocytic activity,
cysteine protease activity, and osteogenesis in atherosclerosis
(6–8). Substantial growth in intravital fluorescence imaging stud-
ies is anticipated in the next several years as NIRF imaging agents
and intravital systems become routine components of vascular
biology research centers.

2. Materials

2.1. Intravital Laser
Scanning Microscope

1. For acquisition of optical sections through atheromata
in vivo, a commercially available system is the IV100 (Olym-
pus, Japan). The system is capable of rapid, interleaved detec-
tion of three fluorochromes for multicolor fluorescence detec-
tion. The system has laser excitations at 488, 561, 633, and
748 nm (the latter two channels allowing detection of NIRF
agents) (9). Objectives (standard and “stick”) allow imaging
from 1× to 50× optical zoom. Optical sections (similar to
confocal microscopy) are obtained using a motorized plat-
form. Anesthesia for small animals may be delivered via a gas
regulator with isoflurane.

2. Digital camera – the Olympus IV 100 does not have white
light reflectance based imaging capability. Digital photography
of the imaged atheroma, particularly in serial studies, is helpful.

3. ImageJ Software Analysis Program (version 1.40, freeware,
NIH, http://rsbweb.nih.gov/ij/download.html).

2.2. Near-Infrared
Fluorescence
Imaging Agents

1. Selection depends on the specific molecular/cellular target(s)
to be investigated.

2. Phosphate buffered saline (1× PBS) or 0.9% (normal) saline
for dilution of imaging agents.

3. Mouse tail vein injection setup (narrow diameter plastic intra-
venous tubing that can snugly house a 30-gauge needle; 0.5-
to 1.0-ml syringe).
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2.3. Angiographic
Fluorescence
Imaging Agents

1. Fluorescein isothiocyanate (FITC)-dextran (MW 2,000,000,
Sigma catalog FD2000 s). Excitation/emission 490/520 nm.
Stable for 2–3 years at 4◦C.

2. Alternatively, if a near-infrared channel is available, a long half-
life NIRF intravascular agent may be used (Angiosense680
(10) or Angiosense750, Visen Medical) or shorter half-life
agent indocyanine green (ICG, 5 mg/kg, excitation 780 nm).

2.4. Murine
Atherosclerosis
Model

1. Apolipoprotein E deficient (ApoE–/–, females, B6.129P2-
Apoe<tm1Unc>/J Jackson Labs, 8–9 weeks on arrival, see
Note 1).

2. High-cholesterol diet (0.2% commonly used).
3. Optional: cholesterol measurement kit (cholesterol kit; colori-

metric assay, spectrophotometer for absorption measurement).

2.5. Surgical Setup
for Carotid Arterial
Dissection

1. Stereomicroscope, standard rodent animal surgical
equipment for vascular dissection (surgical instruments;
ketamine/xylazine for anesthesia (see Note 2)).

2. Place intrvaneous tubing (0.3 mm diameter) to be placed
underneath the vessel, to aid localization of atheromata (will
absorb light).

3. Tail vein catheter (intravenous tubing with 30 G needle on the
front end).

2.6. NIRF-Enabled
Fluorescence
Microscope for
Fluorescence
Microscopy

1. A commercially available NIRF-capable system is the Eclipse
80i epifluorescence microscope (Nikon, Japan, see Note 3).

2. Standard histopathological setup for obtaining frozen sec-
tions: optical cutting temperature (OCT) compound (Sakura
Finetek), cryotome, and glass slides.

3. Microscopy image acquisition and analysis software.

3. Methods

Carotid atheromata of ApoE–/– mice are surgically exposed for
intravital microscopy (6–8). Multichannel intravital fluorescence
microscopy is next performed using near-infrared and visible light
fluorochromes. Compared to visible light fluorochromes, near-
infrared fluorescence (NIRF) reporters offer greater depth pen-
etration and signal-to-noise detection due to reduced photon
absorption and less tissue autofluorescence, respectively. Multi-
channel high-resolution optical sections (10 × 10 × 10 μm
resolution) are next obtained allowing multiplexing of various
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biological targets/processes in vivo. The following step-by-step
method plan details the experimental procedure.

3.1. Development of
Atherosclerosis

1. Obtain institutional animal committee approval for planned
experiments.

2. Initiate ApoE–/– mice on high-cholesterol diet from age
10–24 weeks (see Note 4).

3. Confirm the effect of high-cholesterol diet by cholesterol mea-
surement (see Note 5).

3.2. Injection of
Imaging Agents

1. Inject (via i.v. tail vein) long-circulating atherosclerosis-
targeted agents 24 h prior to imaging: magnetic nanoparticles
(e.g., iron oxide)-based agents typically at a dose of 5–10 mg
Fe/kg; protease-activatable agents typically at a dose of
80–200 nmol/kg.

2. Inject vascular angiographic agents immediately prior to imag-
ing: FITC-dextran 0.5 mg per mouse (excitation 488 nm) or
Angiosense 2 nmol/mouse (excitation 680 nm or 750 nm),
or indocyanine green 5 mg/kg (excitation 780 nm).

3.3. Preparation of
Mouse for IVFM

1. Induce anesthesia with ketamine (IP 100 mg/kg) and xylazine
(IP 5 mg/kg); give maintenance doses every 30–45 min (see
Note 2).

2. Place tail vein catheter (see Note 6).
3. Make a vertical surgical neck incision just off the midline on

the side of the carotid of interest; typically the right carotid
artery is selected.

4. Bluntly dissect and expose the distal common carotid artery
(see Note 7). Plaques are typically at the distal vessel (towards
the head) and usually extend into the bifurcation/trifurcation
of this vessel.

5. Place a small piece of plastic tubing gently underneath the
artery to facilitate vessel localization on IVFM.

6. Obtain high-magnification digital photograph of exposed sur-
gical field/carotid plaque – particularly helpful for serial imag-
ing studies where precise registration of the initial imaging
field is necessary.

7. Transfer surgically exposed animal to the intravital imaging
system.

3.4. IVFM Data
Acquisition

1. Choose 4× objective for imaging (see Note 8) (Figs. 9.1 and
9.2).

2. Rapidly localize carotid atheromata on fluorescence images
by an absorbing or fluorescent phantom under the vessel (see
Note 9).
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Fig. 9.1. In vivo detection of macrophage phagocytic activity in atherosclerosis using a
macrophage-targeted near-infrared fluorescent nanoparticle (CLIO-Cy5.5). a Following
CLIO-Cy5.5 (ex/em 673/694 nm, dose 10 mg iron/kg) injection 24 h beforehand, the
right carotid artery of an ApoE–/– mouse is surgically exposed in preparation for intrav-
ital laser scanning fluorescence microscopy. A typical yellowish-white atherosclerotic
plaque is present at the distal common carotid artery bifurcation. A fluorescent phan-
tom is used as reference during imaging (placed adjacent to the plaque). The dashed
box represents the region displayed in laser scanning fluorescence microscopy imaged
in (b). b Following indocyanine green (ICG) injection, a vascular angiogram becomes
evident, along with an intravascular filling defect due to the plaque. In the Cy5.5 NIR
channel, strong focal plaque signal is evident. Merged image of the ICG and Cy5.5 sig-
nal confirms colocalization of the macrophage Cy5.5 signal to the filling defect seen
on the angiogram. c Fluorescence reflectance imaging of an excised carotid atheroma
from an ApoE–/– CLIO-Cy5.5-injected animal shows bright enhancement in the Cy5.5
channel, consistent with NIR nanoparticle uptake by plaque macrophages, and distinct
from FITC-channel autofluorescence. d Correlative immunohistochemistry confirms that
the NIRF signal colocalizes with immunoreactive plaque macrophages (right). Modified
by permission from Pande et al. (6).

3. Set laser power and gains for target channels. This takes some
individualization based on the anticipated signal-to-noise
in vivo. The goal is to maximize dynamic range without sat-
urating (“clipping”) the data. A helpful strategy is to have
two power settings, a low power and a high power setting
for each subject/each study. Using the same power settings
thought the study facilitates comparison between subjects (see
Note 10).

4. Set imaging boundaries in the z-direction – this defines the
IVFM stack. In practice NIR fluorochromes can be detected
up to 300 μm below the external surface (adventitia) of the
plaque. Typical parameters thus utilize 30 slices with a slice
thickness of 10 μm.

5. Inject vascular angiographic agent (e.g., FITC-dextran,
Angiosense, ICG) via tail vein. Begin live imaging (choose a
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Fig. 9.2. Two-channel intravital fluorescence microscopy (IVFM) of cathepsin K pro-
tease activity in carotid plaques of ApoE–/– mice. At 24 h prior to imaging, a cathepsin K
NIRF agent (ex/em 670/690 nm, dose 200 nmol/kg) was injected intravenously. During
IVFM, a second spectrally distinct NIRF agent (Angiosense750, ex/em 750/770 nm, dose
2 nmol) was co-injected to provide a vascular angiogram. a Fusion images of cathep-
sin K protease activity (green) and Angiosense750 signal (red angiogram) reveal focal
NIRF signal (arrowhead) indicating abundant cathepsin K activity. b A control NIRF agent
(the amino acid analog of the cathepsin K agent) shows relatively scant NIRF signal,
indicating that cathepsin K cleavage of the peptide substrate is required to generate
substantial NIRF signal. c and d Summation projection images (obtained by ImageJ
analysis) demonstrate greater plaque signal with the cathepsin K agent compared to the
control, uncleavable D-analog agent. e Quantification of plaque target-to-background
ratio distinguishes the cathepsin K NIRF agent from the control NIRF agent. Reproduced
by permission from Jaffer et al. (7).

slice in the middle of the imaging stack containing the vessel)
until a vascular angiogram is apparent.

6. Acquire multichannel image stack, and repeat as indicated if
temporal data is required, as well as varying power settings and
zooms. In the usual multichannel acquisition, one channel will
be for the angiogram, and the other one or two channels will
be used for molecular/cellular targets of interest.

7. For survival experiments, remove phantom and surgically close
the incision, and provide analgesia per animal committee-
approved protocol.

3.5. Image Analysis 1. Obtain and analyze image stacks from the IV100 system.
Images are typically stored as multi-layer tiff files. In a three-
channel experiment, if 50 slices were acquired, there will be
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50∗3 = 150 images. The first 50 would be from channel 1
(typically the 488-nm channel), the next 50 would be from
channel 2 (typically the 633-nm channel), and last 50 would
be from channel 3 (typically the 748-nm channel).

2. Analyze images with NIH ImageJ: Choose “Z-Project”
from the menu. Input the start slice (e.g., 51) and the
end slice (e.g., 100). Next choose projection type: Sum
slices (not maximal intensity or other choices). An exam-
ple summation projection image is provided in Fig. 9.2 (see
Note 11).

3. Use the manual ROI tool (either freehand or polygon tool)
to circle the fluorescent region of interest. It is imperative to
recognize that the fluorescent signals may define only part of
the atheroma. It is therefore very helpful to review the digital
photographic images and angiograms obtained to looking
for plaque, vascular filling defects, and side branches. This
information increases the accuracy/confidence of these mea-
surements.

4. After drawing the ROI of the target area, select Measure
from the menu. Record the area (check header for units,
typically in cm2) and mean (average signal intensity = total
signal in ROI/# pixels in ROI).

5. Repeat ROI measurement for a background fluorescence
signal in the vessel (non-plaque region as confirmed by
digital photography and angiogram image). The target-
to-background ratio is calculated as average signal inten-
sity(plaque)/average signal intensity(background). This can
be repeated for each channel of interest. An example is pro-
vided in Fig. 9.2.

3.6. Fluorescence
Microscopy

1. Fluorescence microscopy of plaque sections provides crit-
ical corroborative data for intravital imaging results (i.e.,
Fig. 9.1).

2. At the end of the study, sacrifice and perfuse the animal with
saline to clear residual fluorochromes from the vasculature
(see Note 12).

3. Resect carotid artery and embed fresh in OCT compound
and freeze at –80◦C.

4. Perform fluorescence microscopy of cryocut 5-μm fresh-
frozen sections. The typical exposure times on the Nikon
80i 680 channel: 1–5 s; 750 channel 5–30 s (see Note 13).

5. Obtain 488 channel fluorescence (exposure time 0.5–1 s)
to obtain tissue autofluorescence and confirm unique flu-
orescence distribution of targeted NIR fluorochromes (see
Note 14).
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6. Perform microscopy image data analysis – one can obtain
merged/blended fluorescence images and perform ROI
threshold analysis for quantification of the fluorescence sig-
nal distribution in plaque sections.

7. Perform correlative immunohistochemistry/histopathology
to confirm specificity of NIRF signal obtained on fluores-
cence microscopy.

4. Notes

1. In addition to ApoE–/– mice, LDL-receptor-deficient mice
are also commonly used but develop atherosclerosis more
slowly.

2. Isoflurane gas anesthesia may be used, but compared
to ketamine/xylazine, we have observed that isoflurane
increases carotid arterial pulsation artifacts presumably due
to its vasodilatory properties.

3. Fluorescence microscopy is an excellent molecular research
tool that naturally supports intravital fluorescence imag-
ing studies. Of note is that most commercial fluorescence
microscopes do not have the routine filters to detect NIR
channels; this requires customized NIR filters. The Nikon
80i epifluorescence microscope can resolve two NIR chan-
nels (e.g., 680 and 750 nm) using appropriate bandpass
excitation and emission filters as well as dichroic mirrors. As
an alternative, the IV100 system itself, while not optimized
for confocal microscopy of slides, could also be investigated
for this purpose (n.b. routine confocal microscopes are not
able to detect far red fluorochromes (>700 nm)).

4. This high cholesterol diet protocol produces animals
with visible carotid atheromata approximately 85–90% of
the time; dermatitis and stopped posture may occur in
cholesterol-fed animals > 30 weeks of age.

5. Cholesterol values for 20–50 week ApoE–/– mice on chow
diet is 275 mg/dl and increases to >450 mg/dl on the
above 0.2% cholesterol supplemented diet (11).

6. It may be easier to place tail vein under isoflurane, which is
vasodilatory, then switch over to ketamine/xylazine for the
remainder of the experiment.

7. Avoid excessive trauma to vagus nerve running along side
the carotid artery or the mouse may suffer a respiratory
arrest.
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8. Higher magnification objectives (10× and above) often
reduce image quality because of pulsation motion artifact
sensitivity. Of note is that the IV100 system allows a twofold
zoom feature without changing objectives, so that the user
can acquire 8× magnification images with the 4× objective.

9. As PE-10 tubing is absorptive in many fluorescent channels,
the associated signal void can be used to localize the carotid
artery, obviating the need to fill the PE-10 phantom with a
fluorochrome.

10. Fluorescence image artifact, particularly in the 750 channel,
may occasionally be seen. Adding saline to the field may
help to reduce this artifact.

11. While time consuming, it may be helpful to analyze each
slice within the image stack, as the individual images are
higher resolution than projection image.

12. Perfusion with harsh fixatives such as formaldehyde may
damage bound fluorochromes. Fresh frozen tissue is the
safest way to ensure the integrity of tissue fluorochromes.

13. Typical broadband halogen light sources have relatively
fewer excitatory photons in the NIR window, thus requiring
relatively longer exposure times compared to visible light
fluorochromes.

14. In the 488-nm channel, atheroma sections usually show
substantial signal in the media of the vessel due to elastin
fiber autofluorescence, as well as plaque autofluorescence
from collagen and macrophages (hence the rationale for
using NIR fluorochromes for targeted imaging).
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Chapter 10

MR Imaging of Transplanted Stem Cells in Myocardial
Infarction

Dara L. Kraitchman, Dorota A. Kedziorek, and Jeff W.M. Bulte

Abstract

Recently, several protocols for labeling of stem cells with superparamagnetic iron oxides (SPIOs) have
been developed, leading to an active and growing field aimed at visualizing stem cells using MRI (mag-
netic resonance imaging), including image-guided stem cell injections. This development occurred simul-
taneously with a significant rise in the number of cell therapy clinical trials for cardiovascular applications
and their preceding pre-clinical studies in animal models. In this chapter, we will describe several labeling
strategies that can be used to label cells with SPIO nanoparticles. This is followed by a discussion of
current strategies for using MRI to visualize these cells in myocardial infarct.

Key words: Magnetic resonance imaging (MRI), stem cells, superparamagnetic iron oxide (SPIO),
cellular labeling, cellular imaging, myocardial infarct.

1. Introduction

Magnetic resonance imaging (MRI) is an ideal technique for pre-
cise MR-guided delivery of cells followed by monitoring of their
trafficking within the body. On the one hand, MRI offers the
interactivity of X-ray interventional techniques without exposing
the patient or cells to ionizing radiation. On the other hand, the
high spatial resolution and exquisite soft tissue detail of MRI are
superior to X-ray cardiac interventional methods, which can only
provide information about the lumen of the heart or vessels
in combination with iodinated contrast agents. Moreover, MRI
allows non-invasive, serial imaging for dynamic tracking of cell
migration and engraftment (1–12).
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There are many magnetic labeling methods to detect cells
with MRI. Pre-labeling with superparamagnetic iron oxide
(SPIO) contrast agents is currently the most widely used method
(13–17). SPIO-labeling methods are relatively simple, fast, and
inexpensive. Among the different MR contrast agents that are
available, SPIO particles offer currently the highest sensitivity
(18). Several clinically approved formulations of SPIO-based con-
trast agents are available that have been used for cell labeling in
a variety of diseases. The toxicity of the magnetic nanoparticles is
low, since they are composed of biocompatible iron which can
be recycled using endogenous iron metabolic pathways. Com-
pared to gadolinium-based contrast agents, SPIOs become more
effective upon cell internalization due to particle clustering and,
thereby, create large “blooming” hypointensities on standard clin-
ical MRI scanners (18). While SPIOs are not internalized by
non-phagocytic cells without further modification, simple meth-
ods to induce internalization and uptake have been developed
and tested in a variety of stem cells. One of the most commonly
used method is “magnetofection” – a method where transfection
agents (TAs) are complexed with SPIOs to provide the formation
of SPIO oligomers with a highly positive surface charge (15),
which induces macropinocytosis (endocytosis) of the SPIO-TA
complexes (13, 14). Concentrations of 2–20 pg iron/cell can be
easily achieved after 24–48 h incubation in vitro (13). After mag-
netic labeling of stem cells, SPIOs are stably maintained in endo-
somes enabling the imaging of stem cells for several months after
delivery to the heart (3, 5, 9, 18).

Magnetoelectroporation (MEP) is another method of SPIO
cellular labeling. MEP uses small pulsed voltages to induce intra-
cellular uptake of SPIOs (16, 17, 19). No transfection agents are
needed, which may aid in more rapid clinical translation. In addi-
tion, millions of cells can be labeled in seconds using MEP, which
may be important in certain cell lines that are altered by cultur-
ing in vivo due to adhesion to tissue culture plastics leading to
morphological changes. Furthermore, for cardiac cellular delivery,
MEP may prove to be the method of choice where cellular deliv-
ery cannot be delayed by 24–48 h after an acute cardiac event, in
particular when using off-the-shelf frozen stem cells within hours
after a patient would be brought in.

Both magnetofection and MEP can be used to label cells with
a variety of contrast agents, including manganese oxide nanopar-
ticles (19). A recent study performing a head-to-head compar-
ison of magnetofection and MEP demonstrated preserved cell
viability and proliferation in embryonic stem cells by both tech-
niques (20). However, cardiac differentiation of embryonic stem
cells was most attenuated by MEP and iron uptake was great-
est with magnetofection (20). This study has shown the impor-
tance of carefully selecting the magnitude and form of the applied
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electrical pulses. Detailed methods using these techniques to label
stem cells for cardiovascular applications using SPIO contrast
agents are given below.

2. Materials

2.1. Cell Culture
and Preparation

1. Stem cell media, suitable for specific cell type, e.g., MEM
alpha supplemented with 10% fetal bovine serum and 1%
antibiotic/antimycotic containing penicillin, streptomycin,
and amphotericin B for mesenchymal stem cells.

2. Phosphate buffered saline (PBS), 10 mM phosphate, 0.9%
NaCl, pH = 7.4.

3. Trypsin (0.5 g/l) with ethylenediaminetetraacetic acid
(EDTA 0.2 g/l), prewarmed to 37◦C in a water bath
before use. Long-term storage of trypsin should be at
–80◦C.

2.2. Labeling with
Transfection Agents

Transfection agents (TAs) are highly charged molecules that will
form complexes with iron oxide particles through electrostatic
interactions. There are several classes of these agents, but the most
convenient and most commonly utilized labeling methods are
those based on commercially available TAs that are polycations,
including dendrimers, such as Superfect R©, poly-L-lysine (PLL),
Lipofectamin R©, and FUGENE R©. SPIOs are used in conjunction
with TAs to label cells and can be distinguished primarily based on
the size of the nanoparticles. For brevity, we list several formula-
tions that are approved or under development by major pharma-
ceutical companies.

1. Iron oxide contrast agents:
(a) Commercially available ferumoxides are Feridex R©

(Berlex Laboratories Inc., Wayne, NJ, USA) or
EndoremTM (Guerbet SA, Paris, France). Ferumoxide
stock solution contains 11.2 mg Fe/ml with parti-
cles approximately 80–150 nm in diameter (21). Fer-
umoxide stock solution should be stored at 4◦C, and
should not be frozen. Feridex R© is an FDA-approved
liver contrast agent since 1996. In Europe, this com-
pound is registered under name Endorem; both are
identical. Both agents contain a dextran coating as a
stabilizer.

(b) Ferucarbotran (Resovist, Bayer Schering Pharma AG,
Berlin, Germany) is an SPIO composed of nanoparti-
cles coated with carboxydextran. It is currently used for
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the detection and characterization of focal liver tumor
lesions and approved for clinical use in the European,
Australian, and Japanese markets (see Note 1), as well as
labeling cells.

(c) Ferumoxtran (SineremTM, Guerbet SA, Paris, France, or
Combidex R©, AMAG Pharmaceuticals Inc., Cambridge,
MA, USA) is a member of the ultrasmall superpara-
magnetic iron oxide (USPIO) class of contrast agents
with a median diameter <50 nm. Due to the smaller
diameter, these particles will not be taken up by the
reticuloendothelial system as quickly as SPIOs when
injected intravenously. Thus, they tend to accumulate in
lymph nodes and are used to distinguish normal from
metastatic nodes (see Note 2). The particles are much
less magnetic than SPIOs and also complex less well with
TAs and have therefore not been widely used for mag-
netic labeling.

2. Transfection agents:
(a) Poly-L-lysine (PLL, Sigma, St Louis, MO, USA) as a

hydrobromide with a molecular weight of 388,000 Dal-
tons is the most commonly used TA. A stock solution
of PLL in sterile water at a concentration of 1.5 mg/ml
should be stored in –20◦C.

(b) Protamine sulfate (American Pharmaceuticals Partner,
Schaumburg, IL, USA), which is a drug used clinically
to reverse the effects of heparin therapy, is another com-
monly used TA. It is available in bottles at a concentra-
tion of 10 mg/ml, and stored at 4◦C.

Both transfection agents may be used (see Note 3).

2.3. Magnetoelectro-
poration

1. Ferumoxide stock solution. (See Section 2.2.)
2. Electroporation cuvettes, 0.4 mm gap (Gene Pulser BioRad,

Hercules, CA). It is important to deliver electrical pulses
with the proper field strength and duration. The exact pulse
delivery will be dependent on the type of cells that will
be labeled. Mammalian cells typically require field strengths
up to 6.15 kV/cm, which can be obtained using a 0.4-cm
cuvette.

3. BTX electroporation system (Harvard Apparatus, Holliston,
MA).

4. Culture media and 10 mM PBS as in Section 2.1.

2.4. Magnetic
Resonance Imaging

1. Clinical MRI scanner equipped with surface coils to image
the heart.

2. MRI-compatible ECG leads and monitoring equipment.
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3. Methods

3.1. Cell Culture
and Preparation

1. Prior to labeling, the cells must be prepared in a clean, sterile
environment. The cells can be frozen and thawed immedi-
ately prior to labeling. To obtain a high fraction of viable
cells, they can be cultured overnight following the removal
of dead cells.

2. When stem cells approach confluency in a culture dish/flask,
remove the old media and wash the monolayer once or twice
with PBS.

3. Remove PBS with a pipette and add a minimal volume
(∼1 ml for a T-75 flask) of prewarmed trypsin.

4. Incubate the cells in trypsin for at 37◦C in humidified,
enriched in 5% CO2 air, then check microscopically to deter-
mine whether the monolayer of cells is lifting off the culture
dish.

5. When single cell suspension has been obtained, add ∼10 ml
of complete media and transfer the cell suspension to a sterile
15-ml conical tube and spin the cells on tabletop centrifuge
(∼ 600×g for 10 min).

6. Discard the supernatant carefully, so as not to disturb the cell
pellet and resuspend the cells in complete media for count-
ing.

7. Once the number and concentration of cells has been deter-
mined, reseed the cells. For example, MSCs typically will be
reseeded into a fresh T-75 flask at a concentration of ∼2 ×
105 cells/ml.

3.2. Complexing of
SPIO and Labeling
Using Transfection
Agents

Each combination of TA and (U)SPIOs should be carefully
titrated and optimized, since too low concentrations may not lead
to sufficient cellular uptake, whereas too high concentrations may
induce precipitates or may be cytotoxic. The examples below are
given for PLL and protamine sulfate (21). Figure 10.1 shows
a representative example of intracellular labeling with Feridex R©-
PLL for a variety of cell types.

3.2.1. Poly-L-lysine 1. Use sterile culture medium, specific for the cell type being
used, and add 2.2 μl Feridex R© stock (11.2 mg Fe/ml,
Berlex Laboratories) per ml of medium in order to prepare
a medium solution containing 25 μg Fe/ml. Mix well (see
Notes 1–4).

2. Add transfection agent to the Feridex R©-medium at the
appropriate concentration, i.e. 375 ng/ml (250 nl/ml
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Fig. 10.1. Labeling of cells using Feridex R©-PLL complexes. Cells were labeled for 48 h
with 25 μg Fe/ml Feridex and 375 ng/ml PLL. Prussian blue staining of labeled human
embryonic germ-derived pluripotent stem cells (a), human mesenchymal stem cells (b),
and swine mesenchymal stem cells (c) show an efficient intracellular uptake of particles
into endosomes that is non-specific across species.

medium using the 1.5 mg/ml stock). Mix well (see Notes
2 and 4).

3. Incubate the PLL-Feridex R© medium for 60 min at room
temperature using a rotating shaker. This allows the forma-
tion of PLL-Feridex R© complexes through electrostatic inter-
actions.

4. For adherent cells, remove the old medium, and add the
PLL-Feridex R© containing medium. For floating cells, spin
the cells down at 400×g and resuspend the pellet in the
PLL-Feridex R© medium. For cells that are very sensitive to
(autocrine) growth factors and supplements in the medium,
spin the cells down at 400×g, resuspend the cells in 50% old
medium, and add 50% PLL-Feridex R© medium containing
50 μg Fe/ml Feridex R© and 750 ng/ml PLL.

5. Incubate cells for 24–48 h. Shorter incubation times will
induce less uptake.

3.2.2. Protamine Sulfate 1. Dilute protamine sulfate in distilled water to a concentration
of 1 mg/ml just before initiating labeling.

2. Combine (U)SPIOs with appropriate serum-free media
based on the cell type to obtain a concentration of 100 μg
Fe/ml. For example, add 9 μl of ferumoxide formulation
per every 1 ml of media for MSCs.

3. Add protamine sulfate to the (U)SPIO solution to obtain a
concentration of 4.5–6 μg/ml (22–24) and mix the solution
for 5–10 min.

4. After 5–10 min, add an equal volume of standard cell culture
media with a double concentration of serum to create a final
ferumoxide concentration of 50 μg/ml.

5. Replace old media in cell culture with newly created media
with (U)SPIO–protamine sulfate complexes and incubate
with cells overnight.
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6. After overnight incubation, remove the media containing
(U)SPIO-protamine sulfate complexes, rinse the cells with
warm PBS, trypsinize, and collect for counting and admin-
istration.

3.3. Magnetoelectro-
poration

1. Remove media and wash cells with PBS.
2. Trypsinize and count cells. After counting, spin the cells

using a tabletop centrifuge (∼600×g for 10 min for MSCs)
and wash with PBS.

3. Resuspend the cells in 10 mM sterile PBS at a den-
sity of 1–5 × 106 cells/ml (see Note 5) and transfer to
sterile electroporation cuvette(s). While cell suspensions
<1 ml/cuvette may be used, care must be taken to ensure
that the cuvettes are entirely filled with the cell suspen-
sion. For example, using the BTX apparatus and 0.4-mm
gap electroporation cuvettes, the total volume of cell sus-
pension mixed with (U)SPIOs cannot be smaller than
700 μl.

4. Add (U)SPIOs to obtain a final concentration (after mix-
ing with cell suspension) of 2 mg Fe/ml. For example,
mix 130 μl of ferumoxides with 600 μl of cell suspen-
sion to obtain a final cuvette volume equal to 730 μl
(see Note 6).

5. Using the BTX electroporation system (see Fig. 10.2), elec-
troporate cells using the following conditions: 50 V pulse
strength; 5 ms pulse duration; and 20 pulses in intervals of
100 ms.

Fig. 10.2. Instant MR labeling of cells using magnetoelectroporation (MEP). a Cells are
suspended in a sterile electroporation cuvette (arrow), mixed with Feridex R©, and placed
in a cuvette holder. b Using the connected electroporator, cells are mildly permeabilized
for 10–20 ms. c Magnetic labeling is instantaneous, and Feridex clusters are trapped
in the cytoplasm as demonstrated by anti-dextran immunofluorescent staining (green
clusters).

6. Leave the cuvettes in the holder for 1 min, transfer to ice,
and let them to rest for 5 min to allow for membrane
recovery.

7. Remove the small top layer of foam and transfer cells to
50-ml conical tube containing culture media. Leave the
tube with cells on ice for at least 15–20 min.
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8. Wash the cells twice with PBS. Spin the cells in media using
a tabletop centrifuge (∼600×g for 10 min).

9. Remove the supernatant, resuspend MSCs in fresh, sterile
10 mM PBS, and spin down again. Repeat Steps 8 and 9
and then proceed to Step 10.

10. Discard the supernatant and resuspend cell pellet in 1 ml
(or other desired amount) of PBS. Count the cells and
dilute to final concentration for administration.

3.4. Cardiac
Magnetic Resonance
Imaging

SPIO-labeled stem cells can be delivered several ways includ-
ing direct visualization during open-chest procedures, intracoro-
nary administration using conventional angiographic catheters,
and transmyocardially using specialized catheters for delivery of
therapeutics to the myocardium. High spatial resolution T2∗-
weighted images will depict the labeled cells as hypointensities
(see Fig. 10.3). Because these hypointensities can be hard to dis-
tinguish from other hypointensities, such as calcified plaque or
metallic objects like stents, off-resonance imaging techniques have
been developed to portray the magnetic susceptibilities from iron-
labeled cells as hyperintense signal (25–29) (see Fig. 10.4).

3.4.1. T2∗-Weighted
Imaging

1. For high-resolution imaging, images are acquired over mul-
tiple cardiac cycles using ECG-gating. Motion artifacts from
breathing are suppressed using either navigator echo tech-
niques or breath-holding.

Fig. 10.3. MR-guided real-time injection of Feridex R©-labeled MSCs in a dog myocardial infarct model. a Still frame
long-axis view from real-time MRI demonstrating Feridex R©-labeled MSCs as hypo-enhancing artifacts (arrows) after
initial two injections at 3 days post-infarction (MI). Top lesion is 7 × 106 Feridex R©-labeled MSCs; bottom lesion is
3 × 106 labeled MSC with 4 × 106 unlabeled MSCs. At 8 weeks after injection, initial two injections (c, upper arrows)
are still visible, as well as additional injections (c, lower arrows) with as low as 1 × 105 labeled MSCs at initial injection in
fast gradient echo images (FGRE). Hypo-enhancing artifacts change from round lesions to linear lesions by 8 weeks and
align along the edge of the infarct (hyper-enhancing artifact [MI]) on delayed contrast enhanced (DCE) MRI (b). (Adapted
from Bulte et al. (5), with permission.)
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Fig. 10.4. Positive contrast (IRON) imaging of Feridex R©-labeled MSCs transplanted in the hindlimb muscle of an
ischemic rabbit. Adjacent double-oblique slices (a–c) from an in vivo 3T FSE 3D IRON acquisition obtained in an ischemic
rabbit hindlimb with two injection sites of SPIO-labeled MSCs (2.5 × 105 cells at dotted white arrow and 1.25 × 105 cells
at solid white arrow). Note the excellent background suppression that leads to clear visualization of the stem cell injection
sites with positive contrast and a larger volume of hyperintense signal for the 250,000-cell injection site. (Adapted from
Stuber et al. (28), with permission.)

2. While T2∗-weighting can be obtained using several imaging
techniques, gradient echo imaging with an extended echo
time (TE) that does not degrade cardiac images appears to
provide the best compromise in image quality on clinical
scanners (2).

3. Typical gradient echo imaging parameters are 6 ms repeti-
tion time (TR); 1.6 ms TE; 20◦ flip angle; 512 × 512 image
matrix; 5–8 mm slice thickness (ST): 32-kHz bandwidth
(BW); and 2–4 number of signal averages (NSA). Images are
acquired in the standard short or long axis planes to cover
the extent of the left ventricle.

3.4.2. Off-Resonance
Imaging

There are several types of off-resonance imaging techniques that
have been used to image (U)SPIOs. One method uses a spec-
tral excitation in combination with spin echo imaging, which is
probably not well-suited for cardiac applications (26). Another
method, GRadient echo Acquisition for Superparamagnetic par-
ticles/suscePtibility (GRASP), modifies the refocusing pulses to
create positive contrast from iron-labeled cells (27, 30). Back-
ground suppression using this technique is excellent. A third
method, Inversion-Recovery with ON-resonant water suppres-
sion (IRON), uses frequency-selective prepulses to suppress the
water signal leaving positive contrast from iron-labeled cells (28).
While not providing as much background suppression as the
GRASP method, IRON MRI provides the flexibility to be com-
bined with either spin echo or gradient echo techniques as well as
two-dimensional single plane or three-dimensional volume acqui-
sitions (see Fig. 10.4). Recently, it has been demonstrated that
these off-resonance imaging techniques will not benefit from field
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strengths > 4.7T (31). Thus, these techniques are ideal for use on
currently available clinical scanners.

1. As with T2∗-weighted imaging, ECG-gating and respiratory
gating or breath holds are used to suspend cardiac and res-
piratory motion, respectively.

2. Typical imaging parameters for three dimensional fast spin
echo IRON imaging at 3T are 2 ms TR; 11.6 ms TE; 24
echo train length (ETL): 11.6 ms interecho spacing; 170 Hz
bandwidth water suppression; 95◦ iron saturation pulse.
In the heart, fat suppression is recommended. Depend-
ing on the number of (U)SPIO-labeled cells per voxel and
the image resolution, the off-resonant positive contrast will
appear as hyperintense areas surrounding the cells and with
a typical dipole appearance. The volume of the hyperinten-
sities can be measured to determine a relative concentration
of labeled cells.

4. Notes

1. Instead of using complete medium, PLL-Feridex R© complex
formation may also be carried out in serum-free medium.

2. The amount of TA should be carefully titrated and opti-
mized for each cell type. The suggested concentration of
375 ng/ml is only a guideline; this amount has been found
to provide sufficient SPIO endocytosis without affecting cell
proliferation or differentiation for most cell types.

3. Either PLL or protamine sulfate works well for cell label-
ing. For future clinical applications, protamine sulfate may
be preferred as it is already clinically used as an anti-heparin
product; however, in our experience, PLL labels most cells
more effectively than protamine sulfate.

4. It is mandatory to first add the Feridex R© to the medium
and mix very well before adding the PLL or other TA. If
this is not done, formation of large TA-SPIO aggregates and
precipitation will occur.

5. If cell density per cuvette exceeds 5 × 10 (6), cell clumping
can occur during MEP. Thus, using less than 2 × 10 (6) cells
per cuvette is recommended to avoid cell clumping (16).

6. Iron uptake will be determined in part by of the type of
cells. Cells with more cytoplasmic volume can be labeled
with a larger amount of SPIOs. In addition, increasing the
SPIO concentration can enhance intracellular iron uptake
during MEP. Walczak et al. have demonstrated a correlation
between concentrations ranging from 0.25 to 2 mg Fe/mL
and cellular iron uptake (16).
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Chapter 11

In Vivo Imaging of the Dynamics of Different
Variants of EGFR in Glioblastomas

Khalid Shah

Abstract

A number of altered pathways in cancer cells depend on growth factor receptors. The amplifica-
tion/alteration of the epidermal growth factor receptor (EGFR) has been shown to play a significant
role in enhancing tumor burden in a number of tumors, including malignant glioblastomas (GBM). To
dissect the role of EGFR expression in tumor progression in mouse models of cancer and ultimately eval-
uate targeted therapies, it is necessary to visualize the dynamics of EGFR in real time in vivo. Non-invasive
imaging based on quantitative and qualitative changes in light emission by fluorescent and biolumines-
cent markers offers a huge potential to facilitate drug development. Multiple approaches could be used
to follow a molecular target or pathway with the fusion of a bioluminescent–fluorescent marker. This
unit describes a protocol for simultaneously imaging EGFR activity and progression of GBM in a mouse
model. Human glioma cells transduced with lentiviral vectors bearing different combinations of fluores-
cent and bioluminescent proteins either fused to EGFR or expressed alone can be grown as monolayers
and maintained over several passages. The unit begins with a method for transducing glioma cells with
lentiviral vectors for stable expression of these fluorescent and bioluminescent markers in vitro, followed
by transplantation of engineered glioma cells in mice, and, finally, sequential bioluminescent imaging
of EGFR expression and GBM progression in mice. The protocol details characterization of engineered
glioma cells in culture, surgical preparation, craniotomy, cell implantation, animal recovery, and imaging
procedures to study kinetics of EGFR expression and GBM progression.

Key words: EGFR , glioma and in vivo imaging.

1. Introduction

In primary malignant GBMs, overexpression and amplification
of EGFR is found in 40–60% of the cases (1) making this the
most frequent oncogenic change in GBMs. In GBMs, EGFR
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amplifications are often accompanied by gene rearrangements,
resulting in seven known variant EGFRs (2) of which the
most common rearrangement is an in-frame deletion from exon
2–7, which results in a mutant receptor designated de2-7EGFR
(EGFRvIII) (3). Although EGFRvIII has a truncated extra-
cellular domain and is incapable of binding epidermal growth fac-
tor (EGF), the receptor is moderately but constitutively active
and has been shown to enhance the tumorigenic potential of
glioma cells in vivo (4). The fact that EGFR is frequently over-
expressed and mutated in GBMs, thereby up-regulating differ-
ent pro-survival pathways, makes it an excellent target for cancer
therapy. However, the lack of non-invasive assessment methods to
monitor the intended target (EGFR expression) and its influence
on the progression of GBMs in real time in experimental GBM
models is a major hindrance to further develop new and efficient
targeted therapies.

Non-invasive imaging based on quantitative and qualita-
tive changes in light emission by fluorescent and biolumines-
cent markers (for example, GFP, DsRed2, and firefly and Renilla
luciferase) offers a huge potential to facilitate drug development.
A combination of both fluorescent and bioluminescent marker
in one transcript would facilitate the study of the expression of
the intended target at different spatial resolution scales. Multiple
approaches could be used to follow a molecular target or path-
way with the fusion of a bioluminescent–fluorescent marker. For
example, this reporter could be placed under the control of a tran-
scriptional promoter that is responsive to the molecule or path-
way of interest. In another approach, this reporter can be fused
directly to the -N or the -C terminus of the mutated or overex-
pressed protein of interest. This chapter describes the use of engi-
neered glioma cells expressing recombinant EGF receptors fused
to fluorescent and bioluminescent markers to simultaneously fol-
low the EGF receptor expression and progression of GBMs both
in culture and in vivo in real time.

2. Materials

2.1. Cell Culture
and Viral
Transduction

1. Gli36 human primary glioma cells provided by Dr. Anthony
Capanogni (UCLA, CA)

2. Dulbecco’s Modified Eagle’s Medium (DMEM)
(Gibco/BRL, Bethesda, MD) supplemented with 10%
fetal bovine serum (FBS, HyClone, Ogden, UT).

3. Solution of trypsin (0.25%) and ethylenediamine tetraacetic
acid (EDTA) (1 mM) from Gibco/BRL.



Visualizing EGFR Activity In Vivo 155

4. 1× penicillin/streptomycin (from 200× stock, Invitrogen).
5. LV-EGFR-GFP-Rluc, LV-EGFRvIII-GFP-Rluc and LV-

Fluc-DsRed2 (5).
6. Polybrene (Fisher Scientific) (8 μg/ml from a stock solution

of 8 mg/ml in PBS).

2.2. Fluorescence
Microscopy

1. PBS
2. 4% paraformaldehydye solution
3. NH4Cl
4. Nail varnish

2.3. Bioluminescence
Imaging

1. D-Luciferin (firefly luciferase substrate) solution 150 mg/ml
in PBS.

2. Coelenterazine (substrate for Renilla luciferases) 1 mg/ml
stock in EtOH.

3. Bioluminescence imaging system with IVIS-200 or IVIS-
100 (Caliper) or similar bioluminescence imaging system.

2.4. Cell
Transplantation and
Imaging In Vivo

1. Nude mice (6–8 weeks old; Charles River Laboratories,
Wilmington, MA)

2. Anesthesia: ketamine, 120 mg/kg; xylazine 16.0 mg/kg
3. Stereotaxic frame (Harvard Apparatus, Cambridge, MA)
4. Hand-held micro-drill (Fine Science tools, Foster city, CA)
5. 0.45-mm Round drill burr (VWR, Willard, OH)
6. Fine scissors (Fine Science tools, Foster city, CA)
7. 1-ml Syringes with 27-gauge needle (Becton and Dickin-

son, Franklin Lakes, NJ)
8. Cotton-tipped applicators (Scientifics)
9. Forceps, angled and straight and ultrafine angled (Fine Sci-

ence tools, Foster city, CA)
10. Stereo dissecting microscope – variable magnification

(“1–4.5) (Nikon, Melville, NY)
11. 10-μl 26-gauge Hamilton Gastight 1701 syringe (Hamil-

ton, Reno, NV)
12. 70% Isopropyl alcohol (Fisher Scientific, Pittsburgh, PA)
13. Betadyne solution (Bruce Medical, Waltham, MA)
14. Bone wax (Ethicon, Somerville, NJ)
15. Coelenterazine (100 μg/animal in 150 μl saline)

(Biotium, Hayward, CA)
16. D-Luciferin (150 μg/g body weight in 150 μl saline)

(Biotium, Hayward, CA)



156 Shah

3. Methods

3.1. In Vitro Studies

3.1.1. Cell Culture and
Viral Transduction

1. Human glioma cell line, Gli36 is cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing and supple-
mented with 10% heat-incubated fetal bovine, 100 μg/ml
penicillin, and 100 μg/ml streptomycin. All cells were incu-
bated at 37◦C in a humidified 5% CO2 incubator. Glioma
cells grow as monolayers and are passaged every 4 days by
trypsinizing cells in 0.25% trypsin/EDTA. Cells are seeded
at 20% density in glioma cell culture medium (see Notes 1
and 2).

2. Plate Gli36 human glioma cells at 60% confluency in a 5 cm
dish and 18 h later, transduce cells with LV-EGFR-GFP-
Rluc or LV-EGFRvIII-GFP-Rluc at an M.O.I. of 1 in their
culturing medium containing 8 μg/ml polybrene (Fisher
Scientific (5)).

3. Forty-eight hours after transduction, wash cells twice
in culturing medium. Following expansion in culture,
co-transduce Gli36 cells with LV-Fluc-DsRed2 at an M.O.I
of 1.

4. Forty-eight hours after second viral transduction, wash cells
twice in culturing medium. Following expansion in cul-
ture sort cells expressing EGFR-GFP-Rluc or EGFRvIII-
GFP-Rluc and DsRed2 by fluorescence activated cell sort-
ing (FACSAria Cell-Sorting System, BD Biosciences, San
Jose, CA) to obtain monoclonal cell populations (see
Note 3).

5. Expand sorted cells plated at 20% confluency in 5-cm
dishes.

6. Two weeks post-sort, analyze cells by flow cytometry (FAC-
Scalibur, BD Biosciences) to confirm that an equal num-
ber of cells are GFP and DsRed2-positive in both cell
lines.

3.1.2. Fluorescence
Confocal Microscopy

1. Glioma cells expressing EGFR-GFP-Rluc or EGFRvIII-
GFP-Rluc and Fluc-DsRed2 are passaged as described
above, except that the experimental samples are 5-cm dishes
containing sterile coverslips. The coverslips must first be ster-
ilized by holding with tweezers, addition of 95% ethanol,
and passing through the flame of a Bunsen burner and then
placed in the culture dishes to cool.

2. Twenty-four hours later, rinse cells and change medium to
serum-free DMEM when cells are still below sub-confluence
so that individual cells are clearly visible.
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3. Twenty-four hours later, rinse cells rapidly twice with ice-
cold PBS and then add paraformaldehyde solution for
10 min at room temperature to fix the cells.

4. Discard paraformaldehyde (into a hazardous waste con-
tainer) and wash the samples twice for 5 min each with PBS.
Residual formaldehyde is quenched by incubation in NH4Cl
for 10 min at room temperature, followed by a further two
washes with PBS.

5. The samples are then ready to be mounted. Carefully
invert the coverslip into a drop of mounting medium on
a microscope slide. Use nail varnish to seal the sample.
The sample can be viewed immediately after the varnish is
dry, or it can be stored in the dark at 4◦C for up to a
month.

6. The slides are first viewed under phase contrast microscopy
(to locate the cells and identify the focal plane) and finally
under confocal microscopy. Excitation at 488 nm induces
the green fluorescence for EGFR-GFP expression, while
excitation at 510 nm induces red fluorescence for DsRed2
expression. Software can be used to overlay the phase
contrast and fluorescence images. Examples of the sig-
nals for EGFR-GFP and DsRed2 expression are shown in
Fig. 11.1.

3.1.3. Dual
Bioluminescence
Imaging of Transduced
Glioma Cells in Culture

1. Using a black-walled, clear bottom 96-well tissue culture
plate, seed glioma cells expressing EGFR-GFP-Rluc or
EGFRvIII-GFP-Rluc and Fluc-DsRed2 at different densities
(1,000–10,000 cells per well) in a 100-μl volume.

2. To visualize the expression of EGFR by Renilla luciferase
(Rluc) and cell proliferation by firefly luciferase (Fluc)
imaging, add substrates for Fluc and Rluc sequentially as
described below.

3. 18–24 h after seeding cells add D-luciferin (substrate for
Fluc) to the culture medium in 1/10 volume at a final con-
centration of 0.15 mg/ml using a multichannel pipette.

4. Rock the plate and take images in bioluminescence imager
with the appropriate exposure. For firefly luciferase, peak
light production from intact cells occurs approximately
10 min after substrate addition.

5. Wash cells 4–5 times with PBS to remove any residual
D-luciferin hours and add coelenterazine (substrate for Rluc)
for a final concentration of 0.1 μg/ml, using a multichannel
pipettor.

6. Rock the plate and take images in bioluminescence imager
with the appropriate exposure. For Renilla luciferase, peak
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Fig. 11.1. Transduced human glioma cells express functional recombinant EGFR pro-
teins. a A self-inactivating lentiviral system based on HIV-1 was used to construct vec-
tors expressing fusions between EGFR and EGFRvIII with a fluorescent (GFP) and a biolu-
minescent (Renilla luciferase) fusion protein-marker cloned in front of a cytomegalovirus
(CMV) promoter and designated as LV-EGFR-GFP-Rluc and LV-EGFRvIII-GFP-Rluc. b
Gli36 human glioma cells were transduced with LV-EGFR-GFP-Rluc or LV-EGFRvIII-GFP-
Rluc and visualized for GFP expression by confocal microscopy 24 h after transduction.
Magnification: ×20; inserts ×40 (c and d). Flow cytometry analysis of lentiviral trans-
duced Gli36 cells. (Adapted from Arwert et al. (5), with permission.)

light production from intact cells occurs immediately after
substrate addition. Examples of the correlation signals for
EGFR-GFP-Rluc/EGFRvIII-GFP-Rluc and Fluc-DsRed2
expression are shown in Fig. 11.2.

3.2. In Vivo Studies

3.2.1. Cell
Transplantation
and Imaging

This protocol is used for transplantation of glioma cells expressing
different combinations of bioluminescent and fluorescent markers
in mice. This protocol also describes the dual imaging of EGFR
expression and tumor progression in mice GBM model.

3.2.1.1. Anesthetizing
and Handling the Animal

1. The animal should be grasped firmly with one hand and
anesthetized by injecting ketamine and xylazine intraperi-
toneally. The ideal dosage for each animal will vary primarily
based upon the animal’s body mass (120 mg/kg ketamine
and 16 mg/kg xylazine) (see Notes 4 and 5).
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Fig. 11.2. Expression and correlation of recombinant EGFR proteins in vitro: Gli36
glioma cells, transduced with LV-EGFR-GFP-Rluc (a) or LV-EGFRvIII-GFP-Rluc (b) and
co-transduced with LV-Fluc-DsRed2 were subjected to confocal fluorescence
microscopy. Magnification: ×80 (c and d) Gli36 glioma cells, expressing EGFR-GFP-
Rluc (c) or EGFRvIII-GFP-Rluc (d) were plated in different concentrations and 24 h later
incubated in a medium containing 1 μg/ml of coelenterazine and imaged with a CCD
camera. Correlation between the number of cells and Rluc signal is shown. (Adapted
from Arwert et al. (5), with permission.)

2. Secure animal on a stereotactic head frame and trim dor-
sal surface of the animal’s head. Disinfect the shaved area
by applying alternating two coats of Betadyne and isopropyl
alcohol.

3. Using scissors and forceps, remove the skin from the dis-
infected region and use a dry cotton swab to completely
remove the periosteum membrane from the exposed skull
surface. The skull should be kept moist by frequent applica-
tion of sterile PBS following the removal of the periosteum.

4. Use a handheld micro-drill to drill through the bone at the
location of the proposed implantation site until the cortical
surface is exposed.

3.2.1.2. Tumor Cell
Implantation

1. Trypsinize glioma cells expressing EGFR-GFP-Rluc
or EGFRvIII-GFP-Rluc and Fluc-DsRed2 0.25%
trypsin/EDTA.

2. Centrifuge cells at 300×g for 10 min and wash cells twice
in PBS and centrifuge at 300×g for 10 min. Prepare cells
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for transplantation by adding PBS to the cell pellet (1 × 106

cells in 50 μl voulume).
3. Place 5-μl of Gli36-Rluc-DsRed2 glioma cells (100,000

cells) in a 10-μl 26-gauge Hamilton Gastight 1701 syringe
needle and insert the needle to a specified depth into the
left frontal lobe. In our experiments we used the following
stereotactic co-ordinates (2.5 mm lateral and 2.0 mm caudal
to bregma; depth 2.5 mm from dura).

4. Implant cells over a period of 4 min with 30-s intervals. Care
should be taken to consistently implant tumors at the same
location and depth to facilitate bioluminescence interpreta-
tion from within this relative point source.

5. After implantation is complete, wait for 5 min and remove
needle over a period of 10 min with an interval of 1 min.

6. Seal the burrow hole with bone wax and close the wound
with 4.0 vicryl or surgical staples.

3.2.2. In Vivo Tumor Cell
Bioluminescence
Imaging

1. Imaging can be performed 24 h after cell implantation.
Anesthetize mouse by injecting ketamine and xylazine
intraperitoneally. First, acquire a surface image of each ani-
mal using dim polychromatic illumination. The spatial distri-
bution of luciferase activity within the mouse brain can then
be measured by photon count recording in a CCD camera
with no illumination (see Note 6).

2. Image mice for Rluc activity by injecting coelenterazine
intravenously via the tail vein and record photon counts
5 min later over a 5-min period using IVIS-200 or
IVIS-100 (Caliper) or similar bioluminescence imaging
system.

3. Twenty-four hours post Rluc imaging, image mice for
Fluc activity by injecting the mice intraperitoneally with
D-luciferin (Biotium, Inc, Hayward, CA, 150 μg/g body
weight) and acquire images 10 min after D-luciferin admin-
istration over a period of 5 min using IVIS-200 or IVIS-
100 (Caliper) or similar bioluminescence imaging system (see
Notes 7 and 8).

4. Measure the spatial distribution of luciferase activity within
the brain of the animal by recording photon counts in the
CCD with no illumination. Mice can be imaged every day
for Fluc and Rluc activity.

5. There should be at least a 24-h period between imaging
sessions to make sure there’s no residual luciferase activity
of the previous session. Examples of dual bioluminescence
imaging EGFR activity and cell proliferation are shown in
Fig. 11.3.
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Fig. 11.3. Real-time imaging of EGFR expression and GBM burden in vivo: Gli36 glioma
cells expressing EGFR-GFP-Rluc or EGFRvIII-GFP-Rluc and Fluc-DsRed were implanted
into the frontal lobe of nude mice and mice were followed for 12 days by biolumi-
nescence imaging. a Rluc imaging; mice injected with coelenterazine via tail vain were
imaged for EGFR expression by Rluc activity on days 3, 6, and 9 after glioma cell implan-
tation. b Fluc imaging: mice injected with D-luciferin i.p. and imaged for GBM prolifera-
tion by Fluc activity on days 4, 7, and 10 after glioma cell implantation. The images are a
merge from the pseudocolor Rluc or Fluc activity image and the white light image of the
mouse. The log 10 bioluminescence intensities of wtEGFR (c) and EGFRvIII (d) expres-
sion and cell proliferation are plotted. (Adapted from Arwert et al. (5), with permission.)

3.3. Animal Recovery For the most part, the animal should survive the procedure
despite the absence of an external heat source. Make certain
the animal is restrained and when the animal is maintaining its
own normal body temperature and has a reflexive response to
toe-pinch stimulation, it is ready to be returned to a clean and
un-occupied cage. The usual recovery time for this procedure
can range from 2 to 12 h. If the animal has not resumed nor-
mal grooming and eating behavior beyond this time frame, it may
require additional medical attention or euthanasia.
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4. Data Analysis

Software accompanying the imaging equipment is used to per-
form the region of interest (ROI) analysis. In our studies, follow-
ing data acquisition, post-processing and visualization was per-
formed using a home written program with image display and
analysis suite developed in IDL (Research Systems Inc., Boul-
der, CO). Regions of interest were defined using an automatic
intensity contour procedure to identify bioluminescence signals
with intensities significantly greater than the background. The
mean, standard deviation, and sum of the photon counts in these
regions were then calculated. For visualization purposes, the bio-
luminescence images were fused with the corresponding white
light surface images as a transparent pseudocolor overlay, permit-
ting correlation of areas of bioluminescence activity with anatomy.
Maintaining a standard region of interest within an experiment
(or series of experiments) is important to facilitate comparison of
mouse imaging data.

5. Notes

1. All solutions and equipment coming into contact with live
cells must be sterile.

2. All culture incubations should be performed in a humidified
37◦C, 5%, CO2 incubator unless otherwise specified.

3. An efficient and robust way to follow cells both in cul-
ture and in vivo is to transduce them with lentiviral vectors
expressing fusions of bioluminescent and fluorescent marker
genes. Viral transductions on human stem cells and glioma
cells and cell culture procedures are performed in a biosafety
level (BL)-2 facility in a laminar-flow hood.

4. All protocols involving live animals must be reviewed and
approved by an Institutional Committee for Ethical Animal
Care and Use (IACUC) and must conform to government
regulations for the care and use of laboratory animals.

5. Mouse surgical procedures are performed in a surgical room
designated for animal surgeries. Proper aseptic techniques
should be used accordingly.

6. Knowing the depth and optical properties of the tissue
through which the light will pass is essential in calculat-
ing numbers of cells needed to obtain a detectable signal.
Generally, firefly luciferase light will be attenuated approx-
imately tenfold for each centimeter of tissue, but optically
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dense tissues such as liver will attenuate light much more
than skin, bone, or lung. Thus the number of luciferase
expressing cells and their localization within the body is
critical to obtain a detectable signal to follow fate of cells
in vivo; the deeper the tumors within the body or intracra-
nial tumors, the greater the signal attenuation. For example,
in subcutaneous tumors, cell number as low as 1,000 firefly
luciferase expressing cells can be detected. Also, D-Luciferin
has more favorable biodistribution than coelenterazine and
an i.p. injection of luciferin is much more reproducible than
tail vein injection that is required for delivering coelenter-
azine.

7. Transplanting cells expressing Fluc and Rluc in various sites,
using various gene delivery vectors, and transgenic models
the high accessibility of D-luciferin (Fluc substrate) to vari-
ous tissues, including the brain. On the other hand, coelen-
terazine is also accessible to many tissues because of its dif-
fusable nature (6) but its distribution in the intact brain, is
limited by drug transport proteins, which can hinder in vivo
imaging of Renilla luciferase (7). This problem may be over-
come by injecting mice with blood brain barrier (BBB) dis-
rupter, e.g., mannitol. Also, mouse fur attenuates and scat-
ters light, and this effect is most pronounced in black mice.
This problem may be overcome by using nude mice or shav-
ing animals over the region(s) of interest for imaging.

8. Luciferase imaging in mice offers the possibility of imag-
ing mice serially. To perform repetitive imaging of mice,
the user should take into account that luciferase levels in
mice peak approximately 10 min after i.p. injection, then
decline slowly to background levels by 6–8 h post injection
(8). Coelenterazine has a more rapid kinetic course in mice.
Therefore, maximum imaging signal for Renilla luciferases is
obtained immediately after injecting coelenterazine through
intravenous or intra-cardiac routes (9). For imaging two dif-
ferent molecular events simultaneously, for example, stem
cell fate and GBM volumes in the same mouse, it is advis-
able to image Renilla luciferase activity first and then image
firefly luciferase activity.
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Chapter 12

Fluorescence Lifetime-Based Optical Molecular Imaging

Anand T.N. Kumar

Abstract

Fluorescence lifetime is a powerful contrast mechanism for in vivo molecular imaging. In this chapter,
we describe instrumentation and methods to optimally exploit lifetime contrast using a time domain
fluorescence tomography system. The key features of the system are the use of point excitation in free-
space using ultrashort laser pulses and non-contact detection using a gated, intensified CCD camera. The
surface boundaries of the imaging volume are acquired using a photogrammetric camera integrated with
the imaging system, and implemented in theoretical models of light propagation in biological tissue. The
time domain data are optimally analyzed using a lifetime-based tomography approach, which is based on
extracting a tomographic set of lifetimes and decay amplitudes from the long time decay portion of the
time domain data. This approach improves the ability to locate in vivo targets with a resolution better than
conventional optical methods. The application of time domain lifetime multiplexing and tomography are
illustrated using phantoms and tumor bearing mouse model of breast adenocarcinoma. In the latter
application, the time domain approach allows an improved detection of fluorescent protein signals from
intact nude mice in the presence of background autofluorescence. This feature has potential applications
for longitudinal pre-clinical evaluation of drug treatment response as well as to address fundamental
questions related to tumor physiology and metastasis.

Key words: Fluorescence, lifetime, fluorescent proteins, optical tomography, tissue optics.

1. Introduction

Optical molecular imaging offers several advantages over conven-
tional techniques such as positron emission tomography (PET)
and magnetic resonance imaging (MRI). Foremost among these
is cost effectiveness, portability, and the lack of radiation dam-
age. In addition, a wide range of optical probes have been syn-
thesized that allow the ability to multiplex based on fluorescence
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spectrum and lifetime. In addition to extrinsic targeting of dis-
ease using conjugated fluorophores, intrinsic contrast can also
be achieved using fluorescent proteins (FPs). FPs are powerful
tools for imaging gene expression and tracking disease progres-
sion such as metastasis (1, 2). While multi-spectral techniques
have been employed to enhance deep tissue fluorescence imaging
(3, 4), the application of fluorescence lifetime has been restricted
mainly to microscopy techniques (5). For example, a major con-
found for deep tissue, whole-body imaging of fluorescent proteins
is that their excitation wavelength is in the visible region (400–
650 nm), and can overlap strongly with tissue autofluorescence
(AF) (6). While multi-spectral techniques can be used to alleviate
this problem to some extent (4), fluorescence lifetime contrast
is an additional mechanism that can improve the separation of
the FP signal from background AF using their distinct temporal
responses on the nanosecond timescales. More general applica-
tions of whole-body lifetime-based molecular imaging are only
beginning to emerge in recent years (7, 8). A major challenge
for lifetime imaging for deep tissue applications is the technical
complexity involved in time domain (TD) instrumentation and
in the interpretation of the data. In this chapter, we describe the
experimental and theoretical steps involved in obtaining three-
dimensional in vivo distributions of multiple lifetimes present
within an imaging sample from TD fluorescence measurements.

2. Materials

2.1. Tomography
System

A schematic of a free-space, non-contact small animal fluorescence
molecular imaging system is shown in Fig. 12.1. The main com-
ponents of the tomography system are an excitation source, detec-
tion apparatus, and a 3D camera for surface boundary acquisition.
In the non-contact geometry, the sample to be imaged (animal or
subject) is placed on a transparent plate directly below the camera
and is excited either from below or above using a fiber that deliv-
ers the light output of the laser. The individual components are
detailed below.

2.2. Excitation
and Detection

1. For time domain measurements, a pulsed laser source
(<50 ps pulse duration) is necessary. The most versa-
tile excitation sources for NIR measurements are based
on Ti:Sapphire lasers for excitation in the near infrared
(such as the Mai Tai, Newport-Spectra Physics, Mountain
View CA, ∼150 fs pulse width, 80 MHz repetition rate,
690–1,020 nm tuning range) or fiber lasers for visible to
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Fig. 12.1. Schematic of the free space TD fluorescence tomography system. The source
consists of a Ti:Sapphire laser (750–850 nm), the output of which is collimated using a
collimation package (CP) and launched into a 200-μm step-index fiber. The other end
of the fiber is connected to a collimation package, to allow for a tight focus spot (1 mm)
on the sample surface, and mounted on a translation stage (TS) for scanning over the
surface of the imaging subject (see Note 1). Detection is performed using an intensifier
in conjunction with a CCD camera mounted on a manually adjustable rail system. The
other symbols are as follows – F: filter (optional); ND: Neutral density filter wheel.

infrared excitation (such as the Fianum, from Fianium Inc.,
Southampton UK).

2. The light output from the pulsed source is attenuated to
about 10 mW depending on the sample thickness, and
launched into an SMA connectorized fiber using a fiber
collimation package (FC) (Thorlabs Inc.).

3. Using a second collimation package, the light at the output
end of the fiber is focused to a fine spot on the imaging sur-
face, resulting in an approximately point excitation source.

4. For tomographic scanning, the second collimation package
system is mounted on a computer-controlled, micrometer
precision XY translation stage system (Velmex Inc., Bloom-
feld NY).
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5. The detection is performed in free space using a CCD cam-
era (Picostar HR-12 CAM 2, LaVision GmbH, Goettin-
gen, Germany, quantum efficiency of 65%).

6. A time gated image intensifier (Picostar HR-12, LaVision
GmbH, Goettingen, Germany), with a 200 ps minimum
gate width, provides nanosecond time resolution.

7. A fast delay unit (Picostar HRI, 1 ms switching, 25 ps min-
imum steps) is used to delay the trigger output from that
of the laser, across one duty cycle of 12.5 ns (80 MHz).

8. The output of the delay unit is in-turn used to trigger the
intensifier unit.

9. A camera lens (AF Nikkor, f2.8, Nikon) mounted on the
CCD camera is used to obtain a well-focused image of the
entire surface of the mouse head on the CCD image plane.

10. A 2 in. interference filter can optionally be mounted to
the front of the camera lens to allow excitation or emission
measurements (see below).

11. Since the scanning speed of the stepper motor is much
slower than the delay switching time, the full temporal sig-
nal can be collected for one source position at a time (see
Note 2).

2.3. Surface
Boundary Acquisition

For accurate forward modeling of the light propagation, the
boundary information of the phantom or animal is necessary.
Photogrammetric 3D camera systems (such as the 3D Facecam
100, Technest Holdings Inc., Bethesda MD) may be employed to
acquire the surface image. The 3D image is acquired by sliding a
mirror in front of the camera lens as shown in Fig. 12.1. Further
details on processing the 3D camera image and co-registration
with the CCD image are presented in Section 3 below.

3. Methods

The tomographic reconstruction of fluorescence distribution is
achieved using several steps as shown schematically in Fig. 12.2
(see Note 6).

1. The TD data comprise of the full temporal profile for mul-
tiple sources and detectors (CCD camera pixels) on the
surface of the imaging subject. A typical measurement set
includes two wavelengths, λx and λm, which correspond
to the absorption and emission maxima of the fluorophore
employed for contrast enhancement. Excitation measure-
ments, denoted as U(x,x) and U(m,m), correspond to the



Fluorescence Lifetime-Based Optical Molecular Imaging 169

Fig. 12.2. Schematic representation of the steps involved in processing time domain fluorescence data for tomographic
reconstructions.

direct detection of light transmitted through the sample at
wavelengths λx and λm and are first acquired with the filter
wavelength matching the laser excitation.

2. Emission data (denoted as U(x,m)) refer to purely fluores-
cence emission and are collected with the laser tuned to λx,
whereas the filter is tuned to λm.

3. The excitation and emission data are processed along inde-
pendent paths. The excitation data are used to determine the
background optical property distribution of the sample and
to generate sensitivity functions for reconstructing the flu-
orescence. In parallel, the emission data are analyzed using
multi-exponential analysis to recover the amplitudes of all
the lifetime components present in the sample.

4. Finally, these amplitudes are used along with the sensitivity
functions to invert the 3D yield distribution for each lifetime
component. The individual steps are further detailed below.

3.1. Measuring the
Impulse Response,
Time Origin, and
Source Positions

1. The system impulse response function (IRF) is defined as the
signal at the detector in the absence of any sample. The IRF
can be readily measured by placing a thin, non-scattering
absorber, such as a piece of paper on the imaging plate (with-
out the sample). The signal collected at the camera then
directly gives the IRF. The IRF provides information for the
initial time t0 when the excitation pulse is incident on sur-
face of the imaging medium. A correct estimate of t0 ensures
that the relative amplitudes of the multiple lifetime compo-
nents are correct, and is crucial for estimating the optical
properties using TD data.
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Fig. 12.3. Measurement of IRF and time origin. a Direct CCD image of the source illu-
mination, obtained by focusing the fiber output on a thin sheet of paper placed on the
imaging plate (without the imaging subject present). The image shown is the integrated
TD signal for 21 source positions, used for the phantom measurements reported in the
text. The source coordinates were obtained as the points of maximum intensity. b Nor-
malized TD Impulse response curves for all the 21 sources. The vertical dotted line
indicates the time origin t0, estimated as the time at 1% of the peak intensity. The time
t0 corresponds to the initial time of excitation at the boundary of a subject placed on
the plate, assuming the subject surface is approximately flat. Reproduced from Kumar
et al., with permission from IEEE (© 2008, IEEE) (13).

2. Figure 12.3a shows the time integrated, i.e., continuous
wave (CW) IRFs for a grid of 21 source positions spaced
2 mm along the X and Y translation directions. The source
grid image in Fig. 12.3a also serves to determine the coor-
dinates of the sources for forward modeling. These are
obtained as the points of maximum intensity, after the image
for each source position is median-filtered.

3. Figure 12.3b shows the corresponding IRF’s for all source
positions. The width of the IRF is ideally nearly equal to
the gate width setting of the intensifier unit. Since the varia-
tion between the IRF is minimal across the sources (<10 ps),
the initial time t0 can be assumed to be identical for all
source positions and estimated from the mean of the impulse
response as the time at 1% of the peak. This value can be
assumed to be the excitation time at the surface of the imag-
ing medium provided the boundary of the imaging volume
is approximately flat (see Note 3).

4. The measured IRF can be directly forward convolved into
the model before tomographic inversion. (This procedure
is superior to a de-convolution of the IRF from the raw
fluorescence data, which is a highly ill-posed problem.)
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3.2. Surface
Boundary and
Co-registration

1. The imaging subject is placed on the imaging plate and its
boundary secured using additional restraints for repeatability
in positioning.

2. The 3D image surface is then acquired with the optional
mirror in place (Fig. 12.1).

3. The 3D camera captures a surface image of the mouse as
triangulated vertex data with a resolution of 100 μm. This
high-density data are first reduced to a set of unique surface
mesh points, which are then interpolated using the Matlab
(The Mathworks, Natick, MA) function “ndgrid,” to pro-
vide a surface on a uniform mesh.

4. The surface image is then co-registered with the planar
image of the CCD camera with which the fluorescence data
are acquired. The transformation can be effected as a 2D
affine transformation between the CCD image and the 3D
surface image, using four fiducial points in the form of metal
screws placed on the subject plate at points identifiable both
in the 3D camera and the CCD field-of-view (indicated by a
“+” sign in Fig. 12.4).

5. Once the affine transformation matrix between the 3D cam-
era image and the CCD image has been determined, the
source and detector locations are transformed to the refer-
ence frame of the 3D camera image. The surface data are
next converted into an indexed volume image and used in
numerical modeling of light transport (see Note 4).

6. A single 3D image thus acquired along with the fiducials
can be used as the reference image for any optical mea-
surement using the same subject provided that the fidu-
cial points are visible on the CCD image and the subject
is placed at the same relative position with respect to the
fiducials.

Figure 12.4 shows the co-registration results for a mouse
shaped phantom. Figure 12.4a shows the CCD image with the
mouse phantom, the fiducials, and a grid of 93 detector positions
arranged on the camera image. Figure 12.4b shows the planar
image of the 3D surface used for the co-registration, along with
source and detector coordinates mapped on the surface image
using the affine transformation.

3.3. Multi-
exponential Fits

We envisage a scenario where a single or multiple fluorophore(s)
are injected into an animal and the in vivo distribution of each life-
time component of the fluorophore(s) can reveal potential infor-
mation about the disease target. To proceed with the analysis, a
key step is the extraction of the lifetimes and the decay amplitudes
as measured on the surface. As shown in Fig. 12.2, this proceeds
independently of the optical property estimation.
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Fig. 12.4. Coregistration of CCD camera image with 3D camera surface image. a Room
light illuminated image of the mouse phantom placed on the imaging plate. The + sym-
bols indicate the fiducial points used for co-registration. The sources (x) determined
from the impulse response (see Fig. 12.3) and detectors (o) assigned on the camera
image also shown. b Top-down view of the 3D surface of the mouse phantom, also
showing the fiducials (+) and the mapped sources and detectors, whose coordinates
were determined from the affine transformation (Section 3.2). c 3D view of the surface
image of the phantom shown along with the transformed detectors from the CCD image.
Reproduced from Kumar et al., with permission from IEEE (© 2008, IEEE) (13).

1. According to the asymptotic model (9), the measured fluo-
rescence signal, U(x,m), can be expressed in the asymptotic
limit as a sum of discretized exponential decays with life-
time components, τn, which are independent of the mea-
surements locations (i.e., the S-D coordinates):
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U (x,m)(rs , rd, t) →
∑

n
an(rs , rd)e−t/τn [1]

where rs and rd are the coordinates of the source and detec-
tor. The amplitudes, an, which can be recovered simply
by fitting the decay portion of the time domain data, are
directly related to the spatial distribution of the fluorophore
corresponding to that lifetime, labeled as ηn(r). The non-
linear fits to recover the lifetimes and amplitudes are numer-
ically implemented using built-in Matlab functions such as
“fminsearch,” which employs an unconstrained nonlinear
optimization using the Nelder-Mead simplex approach (see
Note 5).

2. In some applications (such as autofluorescence and other
complex fluorophores), the fluorescent target of interest may
exhibit non-exponential behavior, i.e., cannot be described
by a single exponential decay function. In this case it is more
appropriate to analyze the fluorophore in terms of basis func-
tions that have been pre-determined. One example is tissue
autofluorescence (see equation [4] and related discussion in
Section 3.9).

3.4. Optical Property
Estimation and
Sensitivity Functions

With a knowledge of source-detector locations in the reference
frame of the 3D digitized volume of the imaging subject, the next
step is the computation of the “forward problem,” which involves
modeling the light propagation within the tissue volume. This can
be carried out either using a transport equation-based approach,
numerically implemented using the Monte-Carlo (MC) method
(10, 11) or a diffusion-equation based approach implemented
using the finite element method (FEM) (12).

1. The forward problem is calculated with an initial assumption
for the optical absorption, μ0 and scattering, μ0 coefficients,
usually assumed to be homogeneous throughout the sample
volume.

2. The computational prediction from the model is then
matched with the measured excitation measurements (U(x,x)

and U(m,m)) using iterative fitting procedures to obtain het-
erogeneous distributions of the absorption and scattering
μa(r) and μs(r), at λx and λm, where r denotes the position
within the imaging sample.

3. The continuous-wave fluorescence sensitivity functions for
each lifetime component, W(x,m), are then calculated using
the heterogeneous absorption reduced by 1/vτn, i.e.,
μa(r) − 1/vτn, where v denotes the velocity of light in the
medium (13). These sensitivity functions will be later used to
recover the fluorescence distribution for each lifetime com-
ponent as detailed below.
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3.5. Inverse Problem
and Tomographic
Reconstruction

The amplitudes recovered from the asymptotic approach
(Section 3.3) are directly related to the fluorescence sensitivity
profiles W(x,m) (Section 3.4) and the fluorescence distributions
for each lifetime ηn (r) as follows:

an(rs , rd) =
∫

d3rW (x,m)
n (rs , rd, r)ηn(r). [2]

The above equation needs to be solved for the unknown fluo-
rescence yield distributions ηn(r). Denoting W (x,m)

n as W for sim-
plicity, the inverse solution is written as ηn = W −1

s an, where the
pseudo-inverse of the sensitivity function defined as

W −1
s = W T (WW T + αλI )−1 [3]

where α = max(diag(WWT)). Various conditioning techniques
may be employed to improve the quality of the reconstruc-
tion (12).

3.6. Mouse Phantoms 1. Mouse shaped phantoms are prepared using the negative
mold made from a sacrificed mouse. The mold for the phan-
tom consists of a two-part epoxy resin (7132) and hard-
ener (2001) mixture, from Douglas & Sturgess Inc. (San
Francisco, CA).

2. First, calculate the net volume of the mold to be filled.
Then weigh two parts of the resin and one-part hardener
by weight in separate containers, and mix them thoroughly.

3. Next, add a combination of TiO2 (paint) and ink to the
epoxy-resin mixture, to achieve approximate background
optical properties of μs = 10 cm−1 and μa = 0.1 cm−1.
Mix thoroughly.

4. Inclusions (cavities) can be created inside the phantom by
positioning low-melting-point agar beads (5 mm diameter)
using pairs of syringe needles. The agar beads can be cast in
a spherical negative mold.

5. Pour the epoxy mixture into the negative mold and let it
cure for about 12 h.

6. Once the mold is cured, remove the needles and the negative
mold. Next, attach fresh needles along with polypropylene
tubing, to enable dynamic injection of fluorophores into the
inclusions. Figure 12.5a shows a photograph of the mouse
phantom along with the injection tubes.

3.7. Cell Culture
Preparation and
Tumor Mice Models

1. Tumor bearing mouse models were derived from the human
breast cancer cell line, MDA-MB-231, which expressed both
enhanced green fluorescent protein (EGFP) and cyan fluo-
rescent protein (CFP).
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Fig. 12.5. Phantom validation of lifetime based tomography. a The phantom
(epoxy+Ti02+ink combination) had two inclusions (A and B) for fluorophore injection. b
TD reconstruction of data collected with the two inclusions filled with a NIR dye in water
(0.5 ns) and glycerol (0.95 ns). The reconstructed yields are shown for 0.5 ns (red) and
0.95 ns (blue) as iso-surfaces at 95% the maximum intensity. The gray mesh is the 3D
surface (from the 3D camera) used for the forward modeling. c The CW reconstruction
does not resolve the two inclusions separately. The ATD reconstruction are shown d for
the 0.95 ns component (blue) and e for the 0.5 ns component (red), co-registered with
the CT images of the phantom (grayscale, with inclusions seen as white). The images in
(d) and (e) show sagittal planes containing the centroid of the two inclusions. (The two
tubes feeding inclusion A are visible in (d).)

2. Cells are first grown in a humidified atmosphere under 5%
CO2. The cells (≈ 2 × 106) are then suspended in 50 μl of
Hanks’ Balanced Salt Solution (Invitrogen, New York).

3. For in vitro studies, the cells are placed in eppendorf tubes
and imaged in a reflectance model with the TD system.

4. For in vivo imaging, the tumor cells are injected directly into
the mammary fat pads of 6- to 8-week-old female nude mice.

5. The mice are imaged 3–4 weeks post implantation, when the
tumor is 7−8 mm in diameter.

3.8. Tomography with
Mouse Phantoms

1. Figure 12.5 shows a demonstration of lifetime-based
tomography in a mouse shaped phantom. The phantom
had two approximately spherical inclusions (Fig. 12.5a),
filled with a NIR dye (3,3′-diethylthiatricarbo-cyanine) with
absorption and emission maxima near 755 and 790 nm.

2. To achieve lifetime contrast, two solutions were prepared
with the dye dissolved in distilled water and glycerol
solutions, which resulted in intrinsic lifetimes of 0.5 and
0.95 ns, respectively (13).
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3. The longer lived dye solution in glycerol was injected in
inclusion B and the shorter lived aqueous dye solution of
the dye in inclusion A (see Fig. 12.5a). The mouse phantom
was placed in the imaging setup shown in Fig. 12.1 and the
data were collected in the trans-illumination geometry for
21 source positions and 93 assigned detectors on the camera
image (source-detector arrangement shown in Fig. 12.4).

4. The decay amplitudes for the two lifetime components were
inverted to recover the fluorescence yield localizations as
prescribed in equations [2] and [3].

5. The reconstruction results using the lifetime-based approach
are shown in Fig. 12.5b as 3D images overlayed with the
surface boundary of the phantom. The images shown are
isosurface maps at 95% peak intensity.

6. The regularization parameter λ (equation [3]) was near unity
for the reconstructions shown and was chosen based on an
empirical assessment of image quality.

7. The yield reconstruction for the shorter lifetime of 0.5 ns
is seen to have a shallower depth than that for the longer
lifetime of 0.95 ns, as expected.

8. Also shown in Fig. 12.5c is the reconstruction of the two
inclusions using the CW component of the data, which is
unable to resolve the two axially located inclusions. (Further
details regarding the accuracy of the reconstructions can be
found in reference (12).)

9. The TD reconstructions were compared with CT images
of the mouse phantom, to verify accuracy. As seen from
Fig. 12.5d, e, the asymptotic yield reconstructions match
the true locations of the inclusions as recovered by the CT
image reasonably well.

3.9. Imaging of
Fluorescent Protein
Expression in Tumor
Bearing Mice

1. Figure 12.6 shows an example application of lifetime mul-
tiplexing for imaging fluorescent protein expressing tumors
in a mouse model of breast adenocarcinoma. Figure 12.6b
shows the CW (intensity only) reflectance image for area
illumination across the torso of the mouse placed in supine
position, for 488 nm (10 nm width) excitation and 515 nm
(long pass) emission. The CW image is overlaid on the white
light image of the mouse. While the location of the tumor
is apparent from the intensity image, the AF component is
significant across the whole illumination area and effectively
reduces the contrast of the FP signal.

2. The AF decay is highly non-exponential and has life-
time components overlapping with the FP lifetime,
making the two indistinguishable in a multi-exponential
analysis approach. Thus, rather than fit the surface TD
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Fig. 12.6. Whole-body fluorescence lifetime measurements with FP expressing tumor
mouse models. a Temporal responses of the autofluorescence and the dual EGFP/CFP
expressing tumor cell lines. The AF decay is non-exponential, described by a basis func-
tion B(t) while the FP decay is exponential with a lifetime of 2.5 ns. b CW component
(yellow) of the reflectance TD fluorescence measurement (exc:488 nm, em:515 nm
longpass) of an anesthetized nude mouse placed in supine position. 2 × 106 EGFP/CFP
expressing breast tumor cell lines (MDA-MB-231) were implanted in the mammary fat
pad. The images shown were obtained 3 weeks post implantation. c The amplitude
components of the AF (red) and FP (green) decays, aAF and aFP, obtained by fitting
equation [4] to the raw TD fluorescence data are shown as a single RGB image. The
dashed lines indicate the illumination area (≈2.5 cm2). The background image of the
mouse is shown in grayscale.

decays to a sum of exponentials, more robust results can be
obtained using a “basis function” approach that performs a
linear fit for the decay amplitudes, using a priori knowledge
of the decay profiles of the AF and FP.

3. First, the FP lifetimes can be easily measured in vitro using
the tumor cells prior to injection into the mice. The lifetime
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of the dual EGFP/CFP expressing cells used here was found
to be 2.5 ns.

4. Second, the AF basis function was formed as the average
AF response (for 488 nm excitation/515 nm long pass
detection, corresponding to the FP excitation and emission)
across the torso of three mice. Figure 12.6a shows the decay
profiles of the AF and the FP fluorescence used as basis func-
tions. Using the known FP lifetime and the AF basis B(t), a
simple bi-functional linear model was used to fit the asymp-
totic portion (8) of the raw TD data:

U (rd , t) = aAF(rd)B(t) + aFP(rd)exp(−t/τFP), [4]

where τFP is the lifetime of the FP and rd is the location
of an image pixel. Figure 12.6c shows the decoupled AF
(red) and FP (green) amplitudes as the red and green com-
ponents of a single RGB image matrix. The error of the fit
was less than 5% across the entire illumination area. The TD
approach (Fig. 12.6c) confirms the presence of the tumor
and provides a superior delineation of the tumor from the
background AF, as compared to the CW intensity image
(Fig. 12.6a).

5. The contrast-to-background ratio (CBR) was estimated for
the CW (TD) approaches as the ratio of the net intensity
(decay amplitude) within the tumor region and correspond-
ing value outside the tumor region. The CBR was near 23
for the TD approach, compared to near 2 for the CW case,
suggesting a > tenfold improvement.

6. While this example shows that planar lifetime imaging can
by itself enable longitudinal quantification of tumor growth,
angiogenesis and therapeutic response in a single animal,
the FP amplitudes, aFP, could also be employed in lifetime-
based tomography techniques as detailed in earlier in
Section 3 for recovering 3D distributions of FP expression.

4. Notes

1. Reflectance measurements could also be readily performed,
if needed, by mounting the fiber above the phantom plate
(not shown in Fig. 12.1).

2. An alternative approach to stepper motor based scanning is
the use of gavanometers with millisecond switching times.
This will allow whole body scans for each time step.
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3. The measured time at the detector pixels is offset from the
actual t0 by the time for free space propagation of light from
the source to the camera. When an imaging medium of small
thickness, such as a mouse, is placed on the source plate, the
corresponding offset for fluorescence emitted on the surface
will very nearly equal the offset from the source. A small
correction factor can be applied to account for the propa-
gation time in free space corresponding to the thickness of
the mouse (e.g., for a 2-cm-thick mouse, the time offset is
≈ 50 ps).

4. If the heterogeneous tissue structure of the animal is avail-
able from either MRI or CT scans, these can be employed
directly in the approach presented here with appropriate
fiducials and co-registration.

5. The recovery of lifetimes from decay data is a non-linear
problem that can be computationally challenging, especially
for more than two lifetimes. The best-case scenario is when
the in vivo lifetimes are known in advance. Alternatively, the
multi-exponential analysis can be performed in two stages
for robust fitting results. First, an integrated decay function
is formed by summing the decays from all S-D pair measure-
ments, to obtain a high signal-to-noise ratio (SNR) temporal
data set. This “global” signal is composed of all the lifetime
components present in the system, and allows a more robust
determination of the lifetimes through a non-linear analy-
sis. In the second step, the lifetimes determined from the
surface-integrated time domain data are used in a linear fit
of the DFTR for each individual S-D pair. Besides improv-
ing the robustness of the fitting procedure for the lifetimes
and decay amplitudes, the global analysis is computationally
much less cumbersome than performing a non-linear fit for
every S-D measurement.

6. Other approaches for analyzing time domain fluorescence
data have also been presented particularly based on using
the early arriving photons for improved resolution (14).
This chapter is concerned with fluorescence lifetime contrast
which involves the late arriving photons, and provides com-
plementary information regarding the in vivo fluorescence
distribution.
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Chapter 13

PET Imaging of αvβ3 Expression in Cancer Patients

Ambros J. Beer and Markus Schwaiger

Abstract

Imaging of αvβ3 expression in malignant diseases has been extensively studied in the last years, mainly
because the level of integrin αvβ3 expression might be a surrogate parameter of angiogenic activity. Most
studies have been performed using preclinical tumor models but recently first results if imaging αvβ3
expression in patients have been published. The first approach used was the radiotracer approach with
tracers for positron emission tomography (PET) like [18F]Galacto-RGD or tracers for single photon
emission computed tomography (SPECT) like [99mTc]NC100692. In this article we will focus on the
experimental design and methodology of PET imaging of αvβ3 expression with the tracer [18F]Galacto-
RGD. Common difficulties and pitfalls in image acquisition and interpretation will be discussed. Finally,
the performance of PET will be compared to other methods of imaging of αvβ3 expression, like magnetic
resonance imaging, ultrasound, or optical imaging.

Key words: PET, integrin alpha v beta 3, molecular imaging, angiogenesis, RGD, [18F]Galacto-
RGD.

1. Introduction

Integrins are heterodimeric transmembrane glycoproteins, which
play an important role in cell–cell and cell–matrixinteractions
and are involved in angiogenesis and tumor metastasis (1). Inte-
grins are cell adhesion molecules consisting of two non-covalently
bound transmembrane subunits with large extracellular segments
that bind to create heterodimers with distinct adhesive capabili-
ties (2). Up to now, 18 α and 8 β subunits have been described,
which assemble into 24 different receptors. Integrins are on the
one hand expressed on tumor cells and facilitate metastasis by
mediating tumor cell invasion and movement across blood vessels.
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However, integrins are also expressed on activated endothelial
cells and modulate cell migration and survival during angio-
genesis. Especially well examined in this respect is the integrin
αvβ3. The αvβ3 integrin is significantly up-regulated on acti-
vated endothelial cells during angiogenesis but not on quiescent
endothelial cells (2, 3). A common feature of many integrins
like αvβ3 is that they bind to extracellular matrix proteins via
the 3 amino acid sequence arginine-glycine-aspartic acid (RGD).
The importance of αvβ3 for angiogenesis is further supported
by the fact, that inhibition of αvβ3 integrin activity by cyclic
RGD peptides, peptidomimetics, and monoclonal antibodies, can
induce endothelial cell apoptosis and inhibits angiogenesis (4).
However, the exact role of αvβ3 expression in the context of
angiogenesis is still a matter of debate. Experiments in knock-
out mice lacking the integrin αvβ3 led to a reevaluation of the
role of αvβ3 concerning angiogenesis because the knock-out mice
showed normal developmental angiogenesis and even excessive
tumor angiogenesis (5). Nowadays, αvβ3 is assumed to have a
positive and a negative regulatory role in angiogenesis depending
on the respective biological context. Among all 24 integrins dis-
covered to date, the integrin αvβ3 is still the most extensively
examined factor of angiogenesis concerning imaging strategies
which aim at finding a surrogate parameter of angiogenic activ-
ity. Molecular imaging for non-invasive assessment of angiogene-
sis is of great interest for clinicians as well as the pharmaceutical
industry because antiangiogenic drugs recently have been success-
fully used in cancer patients like the VEGF (vascular endothe-
lial growth factor) antibody bevacizumab in combination with
standard cytotoxic chemotherapy first in metastasized colorec-
tal cancer, and subsequently in breast cancer and non-small cell
lung cancer (6, 7). Imaging of αvβ3 expression could poten-
tially be used as a biomarker and an early indicator of effective-
ness of antiangiogenic therapy at a molecular level. It has been
found that several extracellular matrix (ECM) proteins like vit-
ronectin, fibrinogen, and fibronectin interact with integrins via
the amino acid sequence arginine-glycine-aspartic acid or RGD in
the single letter code (8). Kessler and co-workers developed the
pentapeptide cyclo(-Arg-Gly-Asp-DPhe-Val-), which shows high
affinity and selectivity for αvβ3 (9). For the first evaluation of
this approach, Haubner et al. have synthesized radioiodinated
RGD peptides, which showed comparable affinity and selectivity
to the lead structure. In vivo they revealed receptor-specific tumor
uptake but also predominantly hepatobiliary elimination, result-
ing in high activity concentration in liver and intestine, which is
unfavorable for patient studies (10). Consequently, several strate-
gies to improve the pharmacokinetics of radiohalogenated pep-
tides have been developed. The glycosylation approach is based
on the introduction of sugar derivatives which are conjugated to
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the ε-amino function of a corresponding lysine in the peptide
sequence. By conjugating the RGD containing cyclic pentapep-
tide cyclo(-Arg-Gly-Asp-DPhe-Val-) with galactose-based sugar
amino acids, [18F]Galacto-RGD has been developed for PET
imaging of αvβ3 expression. In this review, we will discuss the
methodology of positron emission tomography (PET) imaging of
αvβ3 expression in cancer patients with a focus on [18F]Galacto-
RGD. Potential pitfalls and the performance of PET compared to
alternative strategies of imaging αvβ3 expression will be addressed
as well.

2. Materials

2.1. Radiotracers for
PET Imaging of
Integrin αvβ3
Expression in Clinical
Studies

1. [18F]Galacto-RGD
[18F]Galacto-RGD was the first substance applied in
patients for PET imaging. For details on the synthesis of
[18F]Galacto-RGD, please refer to reference (11). Final RP-
HPLC with a semipreparative column allows preparation of
[18F]Galacto-RGD with radiochemical purities >98% and
with specific activities ranging from 40 to 100 TBq/mmol.
The total radiochemical yield was 29.5 ± 5.1% (EOB) with
a total reaction time of 200 ± 18 min including final
HPLC purification (calculation based on 1.0 mg of peptide,
70◦C, and 10 min reaction time). Typically, starting with
2,200 MBq of [18F]F-, 185 MBq of [18F]Galacto-RGD was
prepared in a synthesis time compatible with the half-life
of [18F]-fluorine. Usually we decide to prepare ∼600 MBq
[18F]Galacto-RGD per synthesis. For application in patients,
high performance liquid chromatography (HPLC) eluent
is completely removed by evaporation and 0.5 ml absolute
ethanol and 10 ml phosphate buffered saline (PBS, pH 7.4)
are added and passed through a Millex GV filter (Milli-
pore GmbH, Eschborn, Germany) prior to injection. Start-
ing with the synthesis in the morning, this allows for imaging
of up to three patients, starting at noon with PET imaging.
However, as the yield might vary, we usually decide to scan
only two patients per synthesis. Usually, enough tracer is left
for small animal studies, which can be performed in parallel.
As the procedure is technically challenging and might result
in relevant radiation exposure especially to the hands of
the radiochemist, well-trained personnel routinely involved
in [18F]Galacto-RGD synthesis is mandatory. We usually
do not synthesize [18F]Galacto-RGD more than once per
week for patient studies. For small animal studies requiring
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substantial less amounts of tracer, a higher frequency of syn-
thesis is feasible.

2. [18F]AH111585
Another αvβ3 and αvβ5 specific PET radiotracer which has
recently been used in clinical trials is [18F]AH111585 (12).
The chemical synthesis of the precursor for 18F-AH111585
has previously been described (13). Radiosynthesis was per-
formed on an automated module (TRACERlab FX F-N; GE
Healthcare) by coupling an aminooxy-functionalized pre-
cursor of [18F]AH111585 with 4-18F-fluorobenzaldehyde
at pH 3.5 to form the oxime [18F]AH111585. A full
description of the synthesis has been published elsewhere
(13). The specific activity of the injectate, determined by
high-performance liquid chromatography (HPLC), ranged
between 76 and 170 GBq/mmol, which is substantially less
compared to [18F]Galacto-RGD. As we do not have expe-
rience with this tracer and only limited amount of data on
its clinical use is available up to now, this paper will focus on
the use of [18F]Galacto-RGD.

3. Methods

3.1. Imaging
Protocols

Imaging can be performed on stand-alone PET scanners, as well
as on PET/CT scanners. We usually use the ECAT EXACT PET
scanner (Siemens/CTI, Knoxville, TN, USA) for research pur-
poses. A transmission scan is acquired for 5 min per bed posi-
tion (five bed positions) using three rotating [68Ge] rod sources
(each with approximately 90 MBq [68Ge]). Static emission scans
are acquired in two-dimensional mode in the caudocranial direc-
tion (5–7 bed positions, 8 min per bed position). Positron emis-
sion data are corrected for randoms, dead time, and attenuation
and are reconstructed using the ordered-subsets expectation max-
imization (OSEM) algorithm using eight iterations and four sub-
sets. The images are corrected for attenuation using the collected
transmission data. OSEM images underwent a 5-mm FWHM
Gaussian post smoothing and are zoomed with a factor of 1.2. For
image analysis, the CAPP software, version 7.1 (CTI/Siemens) is
used.

No special patient preparation is necessary for imaging of
αvβ3 expression with [18F]Galacto-RGD. After acquiring writ-
ten and informed consent, an i.v. line is inserted. The calcu-
lated effective dose found in our first studies was approximately
19 μSv/MBq, which is very similar to an [18F]FDG scan (14).
However, as the dose can be substantially reduced by decreasing



PET Imaging of αvβ3 Expression in Cancer Patients 187

the voiding interval and lowering the concentration of tracer in
the urogenital tract, we decided to routinely administer a diuretic
agent for static emission scans, unless contraindicated. We use
furosemide in a dose of 20 mg, which is injected directly before
tracer administration. The patient is asked to void directly before
positioning him in the scanner. This protocol only applies to static
emissions scans. In case of dynamic scans, no diuretic agent is
used because the urge to void during the examination would be
too uncomfortable for most patients. We first performed dynamic
imaging studies to evaluate the optimum imaging time point
after tracer injection for static emission scans. Distribution vol-
ume (Dv) values, which are supposed to reflect the receptor con-
centration in the tissue, were on average four times higher for
tumor tissue than for muscle tissue, suggesting specific tracer
binding. In a recent study we performed dynamic emissions scans
over 60 min and kinetic modeling studies using the aorta as arte-
rial input function in patients with invasive ductal breast cancer.
We compared SUVs derived from the last nine time frames with
the Dv values measured in normal tissue (breast, muscle) and in
the tumors. The correlation between both parameters increased
continuously over time with an optimum at ∼55 min p.i. with
r = 0.92 (15). This suggests that standardized uptake values
(SUVs) derived from static emission scans at ∼60 min. p.i. can
be used for assessment of αvβ3 receptor density with reasonable
accuracy. Scans should not be started much earlier, as unspecific
effects like tracer activity in the blood pool are likely to affect the
SUVs. However, it should be kept in mind that starting a scan at
60 min p.i. at the pelvis could result in substantial later imaging
time points at the more cranial bed positions, e.g., up to 40 min
time interval between the first and last bed position for five bed
positions with 8 min each. Therefore, the scan protocol including
the scanning direction should not be changed to allow for com-
parison of the results from different studies. As most of the tracer
is excreted via the urogenital tract, we also advice to perform scan-
ning in the caudocranial direction, as activity in the bladder is less
at the beginning of the scan and too much activity in the blad-
der might deteriorate image quality in the pelvis. As the dynamics
of [18F]AH111585 seem to be similar to [18F]Galacto-RGD, a
similar protocol is recommended by the authors, with a starting
point 40–60 min. p.i. for static emission scans (12).

3.2. Data Analysis A variety of software tools can be used for data analysis. Con-
cerning analysis of dynamic scans, the selection of time-activity
curves (TACs) and subsequent kinetic analyses were performed
using the PMOD Medical Imaging Program version 2.5 (PMOD
Group, Zurich Switzerland). A ROI approach was applied to the
dynamic images in order to obtain TACs for lesions as well as
background tissue. In the case of tumor tissue, polygonal ROIs
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were drawn over the whole tumor in all slices with visible tumor
uptake. Circular ROIs with a diameter of 15 mm were drawn
over background tissue in the whole volume of interest and oral
mucosa at the height of the palate. The last frame of the dynamic
image series was used to define the ROIs for the different tissues.
In order to derive an image-based input function, freehand ROIs
were placed over artery in the field of view in every slice where
the artery could be identified on the frames acquired 40 s p.i.
The diameter of the ROIs was adapted to the visible lumen of the
vessel and always chosen smaller then the apparent vessel diameter
to minimize partial volume effects. All ROIs were then projected
onto the complete dynamic dataset and TACs were subsequently
derived. Individual rate constants were generated by non-linear
regression analysis using the Marquardt-Levenberg least squares
minimization algorithm as implemented in PMOD. Various com-
partment models were fitted to the data and kinetic constants
were estimated by minimizing the sum of squared differences
between the tissue TACs and the model predicted curves. The
model with the lowest Akaike information criterion (AIC) value
was chosen. The AIC is calculated as follows:

AIC = n∗ ∑
w(y − y1)2 + 2∗p

with n = number of observations (image frames);
w = weighting factor (Gaussian);
y = calculated data; y1 = measured data;
p = number of constants.

A two-tissue compartment (2 TC) model best characterized
the tumor data. In muscle tissue, it was difficult to resolve the
second compartment; therefore, a one-tissue (1 TC) compart-
ment model was used for further analysis of this tissue. The total
distribution volume (DVtot) was calculated for all ROIs based on
the directly estimated kinetic rate constants (K1 – k4) and the
estimated fraction of blood volume VB according to the formula:

DVtot = K1

k2

∗
(1 + k3

k4
) (2 TC model) or

DV = K1

k2
(1 TC model)

A more detailed description of the compartment models can
be found elsewhere (16–18).

The advantage of the dynamic approach is that quantitative
information can be derived from the dataset instead of merely
semiquantitative SUV measurements. However, there are many
disadvantages for use in daily routine. First only a limited field
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of view of one bed position is available for image analysis. This
is major limitation in cancer patients, were often multiple lesions
in different parts of the body have to be assessed. Moreover, if
no large artery is within the field of view, arterial blood sampling
would probably be necessary for a correct arterial input function.
This procedure is not without complications and an additional
burden to the patient. We therefore prefer the approach of using
static emissions cans of the whole torso and SUVs for further anal-
ysis. As mentioned before, SUVs in a study on breast cancer cor-
related well with the results from dynamic imaging studies and
kinetic modeling.

We routinely use the CAPP software, version 7.1
(CTI/Siemens) for analysis of SUVs in static emission scans;
however, any software capable of creating ROIs and volume of
interest (VOIs), and of calculating SUVs can be used. Usually,
a VOI is placed around the lesion to be analyzed and a 60%
isocontour is used to define the hottest pixels inside the volume.
Up to now, there is no “gold standard” in image analysis and
the optimum way of analysis of PET imaging of αvβ3 expression
has still to be further evaluated in future studies. For simple
qualitative analysis of images for lesion identification, we use
attenuation corrected PET images in the transaxial, coronal, and
sagittal plane. We prefer an inverted black and white color scale.
The range of SUV is usually set to 0–5 or 0–4. For analysis of
lung lesions, non-attenuation corrected images are sometimes
helpful, if tracer uptake is only faint. Consequently the image
analysis is quite similar to the analysis of an [18F]FDG PET scan
in daily routine.

4. Notes

4.1. Image Quality We could successfully image αvβ3 expression in human tumors
with good tumor/background ratios using PET with SUVs
ranging from background levels up to a maximum of ∼10. In
our patients, rapid, predominantly renal tracer elimination was
observed, resulting in low background activity in most regions
of the body (19). Further biodistribution and dosimetry studies
confirmed rapid clearance of [18F]Galacto-RGD from the blood
pool and primarily renal excretion. Background activity in lung
and muscle tissue was low. Currently, due to regulatory issues
from the local radioprotection agency, we are not allowed to inject
more than 200 MBq [18F]Galacto-RGD per patient. In our expe-
rience this amount is sufficient in most cases and generally results
in good image quality like mentioned before. However, in heavier
patients (> 90 kg body weight), there is usually substantially
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impaired image quality. Therefore for more widespread clinical
use in the future, a higher dose, maybe similar to [18F]FDG of
∼300–400 MBq would be advisable, adapted to body weight.

Concerning the biodistribution of [18F]Galacto-RGD, its
predominantly renal tracer elimination impairs analysis of lesions
of the urogenital tract. Therefore tumors like kidney cancer,
transitional cell carcinoma of bladder and ureter, and local-
ized prostate cancer cannot be adequately visualized using
[18F]Galacto-RGD. To a lesser amount this also applies to the
liver, spleen and intestine. Usually intermediate to high tracer
uptake is notable in these organs as well with SUVs ranging
from 2.5 to 4.0. As this is also in the range of tracer accu-
mulation of many malignant lesions, they often cannot be dif-
ferentiated from background when located inside or near these
organs. Organ systems with low background tracer uptake which
are consequently well suited for PET imaging of αvβ3 expres-
sion are the extremities, the skeletal system in general, the lungs,
mediastinum, and thorax including the breast and the head-and-
neck area (Fig. 13.1). Concerning the brain, our results sug-
gest that [18F]Galacto-RGD does not cross the blood–brain bar-
rier, as tracer uptake in normal brain tissue is even lower than in

Fig. 13.1. Maximum intensity projection (MIP) of a [18F]Galacto-RGD PET (a) of a patient
with invasive ductal breast cancer on the left side (arrow closed tip) and multiple lymph
node metastases on the left side (arrow dotted line) and an osseuous metastasis to the
sternum (arrow open tip). Physiological tracer accumulation can be seen in the MIP in the
liver, spleen, and intestine and mostly in the kidneys and bladder, due to predominantly
renal tracer elimination. Image b shows a transaxial slice of the primary tumor of the
[18F]Galacto-RGD PET at the level of the dotted red line in the MIP. Note good tumor
to background contrast in the area of the thorax, whereas there is more background
activity in the abdomen and pelvis. Image c shows the immunohistochemistry of avb3
expression with staining of the microvessels using the αvβ3-specific antibody LM609.
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background tissue like muscle or the galea. Consequently, tumor-
to-background ratios are generally excellent in the brain. How-
ever, we noted that absolute tracer uptake in malignant brain
tumors is generally lower than in lesions of the body stem,
although receptor αvβ3 expression in malignant brain tumors can
be demonstrated in substantial quantities (20). Although malig-
nant brain tumors show a disruption of the normal blood-brain-
barrier to some extent, as can be demonstrated by gadolinium
enhanced MRI scans, we cannot exclude that there is at least
some influence on tracer uptake in the central nervous system
(CNS), which is different from the rest of the body. Until further
examined in more detail, we recommend cautious interpretation
of PET imaging studies of αvβ3 expression in the CNS, especially
when results are compared to tumors outside the CNS.

4.2. Expression
Patterns of Integrin
αvβ3

High inter- and intraindividual variance in tracer accumulation in
tumor lesions was noted in our studies, suggesting great diver-
sity of αvβ3 expression in different tumor lesions. We could also
demonstrate that tracer uptake [18F]Galacto-RGD in fact corre-
lates with the intensity of αvβ3 expression. In 19 patients with
solid tumors (musculoskeletal system n = 10, melanoma n = 4,
head and neck cancer n = 2, glioblastoma n = 2, breast cancer
n = 1) SUVs and tumor/blood ratios were found to correlate
significantly with the intensity of immunohistochemical staining
as well as with the microvessel density. Moreover, immunohis-
tochemistry confirmed lack of αvβ3 expression in normal tis-
sue and in the two tumors without tracer uptake (21). These
findings emphasize the potential value of non-invasive techniques
for appropriate selection of patients entering clinical trials with
αvβ3-tagreted therapies. However, αvβ3 is not only expressed
on activated endothelial cells during angiogenesis, but also on
a variety of cells like malignant tumor cells, macrophages, and
osteoclasts. Consequently, this has to be kept in mind if imaging
of αvβ3 expression was to be used as a surrogate parameter
of angiogenesis. We are now systematically examining differ-
ent tumor entities with respect to their αvβ3 expression pat-
terns as shown by [18F]Galacto-RGD PET. In squamous cell
carcinoma of the head and neck (SCCHN), we could demon-
strate good tumor/background ratios with [18F]Galacto-RGD
PET. Immunohistochemistry demonstrated predominantly vas-
cular αvβ3 expression; thus in SCCHN, [18F]Galacto-RGD PET
might be used as a surrogate parameter of angiogenesis (22). On
the other hand, in malignant melanoma, it might not be opti-
mal as a parameter of angiogenesis, as αvβ3 expression can be
found in substantial amounts on tumor cells as well. Consequently
the interpretation of imaging results of αvβ3 specific tracers
depends strongly on the tumor type which is under investigation
(Fig. 13.2).
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Fig. 13.2. In the upper row (a–c) [18F]Galacto-RGD PET images from a patient with
a lymph node metastasis to the right axilla. Note intense tracer uptake in the lymph
node (a: PET/CT image fusion; b: transaxial PET image). Immunohistochemistry demon-
strates αvβ3 expression predominantly on the tumor cells. Consequently, [18F]Galacto-
RGD PET is probably not an ideal marker of angiogenesis in this case. In the lower
row (d–f) [18F]Galacto-RGD PET images from a patient with soft tissue sarcoma of the
knee are shown (c: PET/CT image fusion; d: transaxial PET image). Immunohistochem-
istry demonstrates αvβ3 expression predominantly on the neovasculature. In this case,
[18F]Galacto-RGD PET might be used as a potential marker of angiogenesis.

4.3. PET Imaging of
αvβ3 Expression for
Identification of
Malignant Lesions
and Tumor Staging

As angiogenesis is a hallmark of malignancies, imaging of angio-
genesis is potentially interesting for identification of tumors and
tumor staging. As αvβ3 is supposed to be a key player in angio-
genesis, PET imaging of αvβ3 expression is sometimes advo-
cated for tumor identification, like with commonly used tracers
like [18F]FDG or [11C]Choline. However, in our experience, for
most tumor entities, PET imaging of αvβ3 expression is not supe-
rior to conventional imaging methods like [18F]FDG PET. We
have compared the tracer uptake of [18F]FDG and [18F]Galacto-
RGD in patients with non-small cell lung cancer (NSCLC,
n = 10) and various other tumors (n = 8). The results showed no
correlation between the two tracers when all lesions were included
(r = 0.157). For the subgroup of [18F]FDG-avid lesions and
lesions in patients with NSCLC, there was a slight trend toward a
higher [18F]Galacto-RGD uptake in more [18F]FDG-avid lesions
(r = 0.337). However, the correlation coefficient was very low.
Our results suggests that αvβ3 expression and glucose metabolism
are not closely correlated in tumor lesions and that consequently
[18F]FDG and [18F]Galacto-RGD provide different information
(23). The results also showed that conventional staging includ-
ing contrast enhanced CT and [18F]FDG PET identified substan-
tially more lesions than [18F]Galacto-RGD PET. Lesion identifi-
cation in [18F]Galacto-RGD PET was particularly difficult in the
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liver, as already mentioned before, due to the relatively high back-
ground activity. Therefore assessment of αvβ3 expression with
[18F]Galacto-RGD PET in liver lesions with only moderate or
low tracer uptake is problematic. This also illustrates that tumors
in which [18F]FDG PET has already demonstrated good results
for staging, [18F]Galacto-RGD PET is unlikely to produce better
results. However, in one patient with a bronchial carcinoid, tracer
uptake in the [18F]Galacto-RGD PET was substantially higher
than in the [18F]FDG PET in the primary tumor as well as in the
metastases. Therefore it cannot be excluded that in tumors with
low or intermediate [18F]FDG uptake, like prostate cancer or car-
cinoid tumors, imaging of αvβ3 expression might produce better
results for lesion identification and tumor staging than [18F]FDG
PET (Fig. 13.3). This, however, is only a hypothesis and has to
be proven in future prospective studies. Variations in tracer design
are supposed to further improve the performance of αvβ3 imag-
ing, e.g., using multimeric RGD peptides (24).

Fig. 13.3. [18F]Galacto-RGD PET images from a patient with multiple metastases from
a bronchial carcinoid to the bones, liver (arrow closed tip), spleen (arrow open tip) and
abdominal lymph nodes. In the maximum intensity projection (MIP; a), the lesions are
depicted with good tumor to background contrast due to very intense tracer uptake.
Even in organs like liver and spleen with relatively high background activity due to phys-
iological tracer uptake, lesions can be delineated (b: contrast enhanced MRI of the liver
and spleen; c: corresponding transaxial slice of the [18F]Galacto-RGD PET).

Another problem in the context of tumor stag-
ing/identification of malignant lesions is the specificity of
the signal derived by [18F]Galacto-RGD PET or other αvβ3 tar-
geting tracers. Benign conditions can also show substantial αvβ3
expression on a variety of cells, like macrophages, osteoclasts,
and smooth muscle cells. This has been demonstrated by our
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group and others preclinically and clinically, e.g., in myocardial
infarction and carotid plaques (25). Inflammatory lesions also
show increased angiogenesis and can sometimes not be differ-
entiated from malignancies according to the [18F]Galacto-RGD
PET signal (26, 27). Consequently, similar problems in image
interpretation are expected with αvβ3 specific PET tracers as with
[18F]FDG. In summary, routine clinical staging with currently
available αvβ3 specific PET tracers should not be performed
uncritically or outside well-defined clinical studies.

4.4. Comparison of
Pet and Other
Methods of Imaging
αvβ3 Expression

1. SPECT Imaging
Recently, the SPECT tracer [99mTc]NC100692 was intro-
duced by GE healthcare for imaging αvβ3 expression in
humans and was first evaluated in breast cancer. Nineteen
of twenty-two tumors could be detected with this agent,
which was safe and well tolerated by the patients (28). It is
therefore expected that commercial agents for SPECT imag-
ing of αvβ3 expression will soon be available. Both PET and
SPECT imaging have the advantage of being very sensitive
to low concentrations of tracer molecules and having unlim-
ited depth penetration. An advantage of SPECT imaging is
its much wider availability than PET imaging. Moreover, the
radionuclides used for SPECT are easier to prepare and usu-
ally have a longer half-life than those used for PET (6 h for
[99mTc], 67 h for [111In], and 13.2 h for [123I]). However,
PET is approximately ten times more sensitive than SPECT
and is able to detect picomolar concentrations of tracer (29).
Moreover, data quantification is easier accomplished with
PET data compared to SPECT data, which is a major advan-
tage when it comes to serial studies, e.g., for response eval-
uation of antiangiogenic therapies. However, with the rising
use of SPECT/CT including attenuation correction, quan-
titative imaging might be feasible with SPECT as well (30).

2. Magnetic Resonance Imaging
MRI is widely used clinically to identify tumor lesions, to
assess tumor growth, and for response evaluation. However,
no reports about clinical imaging of αvβ3 expression with
MRI techniques are available up to now, although many pre-
clinical imaging studies have demonstrated the potential of
MRI for molecular imaging of αvβ3 expression. By using
Gd3+-containing paramagnetic liposomes with a diameter of
300–350 nm and the αvβ3 specific antibody LM609 as a lig-
and, MRI of squamous cell carcinomas in a rabbit model was
successfully achieved (31). Peptidomimetic integrin αvβ3
antagonist conjugated magnetic nanoparticles were also used
for MRI in a Vx-2 squamous cell carcinoma model with a
common clinical MRI scanner at 1.5 T (32). By the same
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group, nude mice with human melanoma tumor xenografts
were successfully imaged using αvβ3 integrin-targeted para-
magnetic nanoparticles (33). A startup company named
“Kereos” (www.kereos.de) is planning to use this approach
commercially and in patient trials in the future. However,
Gd3+ for enhancing the T1 contrast can only be reliably
detected at millimolar levels. Superparamagnetic iron oxide
(SPIO) nanoparticles can be detected at a much lower con-
centration because of the high susceptibility induced by this
particles, which leads to a decrease of the signal in T2
and especially T2∗ weighted sequences (“negative contrast”)
(34). In a recent study, αvβ3 integrin-targeted ultrasmall
SPIO (USPIO) nanoparticles were used for non-invasive dif-
ferentiation of tumors with high and lower area fractions of
αvβ3-positive tumor vessels (35).

An advantage compared to radiotracer techniques is that
MRI does not use ionizing radiation and generally is more
widely available than PET. MRI also offers good depth pen-
etration and its resolution is usually higher than that of clin-
ical PET scanners, although this depends on the exact pro-
tocol applied. A major disadvantage of MRI compared to
radiotracer techniques is its lower sensitivity for the detec-
tion of targeted agents. Therefore, targeted molecular imag-
ing agents for MRI have not entered clinical trials yet, except
for the fibrin specific contrast agent EP2140R (36). How-
ever, the problem of limited sensitivity might be overcome
in the future by signal amplification strategies that generate
higher target to background contrast (37). Another disad-
vantage of MRI is that it is not a fully quantitative method
because the changes in signal strength in MRI are not linear
over the range of concentrations of gadolinium. Moreover,
MRI protocols and instrument performance have substantial
effects on signal strength, making it difficult to compare data
obtained with different instruments at different institutions.

3. Ultrasound
Targeted ultrasound imaging of integrin αvβ3 during tumor
angiogenesis has been successfully achieved preclinically
(38). Rats with orthotopic U87MG human glioma tumors
were scanned at 2 or 4 weeks after implantation with
contrast-enhanced ultrasound (CEU) using microbubbles
coated with echistatin, a RGD-containing disintegrin which
binds specifically to integrin αvβ3 (39). CEU perfusion
imaging using non-targeted microbubbles was also per-
formed to determine the tumor microvascular blood vol-
ume and blood velocity. The maximum CEU signal was
obtained at the periphery of tumors where integrin expres-
sion was most prominent based on immunohistochemistry,
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correlating well with tumor microvascular blood volume.
Moreover, detection of tumor neovasculature in athymic
nude mice has also been achieved using a research ultrasound
scanner after injection of targeted perfluorocarbon nanopar-
ticles (40). Recent results suggest that a quantification of
CEU is also possible by acoustic means (41). However, no
reports about clinical use of αvβ3-targeted microbubbles are
available up to now.

Ultrasound (US) has relatively high spatial resolution
(50–500 μm) and does not use ionizing radiation, yet it
also has some disadvantages such as the relatively poor depth
penetration (usually a few centimeters depending on the fre-
quency used) and limited sensitivity. Further limitations of
US are the dependence on the skill of the operator and
the fact that not all regions of the body are assessable with
US (lung, bone, and brain in adults). Moreover, adequate
documentation for comparison of examinations at different
time points is still problematic in a clinical setting. How-
ever, the complete non-invasiveness of the method makes it
ideally suited for repeat exams for assessment of therapeutic
response. Additionally, since most contrast-enhanced ultra-
sound imaging uses microbubbles that are at least several
micrometers in diameter, only the tumor endothelium is be
targeted as these microbubbles are too large to extravasate
(42). Therefore it has the potential of truly measuring inte-
grin αvβ3 expression on the neovasculature independent of
the amount of αvβ3 on other cells. This might be advanta-
geous compared to PET imaging using [18F]Galacto-RGD.

4. Optical Imaging
Many sensitive molecular imaging probes associated with
angiogenesis specific targets have been developed for Opti-
cal Imaging (OI), such as agents sensitive for matrix metal-
loproteases or αvβ3 (43). The simplest technique is the use
of cyanine dyes like Cy5.5 coupled to RGD-peptides. This
approach has been successfully used for imaging of U87MG
tumor xenografts in mice using NIRF (44). Analogous to
the radiotracer approach, multimeric compounds like Cy5-
RAFT-c(-RGDfK-)4 demonstrated increased binding affin-
ity compared to the monomeric compound (45). Finally,
the use of FMT allows for quantification of fluorochrome
concentrations in living subjects, therefore potentially allow-
ing for quantification of αvβ3 expression by RGD-specific
cyanine dyes. The principle of FMT using Cy5.5-RGD has
recently been successfully demonstrated by the group of Bre-
mer et al. (46). However, no reports are available about the
use of OI of αvβ3 expression in the clinical arena. This is
mainly due to its limited depth penetration. Therefore it is



PET Imaging of αvβ3 Expression in Cancer Patients 197

mostly applied in preclinical animal studies and in superfi-
cial tissues or in combination with endoscopy. Moreover,
conventional optical imaging does not allow for quanti-
tative measurements. However, this has changed with the
introduction of fluorescence mediated tomography (FMT),
which allows for quantitative measurements of fluorochrome
concentrations at different tissue depths (47). On the other
hand, OI has the advantage of being relatively inexpensive,
highly sensitive and non-invasive. This approach is therefore
well suited for high-throughput studies and a potential alter-
native to radiotracer studies in the preclinical setting. In the
clinical setting, it will probably not be an alternative to PET
imaging of αvβ3 expression in the near future.

5. Outlook

Variations in tracer design are supposed to further improve the
performance of αvβ3 imaging, e.g., using multimeric RGD pep-
tides. A series of RGD peptides have been labeled with [18F] for
PET imaging by various groups, e.g., using PEGylation and poly-
valency to improve the tumor-targeting efficacy and pharmacoki-
netics. [18F]FB-E[c(RGDyK)]2 (abbreviated as [18F]FRGD2)
showed predominant renal excretion and almost twice as much
tumor uptake in the same animal model compared with the
monomeric tracer [18F]FB-c(RGDyK) (48, 49). Overall, the mul-
timerization approach leads to increased binding affinity and
tumor uptake as well as retention and might improve the per-
formance of αvβ3 imaging in the clinical arena.

Concerning the optimum imaging technique, the PET
approach of imaging αvβ3 expression will probably be the first
to be used on a wider scale in patients in the intermediate term,
due to its high sensitivity and low amounts of tracer which have
to be used. Therefore toxicity issues are of less importance com-
pared to MRI or Ultrasound imaging probes. In the long term,
MRI might be an alternative, due to its lack of ionizing radia-
tion and high spatial resolution. Independent of the technique or
specific tracer used, the most important next step has to be a clini-
cal trial using imaging of αvβ3 expression for response assessment
of antiangiogenic or combined cytotoxic/antiangiogenic thera-
pies. Only the results of such a trial will tell us if imaging of αvβ3
expression really can keep up to its expectations in the clinical rou-
tine. Hopefully, by imaging of αvβ3 expression, we will have a new
tool at hand for tailoring and guiding antiangiogenic therapies
within the concept of “individualized medicine.”
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Chapter 14

Quantitative Approaches to Amyloid Imaging

Victor L. Villemagne, Graeme O’Keefe, Rachel S. Mulligan,
and Christopher C. Rowe

Abstract

Alzheimer’s disease (AD), an irreversible, progressive neurodegenerative disorder clinically characterized
by memory loss and cognitive decline, is the leading cause of dementia in the elderly, leading invariably
to death within 7–10 years after diagnosis. In vivo amyloid imaging with positron emission tomography
(PET) is allowing new insights into β-amyloid (Aβ) deposition in the brain, facilitating research into the
causes, diagnosis, and future treatment of dementias, where Aβ may play a role. Non-invasive quantifi-
cation of Aβ burden in the brain with PET has proven useful in the early and differential diagnosis of
dementias, showing significantly higher retention in grey matter of AD patients when compared with
healthy controls (HC) or patients with frontotemporal lobe degeneration (FTLD). With the advent of
new therapeutic strategies aimed at reducing Aβ burden in the brain to potentially prevent or delay func-
tional and irreversible cognitive loss, there is increased interest in developing agents that allow assessment
of Aβ burden in vivo. A key aspect for Aβ burden quantification is the application of compartmental or
graphical analyses to the kinetic data in order to obtain quantitative and reproducible statements that
allow comparison with other nosological groups, correlation with cognitive or biological parameters, and
selection, monitoring, and follow-up of individuals in disease modifying therapeutic trials. It is also a
necessary step in the validation of simplified approaches that could be applied in routine clinical settings.
With the availability of novel amyloid imaging agents radiolabeled with either 11C (half-life 20 min) or
18F (half-life 110 min), a description of different image acquisition approaches is provided.

Key words: Alzheimer’s disease, amyloid, Aβ, PiB, positron emission tomography, neurodegenera-
tive disorders, brain imaging.

1. Introduction

Alzheimer’s disease (AD), the leading cause of dementia in the
elderly, is an irreversible, progressive neurodegenerative disorder
clinically characterized by memory loss and cognitive decline (1).
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It leads invariably to death, usually within 7–10 years after diagno-
sis. AD not only has devastating effects on the sufferers and their
caregivers, but it also has a tremendous socioeconomic impact on
families and the health system, a burden which will only increase
in the upcoming years (2–4). Age is the dominant risk factor in
sporadic AD. The progressive nature of neurodegeneration sug-
gests an age-dependent process that ultimately leads to synaptic
failure and neuronal damage in cortical areas of the brain essen-
tial for memory and higher mental functions (5, 6). At this point
there is no cure for AD. A deeper understanding of the molec-
ular mechanism of Aβ formation, degradation and neurotoxic-
ity is being translated into new therapeutic approaches (1). In
the absence of biological markers, direct pathologic examination
of brain tissue remains the only definitive method for establish-
ing a diagnosis of AD (6, 8). The typical macroscopic picture is
gross cortical atrophy. Microscopically, there is widespread cellu-
lar degeneration and diffuse synaptic and neuronal loss, accompa-
nied by reactive gliosis and the presence of the pathological hall-
marks of the disease: intracellular neurofibrillary tangles (NFT)
and extracellular amyloid plaques (6, 8, 9). While NFTs are intra-
neuronal bundles of paired helical filaments mainly composed of
the aggregates of an abnormally phosphorylated form of tau pro-
tein (10, 11), senile plaques consist of extracellular aggregates
of amyloid β-peptide (Aβ) (12). Aβ is a 4-kDa, 39–43 amino
acid metalloprotein product derived from the proteolytic cleav-
age of the amyloid precursor protein (APP) by β and γ-secretases
(13). To date, all evidential analysis strongly supports the notion
that the breakdown of Aβ economy is central to AD pathogene-
sis (14). Soluble oligomeric forms of Aβ (15–18) in equilibrium
with insoluble Aβ in the plaques are thought to be neurotoxic
through a number of possible mechanisms including oxidative
stress, excitotoxicity, energy depletion, toxic oxidative interaction
with various metal species, inflammatory response, and apopto-
sis. Nevertheless, the exact mechanism by which Aβ might pro-
duce synaptic loss and neuronal death is still controversial (1, 18,
19). The presence of extracellular Aβ plaques in highly special-
ized cortical brain regions implicated in memory and cognition
precede the other pathognomonic pathological features of AD,
indicating that increases in Aβ are involved in the early presymp-
tomatic stages of the disease. Furthermore, a period of up to 5
years of prodromal decline in cognition, known as Mild Cogni-
tive Impairment (MCI), usually precedes the formal diagnosis of
AD (20–22). Compelling genetic data further support the Aβ the-
ory (24–26). To date four genes have been linked to autosomal
dominant, early onset familial AD: APP, PS1, PS2 and ApoE, all
of which lead to an increase in Aβ production and deposition.

Currently, the clinical diagnosis of AD is based on progres-
sive impairment of memory, decline in at least one other cognitive
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domain, and the exclusion of other diseases (27). This approach,
along with current structural neuroimaging techniques (CT or
MRI) is sufficiently sensitive and specific for the diagnosis of AD
only at the mid or late stages of the disease. As new disease mod-
ifying treatments aimed at preventing or slowing Aβ generation
or deposition undergo clinical trials (28, 29), the role of quan-
tifying Aβ burden in vivo is becoming increasingly crucial, being
acknowledged as part of the diagnostic evaluation of dementia
(30).

Insights into the molecular mechanisms of AD pathogene-
sis enabled the development of new neuroimaging approaches
(1, 31–33), allowing early diagnosis at presymptomatic stages,
more accurate differential diagnosis, as well as allowing monitor-
ing of disease-modifying therapy (1, 33) (Table 14.1).

Table 14.1
Potential roles for Aβ imaging

• Accurate diagnosis of Alzheimer’s disease

• Early diagnosis of Alzheimer’s disease, allowing intervention when min-
imally impaired

• Subject selection for anti-Aβ trials

• Monitor the effectiveness of anti-Aβ therapy
• Investigate the spatial and temporal pattern of Aβ deposition and its

relation to disease progression, cognitive decline, and other disease
biomarkers

Since Aβ is at the centre of AD pathogenesis, efforts have
focused on developing radiotracers or agents that allow Aβ imag-
ing in vivo (34, 35). For a radioligand to be useful as a neu-
roimaging probe for Aβ, a number of key general properties must
be present. These ideal Aβ probes must be lipophilic molecules
that cross the blood brain barrier, are preferably not metabolized
or metabolized to polar metabolites that cannot cross the blood
brain barrier, and reversibly bind to Aβ in a specific and selective
fashion (Table 14.2). Quantitative imaging of Aβ burden in vivo
is allowing the relationship between Aβ burden and clinical and
neuropsychological characteristics in AD to be defined. Several
compounds have been evaluated as potential Aβ probes: deriva-
tives of histopathological dyes such as Congo red, Chrysamine-G,
thioflavin S and T (36–44), NSAID derivatives (45–49), as well as
self-associating Aβ fragments (50, 51), anti-Aβ antibodies or anti-
bodies’ fragments (52, 53), serum amyloid P, and basic fibroblast
growth factor (54).

11C-PiB, the most successful of the currently available amy-
loid tracers, is a derivative of thioflavin T that has been shown
to possess high affinity and high specificity for Aβ fibrils (55–58).
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Table 14.2
Ideal Aβ radiotracer

• Easily labeled with 18F, 99mTc, 123I

• Lipid soluble (crosses BBB)
• High affinity and selectivity for Aβ plaques

• Slow dissociation from binding site
• Rapidly cleared from blood

• Not metabolized
• Provide quantitative and reproducible information about Aβ burden in

the brain

PET studies showed that 11C-PiB binding was reversible, clearing
fastest from cerebellum and slowest from white matter (59, 60).
PET studies have shown a robust difference between the reten-
tion pattern in AD patients and healthy controls, with AD cases
showing significantly higher retention of 11C-PiB in neocortical
areas of the brain affected by Aβ deposition (59, 61–65). Human
PET studies have also demonstrated a correlation between
11C-PiB binding and the rate of cerebral atrophy in AD sub-
jects (66), and with decreased cerebrospinal fluid (CSF) Aβ1–42
in both demented and non-demented subjects (67). Approxi-
mately 30% of HC subjects exhibited 11C-PiB cortical binding,
with some of them displaying the same degree of PiB retention
as observed in AD subjects (61, 68). These observations suggest
that Aβ deposition is not part of normal ageing, supporting the
post mortem observations that Aβ deposition occurs well before
the onset of symptoms and is likely to represent preclinical AD
(61, 65, 68–71). While there is no cortical PiB retention in FTLD
patients (61, 72–74), subjects classified as MCI present either an
“AD-like” (60–65%) or “HC-like” (35–40%) pattern of cortical
11C-PiB retention. Interestingly, all MCI subjects classified as
non-amnestic single-domain MCI were 11C-PiB-negative (75).
While Aβ burden, as assessed by PET, does not correlate with
measures of cognitive decline in AD, it does correlate with mem-
ory impairment and rate of memory decline in MCI and healthy
older subjects (76, 77). Aβ burden, as assessed by molecular imag-
ing, matches histopathological reports of Aβ plaque distribution
in aging and dementia and appears more accurate than FDG for
the diagnosis of AD (65, 78).

Unfortunately, the 20-min radioactive decay half-life of
carbon-11 (11C) limits the use of 11C-PiB to centers with an on-
site cyclotron and 11C radiochemistry expertise. Consequently,
access to 11C-PiB PET is restricted and the high cost of studies is
prohibitive for routine clinical use. To overcome these limitations,
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a tracer for imaging Aβ with characteristics similar to those of
11C-PiB that can be labeled with fluorine-18 (18F) is essen-
tial (39). The 110-min radioactive decay half-life of 18F per-
mits centralized production and regional distribution as currently
practiced world-wide in the supply of 18F-FDG for clinical use.
Novel 18F ligands, such as 18F-BAY94-9172 (Florbetaben R©)
have been successfully tested in Phase I clinical studies (79).
18F-BAY94-9172 has been shown to clearly distinguish AD
patients not only from healthy controls but also from FTLD
patients (79).

To illustrate the similarities and differences associated with
these molecular imaging approaches, a detailed description of
amyloid imaging techniques with 11C-PiB and 18F-BAY94-9172
is provided.

2. Materials

2.1. Radiotracer
Synthesis

2.1.1. 0.1 M Lithium Aluminium Hydride in THF (1-ml vials)
and the PiB precursor (2-(4′-aminophenyl)-6-hydroxy-
benzothiazole) were purchased from ABX Advanced
biochemical compounds, Radeberg, Germany.

2.1.2. Bayer Schering Pharna, Berlin, Germany, provided the
precursor for production of 18F-BAY94-9172 and refer-
ence standard (19F-BAY94-9172).

2.2. PET Scanner 2.2.1. All PET scans at the Austin Health Centre for PET are
performed on a Philips-ADAC Allegro (Philips Medi-
cal Systems, Cleveland, OH, USA) full-ring 3D PET
System with PIXELARTM GSO crystal detectors in 3D
mode, using a 256-mm transverse field of view (FOV)
and having a 180-mm axial FOV made up of 90 image
slices each of 2 mm thickness and a central transax-
ial spatial resolution of 5 mm full width half maximum
(FWHM).

2.2.2. A transmission scan is acquired prior to the emission
scan using a rotating 740 MBq 137Cs rotating point
source.

2.3. MRI Scanner All high resolution structural T1 MRI scans are acquired on a 3.0
Tesla GE Signa Horizon LX scanner (GE Medical Systems, Mil-
waukee, WI, USA) in a transaxial orientation with 128 matrices
of size 256 × 256, a pixel size of 0.977 mm, and a slice thickness
of 1.3 mm.
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2.4. Image Analysis
Software
2.4.1. Wasabi (v2) 2.4.1.a. Wasabi is an in-house image analysis and visual-

ization package developed by Tim Saunder at the
Austin Heath Centre for PE (http://wasabi.petnm.
unimelb.edu.au).

2.4.1.b. Volumes of interest (VOI) are defined and time–activity
curves (TAC) generated for subsequent Logan Plot
and kinetic analysis as well as voxel-based Logan Plot
analysis.

2.4.2. SPM 2.4.2.a. The Statistical Parametric Mapping (SPM) software
was developed by Friston and colleagues at University
College of London (80).

2.4.2.b. SPM5 is used to co-register PET and MR images,
motion correct individual frames, and to spatially nor-
malize the PET image data for subsequent standard-
ized template analysis as well as individualized VOI
analysis.

2.4.3. Neurostat 2.4.3.a. Neurostat, also known as 3D stereotaxic surface
projection (3D SSP) mapping, is a statistical para-
metric mapping software developed by Minoshima
and colleagues at the University of Michigan, Ann
Arbor (81).

2.4.3.b. PET images are spatially normalized and global nor-
malization of PET images are displayed to allow a
statistical comparison through Z-score maps against
either existing or in-house definable PET databases.

2.4.4. PMOD 2.4.4.a. PMOD is a commercial biomedical image quan-
tification and kinetic modeling software devel-
oped initially at the Zurich University, Switzerland
(http://www.pmod.com).

2.4.4.b. Compartment model analysis was performed using
the TAC generated by Wasabi VOI processing of
PET studies and the VOI Kinetic Analysis module of
PMOD.

2.5. AAL ROI
Template

2.5.1. The Automated Anatomical Labeling template (AAL)
developed by Tzourio-Mazoyer and colleagues (82)
allows regional sampling of spatially normalized brain
images.

2.5.2. There are 90 anatomical VOI, covering the cortical and
subcortical grey matter structures (see Notes 1 and 2).
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3. Methods

To illustrate the similarities and differences associated with
the aforementioned molecular imaging approaches, a detailed
description of tracer radiosynthesis, image acquisition, recon-
struction and analysis, as well as quantitative and semiquan-
titative approaches for amyloid imaging with 11C-PiB and
18F-BAY94-9172 is provided.

3.1. 11C-PiB

3.1.1. Subjects 1. Healthy elderly individuals with well-documented normal
cognitive function are recruited by advertisement in the
community.

2. All patients are recruited from the Austin Health Memory
Disorders and Neurobehavioural Clinics.

3. All subjects are over 60 years of age, speak fluent English
and had completed at least 7 years of education. No sub-
jects with a history or physical or imaging findings of other
neurological or psychiatric illness, current or recent drug or
alcohol abuse/dependence, or any significant other disease
or unstable medical condition is allowed into the study.

4. AD patients meeting NINCDS-ADRDA criteria for proba-
ble AD (27).

5. DLB patients meeting consensus criteria – cognitive fluctu-
ation, visual hallucinations, and Parkinsonism – for probable
DLB (83).

6. FTLD patients with characteristic clinical presentations (84)
plus frontal lobe or temporal lobe atrophy on MRI with con-
cordant hypometabolism on FDG PET.

7. MCI subjects meeting Petersen criteria of subjective and
objective cognitive difficulties, predominantly affecting
memory, in the absence of dementia or significant functional
loss (85).

8. Written informed consent for participation in this study is
obtained from all subjects prior to participation and also
from the next of kin or carer for the subjects with dementia.
Approval for the study was obtained from the Austin Health
Human Research Ethics Committee.

9. All subjects are administered a neuropsychological test bat-
tery within 1 week of the amyloid PET scan, Mini Men-
tal State Examination (MMSE) (86), and Clinical Dementia
Rating (87) to ensure subjects fulfilled diagnostic criteria for
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AD or normality. Neuropsychological examination, includ-
ing evaluation of different domains, included the adminis-
tration of the California Verbal Learning Test (CVLT II),
Rey figure, Logical Memory, verbal and categorical fluency,
Boston Naming Task, and digit span. HC are excluded if
any score falls below one standard deviation (SD) of the
published mean for that test. All probable AD subjects
have episodic memory scores below 2 SD of the published
mean.

3.1.2. MRI 1. All subjects undergo a 3D T1 MPRAGE and a T2 tur-
bospin echo sequence acquisition for screening, subsequent
co-registration with the PET images, and volumetric analysis
of grey and white matter, as well as ventricular volumes.

3.1.3. Radiotracer
Synthesis

1. [11C]CO2 is produced using the IBA Cyclone 10/5
cyclotron at Austin Health via the 14N(p,a)11C nuclear reac-
tion. The target gas consists of 98.02% nitrogen and 1.98%
oxygen.

2. Synthesis of 11C-PiB is performed using the one step
11C-methyl triflate approach (88), as described in detail else-
where (41, 60).

3. After a synthesis time of 30 min, an average radiochemical
yield of 20% (non decay corrected) is achieved.

4. Radiochemical purity and specific activity are determined
by analytical HPLC using a Luna C18 column (75 mm ×
4.8 mm, 5 μm, Phenomenex Inc., Torrence, CA, USA)
eluted with 50/50 acetonitrile/0.1 M ammonium formate
at a flow rate of 1 ml/min. PiB eluted off this system with a
retention time of 2.5 min.

5. The final product has an average specific activity of
55 GBq/μmol at EOS and radiochemical purity >95%.

3.1.4. Positioning/
Mask/Transmission

1. All subjects are positioned in the PET scanner, so to encom-
pass the whole brain within the field of view.

2. An individual thermoplastic mask ensures a stable posi-
tion of the head during the transmission and emission
scans.

3. A rotation transmission sinogram acquisition in 3D mode
with a 740 MBq rotating 137Cs transmission point source is
performed before the injection of the radiotracer for attenu-
ation correction purposes.

3.1.5. Blood Sampling 1. Before the PET scan, a catheter is inserted into either the
radial artery or antecubital vein for arterial or venous blood
sampling.
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Fig. 14.1. PET acquisition. Schematic representation of a PET scan acquisition. After injection of the radiotracer, radioac-
tivity is measured simultaneously in the brain and blood. Radioactivity is then used to generate brain and blood time-
activity curves (TAC), respectively.

2. Approximately 35 hand-drawn samples (0.5 ml) are col-
lected over 90 min (20 collected during first 2 min) in hep-
arinized vials (Fig. 14.1).

3. Discrete blood samples (3–7 ml) are obtained after the
radiotracer injection to determine plasma metabolites.

4. Plasma samples are measured in an automatic gamma
counter.

3.1.6. Metabolite
Analysis

1. As previously reported by Drs Mathis and Price from the
University of Pittsburgh (60, 89), discrete blood samples
(3–7 ml) are collected in heparinized vials at 5, 10, 15,
30, 60, and 90 min after injection of the radiotracer to deter-
mine the unmetabolized fraction of 11C-PiB in plasma.

2. Blood is centrifuged for 2 min at 12,900×g.
3. The resulting plasma supernatant (500–1,000 l) is then

added to an equivalent volume of acetonitrile.
4. This mixture is vortexed for 2 min and centrifuged for 2 min

at 12,900×g.
5. The supernatant is injected onto an analytical HPLC column

(Prodigy ODS-Prep C18, Phenomenex Inc., Torrence, CA,
USA) eluted with 45% CH3CN at a flow rate of 2 ml/min.

6. An on-line radio-HPLC detector (Raytest Corp., GABI sys-
tem) is used to quantitate radiolabeled peaks.



210 Villemagne et al.

7. Because there is no difference in the unmetabolized fraction
in HC or AD patients, a “population” curve can be applied
to correct the plasma samples (see Note 6).

3.1.7. PET Acquisition 1. PET scans are acquired using a 3D GSO Phillips Allegro
scanner in the Austin Health Centre for PET (Fig. 14.1).

2. Each subject receives 370 MBq 11C-PiB by intravenous
injection over 1 min.

3. A 90-min list-mode emission acquisition is performed in 3D
mode after injection of 11C-PiB.

3.1.8. Reconstruction 1. List-mode raw data is sorted off line into 4 × 30-s, 9 ×
1-min, 3 × 3-min, 10 × 5-min, and 2 × 10-min frames.

2. The sorted sinograms are reconstructed using a 3D row-
action maximum likelihood algorithm (RAMLA) (90) in
units of standardized uptake values (SUV).

3.1.9. Co-registration/
Normalization

1. Co-registration of the PET images with each individ-
ual’s MRI is performed with SPM5 (Statistical Parametric
Mapping, MRC Cognition and Brain Sciences Unit) (80)
(Fig. 14.2).

2. To perform partial volume correction of the PET images,
MRI is segmented into grey matter, white matter, and cere-
brospinal fluid (CSF).

3. For registration purposes the initial frames of the dynamic
PET studies are summed. The early frames of the study
reflect regional blood flow allowing an easy co-registration
with the MRI.

4. Using the grey matter information obtained from the MR
images, PET images are corrected for partial volume.

5. The individual MRI is then spatially normalized into stan-
dard (Taliarach) space.

6. Using the same transformation matrix, the co-registered par-
tial volume corrected PET image is spatially normalized (see
Notes 3 and 4).

7. VOI are then drawn on the individual MRI, and transferred
to the PET to generate TAC.

3.1.10. Volumes
of Interest

1. Mean radioactivity values are obtained from VOI for corti-
cal, subcortical, and cerebellar regions.

2. VOI analysis is conducted by applying the previously
described AAL template (82) to the spatially normalized
individual MRI and then transferred to the individual PET
images.
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Fig. 14.2. Image analysis. Diagram displaying the PET-MR co-registration and spatial normalization processes. PET
images are co-registered to the individual MR. The individual MR is then spatially normalized to standard (Talairach)
space. The same transformation matrix is then applied to the co-registered PET images. The spatially normalized PET
images can then be analyzed with Statistical Parametric Mapping (SPM), or used for regional VOI analysis, using the
Automated Anatomical Labelling (AAL) template.

3. Additional white matter VOIs – placed at the centrum
semiovale, pons, and midbrain – as well as cerebellar regions
are placed over the cerebellar cortex taking care to avoid
cerebellar white matter (see Note 1).

4. Decay-corrected time–activity curves (TAC) are generated
over 90 min from the 28 frames (see Note 7).

3.1.11. Kinetic Analysis • Standardized uptake values (SUV), defined as the decay-
corrected brain radioactivity concentration, normalized for
injected dose and body weight, is calculated for all regions.
Given the reversible nature of the radioligand kinetics,
distribution volume (DV) and distribution volume ratios
(DVR) are determined through graphical analysis (91)
(Fig. 14.3). Graphical analysis methods, using metabolite-
corrected plasma as input function, are applied to the brain
dynamic data. Graphical analysis methods are appropriate
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Fig. 14.3. Data analysis. Schematic representation of the analysis of amyloid imaging
PET data. After co-registration, PET images can be analyzed and displayed as Z scores
using 3D stereotaxic surface projection (3D SSP) mapping (3D SSP), analyzed with Sta-
tistical Parametric Mapping (SPM), or used for the estimation of binding parameters
using regional volume of interest (VOI) kinetic data.

for reversible ligand-binding kinetics (60) yielding outcome
measures of DV (ml/ml) and binding potential (BP, unit-
less). The DV and BP measures are directly related to the
total number of available binding sites (Bmax’) and the
radiotracer affinity for the binding site expressed as disso-
ciation constant (Kd) (92) (see Notes 8 and 9).

3.1.11.1. Plasma-Based
Arterial Input Function

Radioactive counts obtained from the plasma samples are cor-
rected for percentage of unchanged parent compound (60).
Details associated with PiB input function determination have
been previously described in detail (60).

3.1.11.2. Image-Based
(Carotid) Arterial Input
Function

• Summed PET images from the first minute after injection
when intravascular radioactivity is highest and best visualized
are used for the drawing of VOIs over the internal carotid
arteries (89).

• The resulting VOIs are then used to sample the dynamic PET
data and to generate carotid TAC.

• Metabolite correction of the carotid TAC data is per-
formed in a manner analogous to that described for Section
3.1.11.1, where the unchanged fraction of PiB is determined
from blood sampling.

3.1.11.3. Image-Based
(Cerebellar Cortex) Input
Function

• To avoid arterial blood sampling a simplified reference tis-
sue method (SRTM) is applied using the cerebellar cortex, a
region relatively unaffected by amyloid deposition, as input
function (59, 60, 91).
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• The cerebellar cortex has been shown to contain negligible
levels of fibrillar amyloid (93) and similarly low levels of PiB
binding in postmortem studies of normal, severe AD, and
non-AD demented subjects (42, 59). To further validate the
selection of the reference region, SUV are calculated for the
cerebellar cortex late in the scan when PiB binding reaches
apparent steady state (60, 89) and comparison of the bind-
ing in the reference region with age, diagnosis, and cognitive
status, shows no differences between groups.

• The SRTM approach, appropriate for reversible ligand-
binding kinetics (60) is then applied to yield outcome mea-
sures of DVR (unitless), and binding potential (BP, unitless).

• DVR are calculated through graphical analysis using dynamic
data acquired for 90 min and using the cerebellum as
reference region (60, 61, 91), thus minimizing the influence
of non-specific effects (see Notes 10–14).

• The DVR is closely related to the BP and can be com-
puted from DV estimates for a region (DVROI) and reference
tissue (DVREF), where DVR = DVROI/DVREF = BP+1.
see Notes 15–21 for additional simplified Aβ quantification
approaches.

3.2. 18F-BAY94-9172

3.2.1. Subjects (Same
as Section 3.1.1)

3.2.2. MRI 1. All subjects undergo a 3D T1 MPRAGE and a T2 tur-
bospin echo sequence acquisition for screening, subsequent
co-registration with the PET images, and volumetric analysis
of grey and white matter, as well as ventricular volumes.

3.2.3. Radiotracer
Synthesis

1. Radiolabeling of 18F-BAY94-9172 (trans-4-(N-methyl-
amino)-4′-{2-[2-(2-[18F]fluoro-ethoxy)-ethoxy]-ethoxy}-
stilbene) is performed at the Centre for PET, Austin Health,
immediately prior to radiotracer administration, following
previously described procedures (79).

2. [18F] Fluoride is produced using the IBA Cyclone 10/5
cyclotron at Austin Health, using a 18O (p,n) 18F reaction.
At end of bombardment the [18F] Fluoride is trapped on a
conditioned Sep-Pak Light QMA cartridge allowing recov-
ery of the [18O]-enriched water.

3. Radiolabeling was achieved by an automated synthesis pro-
cess using [18F] potassium fluoride Kryptofix complex fol-
lowed by acid hydrolysis and semi-preparative HPLC for
purification. Standard Sep-pak reformulation produced the
injectable product.
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4. After a 65-min synthesis, the radiochemical yield ranges from
20 to 30% (non decay corrected).

5. The radiochemical purity and specific activity are determined
by analytical HPLC using a LiChrosorb RP Select B-5 col-
umn (250 mm × 4.6 mm, 5 μm, Phenomenex Inc., Tor-
rence, CA, USA) eluted with CH3CN/10 mM disodium
hydrogen phosphate at 1 ml/min. On this system 18F-
BAY94-9172 elutes with a retention time of 7.5 min.

6. The final product has an average specific activity of
170 GBq/μmol and a radiochemical purity of >95% (79).

3.2.4. Positioning/
Mask/Transmission

1. All subjects are positioned in the PET scanner, so to encom-
pass the whole brain within the field of view.

2. An individual thermoplastic mask ensures a stable position
of the head during the transmission and emission scans.

3. A rotation transmission sinogram acquisition in 3D mode
with a 740 MBq rotating 137Cs transmission point source is
performed before the injection of the radiotracer for attenu-
ation correction purposes.

3.2.5. Blood Sampling 1. Before the PET scan, a catheter is inserted into either
the radial artery or antecubital vein for venous blood
sampling.

2. Approximately 38 hand-drawn samples (0.5 ml) are col-
lected over 120 min (20 collected during first 2 min) in hep-
aranized vials (Fig. 14.1).

3. Discrete blood samples (3–7 ml) at 5, 15, 30, 60, and 90 min
after the radiotracer injection are obtained to determine
plasma metabolites.

4. Plasma radioactivity is measured in an automatic gamma well
counter.

3.2.6. Metabolite
Analysis

1. Five 10-ml venous blood samples are taken 5–90 min post
injection to determine the unmetabolized fraction of 18F-
BAY94-9172 in plasma.

2. Blood is centrifuged for 2 min at 12,900×g.
3. The resulting plasma supernatant (500–1,000 l) is treated

with MeCN (8 ml) and the supernatant is concentrated
prior to injection onto a semi-prep μ-Bondapak C18 col-
umn (7.8 mm × 300 mm, 10 μm, Waters, Milford, MA,
USA).

4. The column was eluted with a gradient system (20–80%
MeCN:H2O).

5. Total run time is 18 min with 18F-BAY94-9172 eluting with
a retention time of 14.5 min.
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6. The radioactivity in the 18F-BAY94-9172 peak is then
expressed as a percentage of the total injected activity.

7. Because there is no difference in the unmetabolized fraction
in HC, FTLD or AD patients, a “population” curve can be
applied to correct the plasma samples (see Notes 5 and 6).

3.2.7. PET Acquisition 1. PET scans are acquired using a 3D GSO Phillips Allegro
scanner in the Austin Health Centre for PET (Fig. 14.1).

2. A slow i.v. bolus over 30 s of 300 MBq of 18F-BAY94-9172
is given followed by a 60-min list-mode emission acquisition
in 3D mode.

3. Further imaging is then performed at 90–120 and
135–165 min post injection using 10-min frames.

3.2.8. Reconstruction 1. List-mode raw data is sorted off line into 4 × 30-s, 9 ×
1-min, 3 × 3-min, 10 × 5-min, and 2 × 10-min frames.

2. The images and the sorted sinograms are reconstructed
using a 3D RAMLA (90) and reconstructed in units of SUV.

3.2.9. Co-registration/
Normalization

1. Co-registration of the PET images with each individ-
ual’s MRI is performed with SPM5 (Statistical Parametric
Mapping, MRC Cognition and Brain Sciences Unit) (80)
(Fig. 14.2).

2. To perform partial volume correction of the PET images,
MRI is segmented into grey matter, white matter, and cere-
brospinal fluid (CSF).

3. For registration purposes the initial frames of the dynamic
PET studies are summed. The early frames of the study
reflect regional blood flow allowing an easy co-registration
with the MRI.

4. Using the grey matter information obtained from the MR
images, PET images are corrected for partial volume.

5. The individual MRI is then spatially normalized into stan-
dard (Taliarach) space.

6. Using the same transformation matrix, the co-registered par-
tial volume corrected PET image is spatially normalized.

7. VOI are then drawn on the individual MRI and transferred
to the PET to generate TAC.

3.2.10. Volumes
of Interest

1. Mean radioactivity values are obtained from VOI for corti-
cal, subcortical, and cerebellar regions.

2. VOI analysis is conducted by applying the previously
described AAL template (82) to the spatially normalized
individual MRI and then transferred to the individual PET
images (Fig. 14.2).
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3. Additional white matter VOI – placed at the centrum semio-
vale, pons and midbrain – as well as cerebellar regions were
placed over the cerebellar cortex taking care to avoid white
matter.

4. Decay-corrected TAC are generated over 165 min.

3.2.11. Kinetic Analysis 1. Calculation of binding parameters using metabolite-
corrected arterial plasma as input function is described in
Section 3.1.11 (Fig. 14.3).

2. To avoid arterial blood sampling, DVR can be calculated
using either metabolite-corrected venous plasma, and the
cerebellar cortex, a region relatively unaffected by amyloid
deposition in early AD, as input function. see Notes 15–21
for additional simplified Aβ quantification approaches.

3. Distribution volume ratios (DVR) are determined through
graphical analysis of the 165 min TAC (28 data points)
(60, 79, 91) (see Notes 8 and 9).

4. DVR calculated using metabolite-corrected venous plasma
and cerebellar cortex as input functions yield similar results
(79) (see Notes 10–14).

5. This approach has not been validated against a metabolite
corrected arterial plasma input curve for 18F-BAY94-9172
but it has provided good distinction between AD and HC,
as well as with FTLD (79).

4. Notes

1. Because some regions, crucial for the quantification of Aβ

burden in the brain, such as cerebellar cortex, as well as
pons, midbrain, and subcortical white matter areas, are not
present in the original AAL VOI (82); they have to be
added to the template.

2. The segmented grey matter from the MRI is used to restrict
the sampling to grey matter areas within the VOI of the
AAL template.

3. In those subjects where MRI could not be obtained or is
contraindicated, as is the case in subjects suffering from
claustrophobia or subjects with intracranial aneurysm clips,
intra-orbital metal fragments or electrically, magnetically or
mechanically activated implants, VOI can be drawn directly
onto the PET images by an expert operator blind to the
clinical status of the subjects. Preferably the VOI are placed
over the summed initial frames of the dynamic PET study
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are summed which reflect regional blood flow instead of
amyloid deposition.

4. Another available option is to try to spatially normalize the
PET images to the Montreal Neurological Institute (MNI)
MRI (94), and then applied the AAL VOI template.

5. To further characterize 18F-BAY94-9172 metabolism, two
potential metabolites resulting from O-desalkylation of
18F-BAY94-9172 are radiolabeled via nucleophilic sub-
stitution of mesylate precursors followed by hydrolysis
to form 18F-PEGn3-OH or 18F-PEGn2-OH. 18F-Fluoro-
ethanol was synthesized via ring opening of 1,3,2-
dioxathiolane 2,2-dioxide followed by hydrolysis. Co-
elution studies with patient plasma are then performed with
either 18F-PEGn3-OH or 18F-PEGn2-OH or 18F-Fluoro-
ethanol to identify radioactive metabolites formed in vivo.

6. To assess if these radiolabeled metabolites cross the blood
brain barrier they are injected into mice via the tail vain and
animals are euthanized at sequential intervals and brains
removed and counted.

7. VOI analyses are applied to the dynamic PET images
to obtain decay-corrected, time–radioactivity curves. To
quantify regional radioligand binding, DV and DVR val-
ues are determined through graphical analysis.

8. DV, BP, and DVR, the main outcome parameters calcu-
lated through these methods, can be estimated with much
higher accuracy than using compartmental analysis of radi-
oligand binding kinetics (95).

9. The graphical method described by Logan postulates that
at a certain time after the administration of a radioligand,
the relationship between the radioligand concentration in
tissue and metabolite corrected plasma can be described
as a straight line (96). The slope of this line corresponds
to total DV, a parameter that reflects how many times the
concentration of radioligand in tissue exceeds the concen-
tration of free radioligand in plasma at equilibrium.

10. For regions devoid of specific binding, the concentration
of radioactivity in tissue represents the sum of the unbound
(free) and non-specifically bound fractions of radioligand.

11. To avoid arterial blood sampling, a simplified approach
using a non-specific binding region as input functions can
be used to calculate binding parameters through graphical
analysis (91).

12. The slope of this line corresponds to DVR, a parameter
that reflects the ratio of DV between the specific and non-
specific binding regions, respectively. This later approach is
also referred to as a reference tissue model.
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13. For amyloid imaging studies in sporadic AD, the cerebel-
lum is the most suitable reference tissue, being devoid
of neuritic plaques (42, 93) and large enough to per-
mit VOI placement far from tissues of high radioligand
retention.

14. Using the graphical analysis approach, we are able to calcu-
late DVR in both 11C-PiB and 18F-BAY94-9712 studies.

15. Simplified methods, aimed to shorten PET scan duration
time and use of image-derived estimates of radioactivity
concentration in cerebellar cortex as normalizing reference
tissue can be applied to obtain semiquantitative statements
of Aβ deposition in the brain.

16. Aβ burden is usually assessed through standardized uptake
value ratios (SUVR). The SUVR is closely related to the
DVR and can be computed from SUV estimates for a
region (SUVROI) and reference tissue (SUVREF), where
SUVR = SUVROI/SUVREF.

17. SUVR in amyloid imaging with 11C-PiB are defined as
the region to cerebellum ratio after 40–50 min after injec-
tion, a time when the ratio of binding in cortical and sub-
cortical grey matter regions to that in plasma (60, 97)
or the cerebellar cortex reach apparent steady state (60,
61, 89).

18. A strong correlation is observed between SUVR and DVR
for all regions (r = 0.75–0.94), with the strongest corre-
lations between SUVR and DVR observed in cortical and
subcortical gray matter regions (r = 0.95–0.98) and the
lowest correlations in midbrain and pons (r = 0.75 and
0.78, respectively).

19. PET centers around the world use different approaches to
simplified amyloid imaging, all aimed at obtaining valid
SUVR measures that yield the best compromise between
accuracy, reliability, and feasibility as a routine clinical appli-
cation. Some PET centers use SUVR derived from images
obtained between 40 and 60 min after 11C-PiB injection
(89). While providing high count rate images, it can be
argued that the radiotracer has not fully reached steady
state; therefore, this approach might lead to underestima-
tion of Aβ burden, while being subjected to temporal insta-
bility. On the other hand, multicenter strategies such as
the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
(98) are estimating SUVR from images obtained between
50 and 70 min after 11C-PiB injection. While the images’
count rate is lower, reflected in poorer image quality, this
approach is closer to reflect equilibrium imaging providing
a better temporal stability in longitudinal studies (99, 100).
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Other PET centers calculate SUVR from images obtained
between 60 and 90 min after 11C-PiB injection (101).

20. Overall, SUVR values provide reliable and reproducible
semiquantitative statements of Aβ burden and can be
obtained from a single 20-to 30-min 11C-PiB PET scan,
making it a much more suitable approach for clinical stud-
ies, particularly in the elderly and cognitively impaired who
may not be able to tolerate a prolonged scan.

21. As with 11C-PiB PET studies, simplified approaches aimed
at shortening the duration of PET scans and using image-
derived estimates of radioactivity concentration in cere-
bellar cortex as normalizing reference tissue can also be
applied to 18F-BAY94-9172 studies.

22. SUVR for 18F-BAY94-9172 is defined as the region to
cerebellum ratio at 90–120 min post injection, a time after
the ratio of binding in cortical and subcortical grey mat-
ter regions to that in the cerebellar cortex reach apparent
steady state (79).

23. A strong correlation is observed between 18F-BAY94-9172
SUVR and DVR for all regions (r = 0.71–0.98), with the
strongest correlations between SUVR and DVR observed
in cortical and subcortical gray matter regions (r = 0.93–
0.98) and the lowest correlations in white matter and pons
(r = 0.82 and 0.71, respectively).

24. As with 11C-PiB, SUVR values calculated from 18F-
BAY94-9172 images provide reproducible and reliable
statements of Aβ burden and can be obtained from a sin-
gle 20–30 min PET scan, making it a much more suitable
approach to Aβ imaging in clinical studies, particularly in
the elderly and cognitively impaired who may not be able
to tolerate a prolonged scan.
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Chapter 15

Molecular Imaging of Myocardial Remodeling
After Infarction

Johan W.H. Verjans, Susanne W.M. van de Borne, Leonard Hofstra,
and Jagat Narula

Abstract

Myocardial fibrosis after myocardial infarction plays a major role in cardiac remodeling, development of
heart failure, and arrhythmias. Both replacement and interstitial fibrosis are determined by the extent of
myofibroblastic proliferation and hence the extent of collagen deposition. It is logical to propose that a
molecular imaging strategy that is able to determine the rate of myofibroblastic proliferation should be
able to foretell the magnitude of myocardial remodeling and the likelihood of development of heart fail-
ure. Of various plausible targets on the proliferating myofibroblasts, receptors for neurohumoral agonists
and overexpression of integrin moieties may offer best options for molecular imaging. In this chapter we
describe the assessment of angiotensin II receptor and αvβ3 integrin upregulation in a mouse model after
myocardial infarction using real time in vivo fluorescence imaging and nuclear imaging.

Key words: Myocardial infarction, myocardial remodeling, myocardial fibrosis, myofibroblasts,
angiotensin II receptor, integrins, molecular imaging.

1. Introduction

Myocardial fibrosis plays a major role in cardiac remodeling
after MI. Replacement and interstitial collagen deposition dur-
ing the process of remodeling is intimately associated with
(myo)fibroblastic proliferation (1). On the one hand, the replace-
ment fibrosis may prevent infarct expansion and aneurysm for-
mation, and on the other hand interstitial fibrosis in areas
remote from infarction may contribute to myocardial dysfunc-
tion (2). The expanding scars also contribute to development
of ventricular arrhythmias and sudden death (3). The process of
myocardial remodeling is causally linked to local upregulation of

K. Shah (ed.), Molecular Imaging, Methods in Molecular Biology 680,
DOI 10.1007/978-1-60761-901-7_15, © Springer Science+Business Media, LLC 2011

227



228 Verjans et al.

numerous neurohumoral factors after myocardial infarction (4),
and the use of neurohumoral antagonists, including ACE
inhibitors, angiotensin receptor blockers (ARB), selective aldos-
terone receptor antagonists have demonstrated to successfully
prevent and reverse the remodeling process (5, 6).

Molecular imaging in myocardium has traditionally targeted
the subcellular processes associated with myocellular death (7, 8).
It is, however, expected that the window of opportunity for such
an imaging may be rather short and may even interfere with the
delivery of appropriate and timely intervention. It is also expected
that targeting of the myocardial fibrosis may have more significant
relationship with eventual development of irreversible and inex-
orable process of remodeling and hence evolution of heart failure
(9). In addition, such strategy may also lend itself to serial assess-
ment for demonstration of efficacy of numerous drugs aimed at
prevention of myocardial remodeling and heart failure (10).

Fig. 15.1. a and b demonstrates the in vivo binding of green fluorescent APA in the
infarct region 3 weeks after myocardial infarction at baseline before injection and after
20 min. c ex vivo image of the left coronary artery with APA uptake in the vessel wall.
d is an example of an ex vivo image of a murine heart showing infarct and vascular
uptake of green fluorescently labeled APA. (Reproduced with permission.)
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We have recently focused on fluorescent and nuclear imag-
ing of key targets expressed by the proliferating myofibroblasts,
including angiotensin II receptors, using a novel fluorescein-
labeled angiotensin-II-like peptide for fluorescence imaging and
a radiolabeled angiotensin II type 1 receptor blocker for nuclear
imaging (11). Subsequently, we focused on αvβ3 integrins,
which is currently being evaluated in clinical trials (12). We first
describe the protocol for in vivo intra vital imaging of angiotensin
II receptors and integrin upregulation (Figs. 15.1 and 15.2a

Fig. 15.2. CRIP imaging was performed 3.5 h after intravenous administration in 2-week
post-MI animals. Cy5.5 fluorescence (red) was observed in the infarct zone (a, arrows).
b shows ex vivo imaging of 99mTc labeled CRIP after MI. After sacrifice, images were
taken of CRIP sections (red, c) after they were stained with anti-alpha smooth muscle
actin (ASMA) antibody (green, d), along with colocalization image (e). CRIP was localized
on ASMA positive myofibroblasts in the infarct area. For immunoelectron microscopy (e),
intravenously administered CRIP was traced on myofibroblasts by gold-labeled anticya-
nine antibody (black immunogold particles, 10 nm). (Reproduced with permission.)



230 Verjans et al.

respectively), followed by nuclear imaging. Feasibility of dis-
tinct targeting and characterization of probe–target interaction
was characterized by immunofluorescence and immunoelectron
microscopic analyses (Fig. 15.2b–e).

2. Materials

2.1. Angiotensin II
Peptide Analog (APA)

1. 23 mg of NH2-CH2CH2-Gly-Arg-Val-Tyr-Ile-His-Pro-Ile-
OH.

2. 16 mg of fluorescein NHS ester.
3. 12 μl of N-methylmorpholine and dimethylformamide.
4. 0.1 mmol Fmoc-Ile-Wang resin.
5. 0.5 mmol bromoacetic anhydride in dimethylformamide.
6. 0.5 mmol N-Boc-ethylenediamine in N-methylpyrrolidone.
7. 5 ml trifluoroacetic acid containing 2.5% triisopropylsilane

and 2.5% water.

2.2. Cy5.5-RGD
imaging peptide
(CRIP)

The Cy5.5-RGD imaging peptide (CRIP) was kindly gifted by
GE Healthcare (Oslo, Norway). The RGD peptide is a 2.5-kD
bimodal 10-amino-acid peptide with an RGD motif and bicyclic
structure conjugated to a fluorescent cyanine dye Cy5.5, and a
chelate agent cPN216 for 99mtechnetium labeling.

2.3. Radiolabeling
of CRIP

1. 50 μg of tracer dissolved in 50 μl of methanol.
2. Freeze dried kit Cy5.5 RGD imaging peptide (GE health-

care, Oslo, Norway) and 1 ml of 99mTechnetium-O−
4 .

3. Standard instant thin-layer chromatography kit.

2.4. Surgery 1. Male Swiss Webster Mice (Charles River, Hollister, CA) at
age 2–4 months and body weight ∼40–50 g (Note 1).

2. For anesthesia, a dose of pentobarbital (75 mg/kg) and
isoflurane gas (2.0–3.0%) is used.

3. A small animal heating pad is used (37.0–37.5) together
with an ECG monitoring system.

4. Standard small animal surgery equipment.
5. Polyethylene tubing (PE-10) for jugular catheterization.

2.5. Real-Time
Optical Imaging
of Angiotensin II
Receptors and αvβ3
Integrins

1. For intravital fluorescence microscopy, a fluorescence stere-
omicroscope (Leica MZ16FA, Switzerland), equipped with
a CCD camera (ORCA 285, Hamamatsu, Japan) and dye-
specific excitation and emission filters.
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2. APA imaging: A 470/50-nm band-pass excitation filter is
used and emitted fluorescence is collected through a band-
pass filter of 525/50 nm.
• CRIP Integrin imaging: A 675/50-nm band-pass exci-

tation filter is used and emitted fluorescence is collected
through a band-pass filter of 700/50 nm.

3. Images are analyzed using SimplePCI software (Compix,
Sewickley, PA).

2.6. Nuclear Imaging
and Scintillation
Counting

1. We use a micro SPECT/CT system (X-SPECT, Gamma
Medica, Northridge, CA) with low-energy, high-resolution
pinhole collimator for SPECT imaging with built-in software
(Note 2).

2. Computed tomography imaging is performed using an X-ray
tube (50 kVp and 0.6 mA).

3. Quantitative radiotracer uptake is measured with a gamma
scintillation counter (1480 Wizard 3”; Wallac, USA).

2.7. Fluorescence
Microsopy of the
CRIP

1. Nikon Eclipse E-800 microscope.
2. Anti-α-smooth muscle actin antibody (Sigma, 1:2,000).
3. Donkey anti-mouse IgG FITC (Jackson Immunoresearch

Europe, Newmarket, Suffolk, UK).

2.8. Electron
Microscopy of
Cyanine-5.5 Probe

1. Philips CM100 electron microscope (Eindhoven, the
Netherlands).

2. Anti Cyanine antibody (Acris antibodies, Hiddenhausen,
Germany).

3. Protein gold labeling.

3. Methods

The following experiments describe intravital fluorescence imag-
ing of the myofibroblasts after myocardial infarction. Although
a very good method for assess whether, how rapid, and where
the probe is binding, which can be confirmed by ex vivo fluores-
cence microscopy, this method is not quantitative since it does
not have tomographic capabilities (Note 3). Nuclear imaging
is a tool without the high spatial and temporal resolution, but
with (semi)quantitative and noninvasive imaging capacity. There-
fore, the combination of in vivo and ex vivo optical imaging
followed by validation using quantitative nuclear imaging of
molecular and cellular processes is a very rapid and effective
approach for screening and developing new imaging compounds
in translational research.
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3.1. Preparation of
Fluorescein-APA

1. For preparation of the fluorescent peptide, 23 mg of NH2-
CH2CH2-Gly-Arg-Val-Tyr-Ile-His-Pro-Ile-OH, 16 mg of
fluorescein NHS ester, and 12 μl of N-methylmorpholine
were dissolved in dimethylformamide and the mixture
stirred overnight.

2. The reaction product was purified by preparative RP-HPLC
affording 19 mg pure fluorescein-APA.

3. The peptide sequence Arg-Val-Tyr-Ile-His-Pro-Ile was syn-
thesized starting with 0.1 mmol Fmoc-Ile-Wang resin.

4. The N-terminus was bromoacetylated using 0.5 mmol bro-
moacetic anhydride in dimethylformamide for 30 min.

5. The bromoacetylated resin was treated with a solution of
0.5 mmol N-Boc-ethylenediamine in N-methylpyrrolidone
for 30 min.

6. The simultaneous removal of side-chain protecting groups
and cleavage of the peptide from the resin was carried out in
5-ml trifluoroacetic acid containing 2.5% triisopropylsilane
and 2.5% water for 2 h.

7. Trifluoroacetic acid was removed in vacuo, diethyl ether
added to the residue and the precipitated peptide washed
with diethyl ether and air-dried, affording 120 mg of crude
peptide.

3.2. Mouse Model of
Post-MI Remodeling

1. Animals are anesthesized and put on a small animal heating
pad (37.0–37.5◦) in near-supine position (Note 4).

2. ECG recordings are monitored throughout the operation.
3. Thoracotomy is performed and heart is visualized. Peri-

cardium is left intact (Note 5).
4. The left coronary is located and ligated on its second branch-

ing point using a 6-0 prolene suture (Note 6).
5. Thorax is closed using a 5-0 monocryl suture and the mouse

is taken to a heated recovery room for 24 h.

3.3. Optical Imaging
Using Fluorescent
APA and CRIP

1. After anesthesizing the animal, a venous line (polyethylene,
PE-10) is introduced into the left jugular vein for injection
and fixated with a suture, after unilateral distal ligation of the
vein.

2. APA or CRIP (50 μg bolus dissolved in PBS or saline) is
injected intravenously into the internal jugular vein.

3. Real-time optical imaging is performed from baseline to
desired time-point using a fluorescence stereomicroscope.
Acquisition time for adequate in vivo images is 110 ms with
current CCD camera (Figs. 15.1a, b and 15.2a).
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4. For ex vivo imaging, acquisition time is increased for
improved images in a non-beating heart (Fig. 15.1c, d).

3.4. Radiolabeling
of CRIP

1. For radiolabeling, 50 μg of tracer was dissolved in 50 μl of
methanol and added to the freeze dried kit (GE healthcare,
Oslo, Norway).

2. 1 ml of 99mTechnetium-O−
4 is added to this solution and left

for 20–30 min (room temperature).
3. Radiolabeling radiopurity is tested using standard instant

thin-layer chromatography (>90%).

3.5. Nuclear Imaging
and Ex Vivo
Quantitation of CRIP

1. After radiolabeling, the CRIP compound is injected intra-
venously into the tail vein.

2. Mice are anesthesized and put in the SPECT/CT isoflurane
anesthesia system.

3. SPECT Images are acquired in 64 × 64 scaffold, 32 steps
at 120 s/step on a 140 KeV photopeak of 99 MTc with 15%
window (Fig. 15.2b).

4. CT images are acquired at 0.5 s per view (256 views in
360◦).

5. Ex vivo images are acquired for 15 min in a 128 × 128
matrix.

6. Quantitative uptake is done with the scintillation counter,
after cutting hearts into three bread-loaf slices (Note 7).

7. Similarly, biodistribution studies can be undertaken (e.g.,
lung, liver, spleen, kidney).

3.6. Fluorescence
Microsopy of the
Cy5.5 RGD Peptide

1. For localization of CRIP, non-radiolabeled compound is
injected after myocardial infarction. Animals are sacrificed
with pentobarbital (200 mg/kg) 3.5 h after injection of the
compound.

2. The heart is put in OCT (Tissue-TEC), and frozen in liquid
nitrogen.

3. Frozen sections are cut (5 μm) using a cryotome and stored
at –20◦C. rehydrated in PBS.

4. Sections are rehydrated in PBS and incubated for 2 h
using anti-a-smooth muscle actin antibody (1:2,000) and is
washed with PBS.

5. Secondary antibody is added for 1 h (donkey anti-mouse
IgG FITC), in a dark chamber.

6. After washing in PBS one drop of Vectashield containing
DAPI was added to each section.

7. Imaging is performed using fluorescence microscopy
(Fig. 15.2c, d).



234 Verjans et al.

3.7. Immune Electron
Microscopy

1. 8 weeks after myocardial infarction, mice are sacrificed
and hearts are perfused with 0.2% glutaraldehyde/2%
paraformaldehyde and 0.1 M phosphate buffer (pH 7.4).

2. Hearts are excised and stored in abovementioned buffer for
at least 1 h.

3. Next, hearts moved to a 1% paraformaldehyde and 0.1 M
phosphate buffer (pH 7.4, 4◦C) for at least 24 h.

4. Tissue samples are stored at 2.3 M sucrose in 0.1 M phos-
phate buffer and are cut and moved to a grid-in methyl
cellulose/2.3 M sucrose solution (1:1). Anti-cyanine was
used (Acris antibodies, Hiddenhausen Germany) for label-
ing Cy5.5 in the specimens.

5. Finally, after protein A gold labeling sections are examined
using an Philips CM100 electron microscope (Fig. 15.2e).

4. Notes

1. Mice are preferred to be same age/weight and at least 8
weeks. In our experience, mortality is lower in mice that are
at least 8 weeks.

2. OsiriX is a free DICOM viewer which can also be used for
reconstruction purposes of SPECT/CT images.

3. Optical tomography could overcome this problem, but still
has problems with movement artifacts and interference of
uptake at the thoracotomy site (this only applies to molecu-
lar imaging of processes that also occur at thoracotomy site,
such as αvβ3 integrin upregulation).

4. The mouse left foot is crossed over and fixed to the right side
of the right foot. This causes the intercostal opening to give
a more lateral view to the heart, with a better view on the
left coronary tree, providing easier access for left coronary
ligation.

5. Although coronary is less well visualized without pericardec-
tomy, the physiological situation seems more adequately
replicated leaving the pericardial sac intact with less post-
operative adhesions.

6. The recognition and ligation technique requires practice as
the coronary tree is small. The coronary tree of Swiss Web-
ster is easier to visualize for ligation, when compared to
C57Bl6 mice. However, this varies between different species
and companies.

7. Infarct, peri-infarct, and remote regions are cut in slices
using a mouse heart matrix (Zivic Laboratories, Inc).
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Chapter 16

Dual-Radionuclide Brain SPECT for the Differential
Diagnosis of Parkinsonism

Georges El Fakhri and Jinsong Ouyang

Abstract

Parkinsonism is a neurological syndrome characterized by tremor, bradykinesia, rigidity, and postural
instability. The underlying causes of parkinsonism are numerous. It is of paramount importance to make
clean distinction among these diseases. However, the differential diagnosis of parkinsonism is challeng-
ing. Simultaneous dual-radionuclide brain SPECT allows us to assess both blood perfusion and dopamine
transporter function under the identical physiological conditions. This approach has been proven to
improve the differential diagnosis of parkinsonism. The simultaneous 99mTc-ECD/123I-FP-CIT brain
SPECT protocols, which are used for the differential diagnosis of idiopathic Parkinson’s disease and
multiple system atrophy as well as corticobasal degeneration and progressive supranuclear palsy, are pre-
sented.

Key words: Parkinsonism, IPD, MSA, CBD, PSP, SPECT, dual-radionuclide, perfusion, neuro-
transmission, ANN, MC-JOSEM.

1. Introduction

Parkinsonism is a neurological syndrome characterized by tremor,
bradykinesia, rigidity, and postural instability. The underlying
causes of parkinsonism are numerous. Idiopathic Parkinson’s dis-
ease (IPD) is the most prevalent cause, but about a third of
the patients with parkinsonian symptoms have other diseases
instead, which include but are not limited to multiple system
atrophy (MSA), corticobasal degeneration (CBD), and progres-
sive supranuclear palsy (PSP). It is of paramount importance to
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make clean distinction among these diseases. For example, dis-
tinction IPD from other neurological disorders will allow the
physician to avoid certain medications such as classic neurolep-
tics (e.g., haloperidol, fluphenazine, or thioridazine) for non-PD
patients, which, even at low doses, can have life-threatening side
effects (1). However, the differential diagnosis of parkinsonism
continues to be challenging with high misdiagnosis rate because
parkinsonian diseases have similar symptoms. It is reported that
at least 10–25% of patients, who are initially diagnosed as having
IPD, actually have another disorder when reviewed pathologically
(2, 3).

Imaging techniques may provide crucial information for the
differential diagnosis of parkinsonism. Single photon emission
computed tomography (SPECT) is one of the promising func-
tional imaging techniques that can be used by physicians to dif-
ferentially diagnose parkinsonism and gauge disease progression
and effectiveness of treatment.

Simultaneous dual-radionuclide SPECT not only ensures per-
fect registration of the two tracers under identical physiologi-
cal conditions, but also reduces acquisition time. This is particu-
larly important when imaging parkinsonian patients who typically
have movement disorders. One of the dual-radionuclide SPECT
approaches is to assess brain perfusion and neurotransmission
simultaneously. It would yield valuable insight into the conditions
of the brain and allow us to relate the measures of uptake to quan-
titative measures of motor and cognitive function. For example,
blood perfusion and dopamine transporter (DAT) function can
be assessed using simultaneous 99mTc-ECD/123I-FP-CIT. How-
ever, simultaneous 99mTc/123I SPECT is particularly challeng-
ing because the emission energies of 99mTc (140 keV) and 123I
(159 keV) are very close; not only are down-scattered 123I pho-
tons detected in the 99mTc window, but, equally importantly, pri-
mary photons of each radionuclide are detected in the wrong win-
dow (cross talk), making the discrimination between them on the
basis of energy challenging. Several approaches, which compen-
sate for scatter, cross talk, and high-energy septal penetration in
simultaneous 99mTc/123I imaging, have been proposed and suc-
cessfully tested in Monte Carlo simulation, phantom, and clinical
studies (4–8).

Using dual-radionuclide brain SPECT for the differential
diagnosis of parkinsonism has been published (9–11). In this arti-
cle, the protocol for the following clinical applications will be pre-
sented. The details about the methods and results can be found
in the original publications (8, 10).

1. The differential diagnosis of IPD and MSA.
2. The differential diagnosis of CBD and PSP.



Dual-Radionuclide Brain SPECT for the Differential Diagnosis of Parkinsonism 239

2. Materials

2.1. Brain SPECT
Camera and
Radiotracers

1. Triple-head SPECT camera equipped with low-energy, high
resolution (LEHR) parallel-hole collimator.

2. 99mTc-ECD (99mTc-Ethylcysteinate dimer) is a commer-
cially available perfusion radiotracer.

3. 123I-FP-CIT[123I-N-ω-fluoropropyl-2ß-carboxymethoxy-
3ß-(4-iodophenyl) nortropane] is a commercially available
neurotransmission radiotracer.

2.2. Artificial Neural
Network

The artificial neural network (ANN) devised for simultaneous
scatter and cross-talk corrections is a multilayer perceptron (MP)
using a back-propagation algorithm as a learning tool (4). It is
made of partly connected artificial neurons organized in multiple
layers. Each neuron has several inputs and one output. Inputs can
be external data as well as outputs of other neurons. The effect of
each input is regulated through a specific weight derived from the
learning phase. A weighted sum of the inputs is used to calculate
the internal state of the neuron using an activation function. This
activation value, weighted by links, is propagated to the following
neurons. Data are used as input to the first layer (“input layer”).
The last layer is the “output layer.” These two layers are separated
by “hidden layers.” Each neuron of each layer is connected with
each neuron of the next layer. The MP was composed of an input
layer (26 neurons), a hidden layer (13 neurons) and an output
layer comprising two neurons.

1. The energy spectrum in each pixel was sampled in 26 energy
channels of 4 keV each between 79 and 183 keV.

2. Normalized spectral values (ratio of photon counts in each
channel to total photon count) were used as inputs. The
two output neurons yielded the ratio of estimated primary
to total photon counts of 99mTc or 123I in each pixel.

3. The learning phase consisted of submitting to the network
typical spectral images together with the true expected value
of the primary/total photon ratio of each radionuclide. A
phantom study, independent of the brain studies, based on
Monte Carlo simulation of both 99mTc and 123I, was per-
formed to obtain learning samples.

2.3. Fast Monte Carlo
Based Joint
Ordered-Subset
Expectation-
Maximization

The fast Monte Carlo based joint ordered-subset expectation-
maximization (MC-JOSEM) is a reconstruction algorithm that
incorporates accurate scatter and cross-talk corrections, which
are obtained by a fast Monte Carlo simulation, into a joint
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Fig. 16.1. Flow chart of MC-JOSEM.

iterative reconstruction process. MC-JOSEM algorithm for the
reconstruction of 99mTc/123I is illustrated in Fig. 16.1 (5).

1. Two photopeak projections at two detector energy windows,
129–151 keV and 159–175 keV, were used to reconstruct
99mTc and 123I images, respectively, using standard OSEM,
while modeling the attenuation map and the detector point
spread function (PSF) in both the projector and backprojec-
tor. Each reconstruction process used one detector energy
window associated with one radionuclide.

2. The scatter and cross-talk contributions to all energy win-
dows were estimated using a fast MC algorithm while using
the reconstructed 99mTc and 123I images at the fifth itera-
tion as starting images. Ten million photon histories were
generated, and each event underwent a number of interac-
tions before exiting the imaging volume. Scatter maps were
simulated at each projection angle for many energy windows
throughout the entire energy spectrum for all the primary
and scattered photons that have non-negligible probability
of being detected in the two detected energy windows used
by the scanner. These scatter maps were then blurred by the
PSFs to form the projection for each detector energy win-
dow to obtain the scatter and cross-talk estimates.

3. A joint OSEM incorporating two radionuclides and three
detector energy windows (129–151, 151–159, and 159–
175 keV) was performed. All the image volumes and pro-
jection sets, and therefore all the radionuclides and energy
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windows, contribute to the iterative reconstruction process.
For JOSEM, each forward projection has contributions from
all the radionuclides, while each backprojection has contri-
butions from all the energy windows. This is different from
conventional OSEM, where only one radionuclide and one
energy window are involved in the reconstruction process.
The same scatter estimate was included in the forward pro-
jection for each iteration of JOSEM. Instead of subtracting
the low-noise estimate of the scatter and cross-talk contri-
butions directly from the measured projections, the estimate
was included when forward projecting to preserve the Pois-
son statistics.

2.4. Statistical
Parametric Mapping
Software

The Statistical Parametric mapping (SPM) is a suite of MATLAB
functions and subroutines with some externally compiled C rou-
tines. SPM was written to organize and interpret the functional
neuroimaging data. SPM2 is a major update to the SPM soft-
ware, containing substantial theoretical, algorithmic, structural,
and interface enhancements over previous versions.

3. Methods

Section 3.1 (Section 3.2) describes the methods for the differen-
tial diagnosis of IPD and MSA (CBD and PSP). Although either
ANN-based OSEM or MC-JOSEM can be used for both stud-
ies and MC-JOSEM is expected to be superior to ANN-based
OSEM, only the method used in the original publication is pre-
sented for each application.

3.1. Differential
Diagnosis of IPD
and MSA

1. Thirty-four patients were included in the study, all of
whom provided informed consent according to institu-
tional guidelines.

2. Five patients (four males, one female) were clinically
assessed as having IPD. Five patients (two males, three
females) were clinically assessed as having MSA. The mean
UPDRS motor score and Heohn and Yahr stage were,
respectively, 16 ± 6.1 and 1.8 ± 0.6 for the IPD group,
and 16.4 ± 5.3 and 2.6 ± 0.5 for the MSA group.
Available clinical data at the time of SPECT examination
included medication (levodopa agonists and other medica-
tions), UPDRS motor scores, and results from other tests
(MRI, neuropsychological tests).

3. Nine patients (five males, four females) were healthy
volunteers. They were screened for normalcy by physical
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and paraclinical examinations as well as the complete
patient history. High spatial resolution T2 and 3D-SPGR-
T1 MRI scan results were normal.

4. Each patient was injected with 185 MBq 123I-FP-CIT.
Two hours later, the patient was injected with 740 MBq
99mTc-ECD.

5. Three hours after the injection of 123I-FP-CIT and 1 h
after the injection of 99mTc-ECD, data were acquired in
eight energy windows in 79–179 keV using the triple-
head SPECT camera equipped with LEHR parallel-hole
collimator.

6. Projection data were corrected for scatter, cross-talk, and
123I high-energy penetration using ANNs (4, 12).

7. ANN-corrected projections were first reconstructed with
no compensations to yield the contour of the scalp, which
was drawn individually on each study, and the “narrow
beam geometry” uniform attenuation map (μ = 0.15 cm–1

for 99mTc and 0.12 cm–1 for 123I).
8. The primary 99mTc and 123I projections estimated with

ANNs were reconstructed using OSEM a second time with
patient-specific attenuation yielding perfusion and neuro-
transmission studies for each subject.

9. Perfusion and DAT function were assessed using voxel-
based SPM2 as well as volume of interest quantitation in
brain regions identified by SPM2 as significantly different
between pairs of the three subject groups.

10. Discrimination between different subject groups based on
perfusion and DAT binding potential (BP) was assessed by
discriminant analysis, which yielded for each subject a like-
lihood ratio of belonging to a group and used to compute
the area under the receiver operating characteristic (ROC)
curve.

3.2. Differential
Diagnosis of CBD
and PSP

1. Nineteen patients were included in the study, all of
whom provided informed consent according to institu-
tional guidelines.

2. Twenty patients were clinically assessed as having CBD.
Fourteen patients were clinically assessed as having MSA.

3. Nine patients (five males, four females) were healthy vol-
unteers. They were screened for normalcy by physical and
paraclinical examinations as well as the complete patient
history. High spatial resolution T2 and 3D-SPGR-T1 MRI
scan results were normal.

4. Each patient was injected with 185 MBq 123I-FP-CIT.
Two hours later, the patient was injected with 740 MBq
99mTc-ECD.
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5. Three hours after the injection of 123I-FP-CIT and 1 h after
the injection of 99mTc-ECD, data were acquired using the
triple-head SPECT camera equipped with LEHR parallel-
hole collimator.

6. Photopeak projections at detector energy window
129–151 keV were used to reconstruct to yield the
contour of the scalp, which was drawn individually on
each study, and the “narrow beam geometry” uniform
attenuation map (μ = 0.15 cm–1 for 99mTc and 0.12 cm–1

for 123I).
7. Two photopeak projections at two detector energy win-

dows, 129–151 and 159–175 keV, were used to recon-
struct 99mTc and 123I images, respectively, using standard
OSEM, while modeling the attenuation map and the detec-
tor point spread function (PSF) in both the projector and
backprojector. Each reconstruction process used one detec-
tor energy window associated with one radionuclide.

8. The scatter and cross-talk contributions to all energy win-
dows were estimated using a fast MC algorithm while using
the reconstructed 99mTc and 123I images at the fifth itera-
tion as starting images.

9. A joint OSEM incorporating two radionuclides and
three detector energy windows (129–151, 151–159, and
159–175 keV) was performed.

10. Same as number 9 in Section 3.1.
11. Same as number 10 in Section 3.2.

4. Notes

1. A triple-head SPECT camera, such as Picker Prism 3000XP
(Marconi Medical Systems, Cleveland, OH) and Trionix
Triad (Twinsburg, OH), uses three flat detectors to sur-
round the brain. CeraSPECT (Digitalscintigraphics Inc.,
Waltham, MA) is another type of dedicated brain SPECT,
which has high sensitivity (13, 14). It uses a single continu-
ous cylindrical sodium-iodide (NaI(Tl)) annular crystal and
a three-segment parallel-hole collimator. The crystal is sta-
tionary; the collimator rotates within it. At a given angular
position, three parallel-hole projections, at 120◦ intervals,
are acquired simultaneously. The sensitivity for such annu-
lar camera can be further enhanced using special designed
annular variable focusing collimator (15, 16).
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2. 99mTc-HMPAO is another useful 99mTc-labeled perfusion
radiotracer in addition to 99mTc-ECD. In addition to 123I-
FP-CIT, other useful 123I-labeled neurotransmission radio-
tracers to image DAT include 123I-altropane, 123I-ßCIT,
123I-IBZM, and 123I-epidepride.

3. For ANN method, projections must be acquired for many
energy windows. This is, however, not always possible
because the number of energy windows that can be used
during a data acquisition is usually very limited for most
SPECT systems. If the list-mode is available, the solution
is to acquire data using list-mode and then rebin the data
into all the energy windows.

4. SimSET (17) and GATE (18) are two Monte Carlo simula-
tion toolkits that can be used to generate phantom learning
samples for ANN method.

5. In April 2009, SPM8, which contains major enhancements
over previous versions, was released.

6. The clinical diagnoses of IPD and MSA were, respectively,
based on the UKPDSBB criteria (2) and on consensus
statement on the diagnosis of MSA (19).

7. The clinical diagnoses of CBD and PSP, were based on the
CBDMCCS (20) and NINDS criteria (21), respectively.

8. Figure 16.2 shows transaxial slices of 123I-FP-CIT at the
striatal level and the corresponding 99mTc-ECD from rep-
resentative IPD and MSA patients and a normal control.

9. A significant decrease in striatal FP-CIT was found in
the SPM2 analysis (p < 0.05, corrected) in IPD and MSA
compared to normal subjects, and in IPD compared to

Fig. 16.2. Transaxial slices of the 123I-FP-CIT study at the striatal level and of the
corresponding 99mTc-ECD study from representative IPD and MSA patients and a normal
control. Images were spatially normalized in the same anatomical referential with SPM2.
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MSA. Furthermore, it shows that perfusion was signifi-
cantly decreased in the left and right caudate nucleus and
nucleus lentiformis (putamen + globus pallidus) in MSA
compared to controls and with IPD (p < 0.05, corrected).
Striatal BP was lower in IPD (55%) and MSA (23%) com-
pared to normal controls, and in IPD compared to MSA
(p < 0.05).

10. The asymmetry index is defined as:AI = (Al − Ar)/
(Al + Ar), where Al and Ar are the mean activity concen-
tration within the left and right structures, respectively. AI
was significantly greater (p < 0.05) for IPD than MSA and
normal controls in both the caudate nucleus (1.9 and
4.4 times, respectively) and the putamen (2.4 and
3.6 times, respectively).

11. No significant regional perfusion differences between IPD
and normal subjects. Perfusion was significantly reduced by
28% (p < 0.01) and 18% (p < 0.05) in caudate nucleus and
nucleus lentiformis, respectively, in MSA as compared to
normal subjects. Perfusion was also reduced by 8 and 14%
in the right and left caudate nucleus and by 14 and 17% in
the left and right nucleus lentiformis, respectively, in MSA
as compared to IPD.

12. Figure 16.3 shows a comparison of reconstructed images
using ANN-OSEM and MC-JOSEM.

13. MC-JOSEM demonstrated the expected decrease in perfu-
sion in left (21%) and right (14%) parietal cortex in CBD
versus PSP (p < 0.05 corrected), as compared to ANN (only
right parietal cortex, 10%, p < 0.01). MC-JOSEM yielded
significantly greater discrimination power between PSP and
CBD than did ANN.

Fig. 16.3. Comparison of reconstructed images using ANN-OSEM and MC-JOSEM.
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