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Preface

This color atlas is designed as a reference book for the morphologic aspects of
veterinary hematology of common domestic animals, excluding birds. Species
covered include dogs, cats, horses, cattle, sheep, goats, pigs, and llamas. The
atlas is divided into two sections, blood and bone marrow. It includes basic
material for the novice, as well as material of primary interest to those with
advanced training. Techniques for the collection and preparation of blood and
bone marrow smears and bone marrow core biopsies are discussed, in addition
to the morphology of the tissues collected. Often, more than one example of a
cell type or abnormal condition is shown, because cells and conditions can vary
in morphology. Veterinary technologists will likely find the blood section and
the techniques part of the bone marrow section to be most helpful. Veterinary
students and practicing veterinarians should benefit from the complete book,
even if they are not directly involved in bone marrow evaluation, because it
provides a basis for understanding diseases affecting the marrow. The bone
marrow aspirate smear cytology and core biopsy histology section will be most
useful to clinical pathologists, anatomic pathologists, and residents in training
for these disciplines. This is not a complete hematology textbook, but rather a
reference book in which the text explains the significance of the morphologic
abnormalities shown in the color photographs. Readers interested in learning
more about a given topic will hopefully appreciate the extensive bibliography
provided.

John Harvey
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Editor’s Note

The purpose of this text/atlas is to provide veterinarians, veterinary students,
veterinary technicians and veterinary technology students with a complete treatise
on the cytology of blood and bone marrow.

The subjects will be covered in a user friendly way utilizing color photo-
graphs and appropriate text that clarifies diagnostic implications. Therapy will be
discussed only when diagnosis can be confirmed by response to treatment.
Ninety percent of the information will focus on commonly recognized diseases.



CHAPTER 1

Examination
of Blood Samples

B SAMPLE COLLECTION AND HANDLING

An overnight fast avoids postprandial lipemia in monogastric animals, which
can interfere with plasma protein, fibrinogen, and hemoglobin determinations.
Ethylenediaminetetraacetic acid (EDTA) is the preferred anticoagulant for com-
plete blood count (CBC) determination in most species, but blood from some
birds and reptiles hemolyzes when collected into EDTA.! In those species,
heparin is often used as the anticoagulant. The disadvantage of heparin is that
leukocytes do not stain as well (presumably because heparin binds to leuko-
cytes),2 and platelets generally clump more than they do in blood collected with
EDTA. However, as will be discussed later, platelet aggregates and leukocyte
aggregates may occur even in properly collected EDTA-anticoagulated blood
samples.>-® In those cases, collection of blood using another anticoagulant (e.g.,
citrate) may prevent the formation of cell aggregates. Cell aggregation tends to
be more pronounced as blood is cooled and stored; consequently, processing
samples as rapidly as possible after collection may minimize the formation of
leukocyte and/or platelet aggregates.

Collection of blood directly into a vacuum tube is preferred to collection
of blood by syringe and transfer to a vacuum tube. This method reduces
platelet clumping and clot formation in samples for CBC determinations. Even
small clots render a sample unusable. Platelet counts are markedly reduced, and
significant reduction can sometimes occur in hematocrit (HCT) and leukocyte
counts as well. Also, when the tube is allowed to fill based on the vacuum
within the tube, the proper sample to anticoagulant ratio will be present.
Inadequate sample size results in decreased HCT due to excessive EDTA solu-
tion. Care should be taken to avoid iatrogenic hemolysis, which interferes with
plasma protein, fibrinogen, and various erythrocyte measurements. Samples
should be submitted to the laboratory as rapidly as is feasible, and blood films
should be made as soon as possible and rapidly dried to minimize morphologic
changes.
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FIGURE 1. Gross appearance of mixtures of oxyhemoglobin, deoxyhemoglobin, and methemo-
globin and differentiation of erythrocyte agglutination from rouleau formation. A. Venous
blood sample from a cat with 28% methemoglobin (left sample) compared to a normal cat with less than
1% methemoglobin (right sample). Both samples also contain a mixture of oxyhemoglobin and deoxyhemo-
globin. B. Oxygenated blood sample from a cat with 28% methemoglobin (left sample)

(Continued)
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B GROSS EXAMINATION

Samples are checked for clots and mixed well (gently inverted 20 times) imme-
diately before removing aliquots for hematology procedures. Horse erythrocytes
settle especially rapidly because of rouleau formation (adhesion of erythrocytes
together like a stack of coins). Blood should be examined grossly for color and
evidence of erythrocyte agglutination. The presence of marked lipemia may
result in a blood sample with a milky red color resembling “tomato soup”
when oxygenated.

Methemoglobinemia

Hemoglobin is a protein consisting of four polypeptide globin chains, each of
which contains a heme prosthetic group within a hydrophobic pocket. Heme is
composed of a tetrapyrrole with a central iron molecule that must be main-
tained in the ferrous (+2) state to reversibly bind oxygen. Methemoglobin
differs from hemoglobin only in that the iron molecule of the heme group has
been oxidized to the ferric (+3) state and it is no longer able to bind oxygen.’®
The presence of large amounts of deoxyhemoglobin accounts for the dark,
bluish color of normal venous blood samples. Methemoglobinemia may not be
recognized in venous blood samples, because the brownish color of methemo-
globin is not readily apparent when mixed with deoxyhemoglobin (Fig. 1A).
When deoxyhemoglobin binds oxygen to form oxyhemoglobin, it becomes
bright red; consequently, the brownish coloration of methemoglobin becomes
more apparent in the oxygenated samples (Fig. 1B). A simple spot test provides
a rapid way to oxygenate a venous blood sample and determine if clinically
significant levels of methemoglobin are present. One drop of blood from the
patient is placed on a piece of absorbent white paper and a drop of normal
control blood is placed next to it. If the methemoglobin content is 10% or
greater, the patient’s blood will have a noticeably brown color, compared to the
bright red color of control blood (Fig. 1C).* Accurate determination of methe-
moglobin content requires that blood be submitted to a laboratory that has this
test available.'

Methemoglobinemia results from either increased production of methe-
moglobin by oxidants or decreased reduction of methemoglobin associated with
a deficiency in the erythrocyte methemoglobin reductase enzyme. Experimental
studies indicate that many drugs can produce methemoglobinemia in animals.

compared to a normal cat with less than 1% methemoglobin (right sample). The sample on the left
contains a mixture of oxyhemoglobin and methemoglobin, and the one on the right contains almost
exclusively oxyhemoglobin. C. A drop of blood from a methemoglobin reductase—deficient cat with
50% methemoglobin (left) is placed on absorbent white paper next to a drop of normal cat blood with less

than 1% methemoglobin.  D. Grossly visible agglutination in blood from a dog with immune-mediated
hemolytic anemia. E. Microscopic rouleaux in an unstained wet mount preparation of normal cat
blood.  F. Microscopic agglutination in an unstained wet mount preparation of saline-washed erythro-

cytes from a foal with neonatal isoerythrolysis.



6 SECTION I / BLOOD

Significant methemoglobinemia has been associated with clinical cases of benzo-
caine, acetaminophen, and phenazopyridine toxicities in cats and dogs; nitrite
toxicity in cattle; copper toxicity in sheep and goats; and red maple toxicity in
horses.’

Agglutination

The appearance of red granules in a well-mixed blood sample (Fig. 1D) suggests
the presence of erythrocyte agglutination, the aggregation or clumping of eryth-
rocytes together in clusters. Agglutination is caused by the occurrence of immu-
noglobulins bound to erythrocyte surfaces. It must be differentiated from rou-
leaux, the adhesion of erythrocytes together like a stack of coins, which can be
seen in blood from healthy horses and cats (Fig. 1E). Agglutination can be
differentiated from rouleaux by washing erythrocytes in physiologic saline or by
adding equal drops of physiologic saline and blood together to see if the
aggregation of erythrocytes is dispersed (rouleaux) or remains (agglutination).
The microscopic appearance of agglutination in a sample of washed erythro-
cytes is shown (Fig. 1F).

# MICROHEMATOCRIT TUBE EVALUATION

When blood is submitted for a CBC, most commercial laboratories determine
the HCT electronically. This efficiency negates the need to centrifuge a micro-
hematocrit tube filled with blood. Unfortunately, useful information concerning
the appearance of plasma is missed unless a serum or a plasma sample is also
prepared for clinical chemistry tests.

Packed Cells

In addition to determining the HCT, the buffy coat is evaluated. The buffy coat
contains platelets and leukocytes. It may appear reddish due to the presence of
marked reticulocytosis. In some species, certain leukocytes may also be present
in the top portion of the packed erythrocyte column (e.g., neutrophils in
cattle). A large buffy coat suggests leukocytosis (Fig. 2A) or thrombocytosis and
a small one suggests low numbers of these cells may be present.

Plasma Appearance

Plasma is normally clear in all species. It is nearly colorless in small animals,
pigs, and sheep but light yellow in horses, because they naturally have higher
bilirubin concentrations.!! Plasma varies from colorless to light yellow (carot-
enoid pigments) in cattle, depending on their diet. Increased yellow coloration
usually indicates increased bilirubin concentration. This increase often occurs
secondarily to anorexia (fasting hyperbilirubinemia) in horses due to reduced
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FIGURE 2. Gross appearance of microhematocrit tubes demonstrating leukocytosis, icterus,
hemolysis, and lipemia. A, Microhematocrit tube from a markedly anemic cat with a large buffy
coat resulting from an acute myeloid leukemia with a total leukocyte count of 236,000 leukocytes/uL.
Hemolysis is present in plasma because the blood sample was sent through the mail and was several days
old. B. Microhematocrit tube from an anemic cat, with icteric plasma secondary to hepatic lipidosis.
C. Microhematacrit tube with evidence of hemolysis in plasma from a cat with acetaminophen-induced
Heinz-body hemolytic anemia. Less-dense erythrocyte “ghosts™ can be seen above the packed intact erythro-
Cytes. D. Microhematocrit tube with evidence of hemolysis in plasma from a horse with intravascular
hemolysis induced by the inadvertent intravenous and intraperitoneal administration of hypotonic fluid.
Less-dense erythrocyte ghosts can be seen above the buffy coat.  E. Microhematocrit tube with marked
lipemia in plasma from a dog with hypothyroidism that was also being treated with prednisone for an
allergic dermatitis. It was unclear from the medical record if this was a fasting blood sample.

removal of unconjugated bilirubin by the liver.!? In other species, yellow plasma
with a normal HCT suggests hyperbilirubinemia secondary to liver disease.
Hyperbilirubinemia associated with a marked decrease in the HCT suggests an
increased destruction of erythrocytes; however, the concomitant occurrence of
liver disease and a nonhemolytic anemia could produce a similar finding
(Fig. 2B).

Red discoloration of plasma indicates the presence of hemolysis. This
discoloration may represent either true hemoglobinemia, resulting from intra-
vascular hemolysis (Figs. 2C, 2D), or the hemolysis may have occurred after
sample collection due to such causes as rough handling, fragile cells, lipemia, or
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prolonged storage. The hematocrit value may help differentiate these two possi-
bilities, with red plasma and a normal hematocrit suggesting in vitro hemolysis.
The concomitant occurrence of hemoglobinuria indicates the presence of intra-
vascular hemolysis.

Lipemia is recognized as a white opaque appearance caused by chylomi-
crons and very-low-density lipoproteins (VLDL). The presence of chylomicrons
may also result in a white layer at the top of the plasma column (Fig. 2E). The
presence of lipemia is frequently the result of a recent meal (postprandial
lipemia), but diseases including diabetes mellitus, pancreatitis, and hypothyroid-
ism may result in lipemia in dogs. Hereditary causes include lipoprotein lipase
deficiency in cats and dogs and idiopathic hyperlipidemia in miniature schnau-
zer dogs.>!* Ponies (especially obese ones), miniature horses, and donkeys are
susceptible to developing lipemia associated with pregnancy, lactation, and/or
anorexia.!>!¢ These conditions result in the mobilization of unesterified fatty
acids from adipose tissue and the subsequent overproduction of VLDL by the
liver.

Plasma Protein Determination

After the HCT is measured and the appearance of the plasma and buffy coat
are noted, the microhematocrit capillary tube is broken just above the buffy
coat, and the plasma is placed in a refractometer for plasma protein determina-
tion. Plasma protein values in newborn animals (approximately 4.5 to 5.5 g/dL)
are lower than adult values and increase to the adult range by 3 to 4 months of
age.!! The presence of lipemia or hemolysis will falsely increase the measured
plasma protein value. Maximum information can be gained by interpretation of
the HCT and plasma protein concentrations simultaneously.!

Fibrinogen Determination

Fibrinogen can be measured in a hematocrit tube because it readily precipitates
from plasma when heated to 56° to 58°C for 3 minutes. The difference between
the total protein of the plasma and the total protein of the defibrinogenated
(heated) plasma gives an estimate of the fibrinogen concentration in the
plasma.!” This method is useful in identifying high-fibrinogen concentrations,
but not accurate in identifying low-fibrinogen concentrations.'®!?

@ BLOOD FILM PREPARATION

Blood films should be prepared within a couple of hours of blood sample
collection to avoid artifactual changes that will distort the morphology of blood
cells. Blood films are prepared in various ways including the slide (wedge)
method, coverslip method, and automated slide spinner methods. It is essential
that a monolayer of intact cells be present on the slide so that accurate
examination and differential leukocyte counts can be made.
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Slide Blood Film Method

A clean glass slide is placed on a flat surface and a small drop of well-mixed
blood is placed on one end of the slide (Fig. 3A). This slide is held in place
with one hand and a second glass slide (spreader slide) is placed on the first
slide and held between the thumb and forefinger with the other hand at about
a 30-degree angle in front of the drop of blood. The spreader slide is then
backed into the drop of blood, and as soon as the blood flows along the back
side of the spreader slide (Fig. 3B), the spreader slide is rapidly pushed forward
(Fig. 3C). The thickness of the smear is influenced by the viscosity of the
sample. The angle between the two slides may be increased when the blood is
less viscous (low HCT) and decreased when the blood is more viscous (high
HCT) than normal to produce a smear of appropriate thickness.

If the drop of blood is the proper size, all blood will remain on the slide,
and a smear will be prepared that is thick at the back of the slide, where the
drop of blood was placed, and thin at the front (feathered) edge of the slide. If
the drop of blood is too large, some of the blood will be pushed off the end of
the slide, causing potential problems. Often these blood films will be too thick
for accurate evaluation. Secondly, clumps of cells tend to be pushed off the
slide, making them unavailable for examination.

Once prepared, the slide is immediately dried by waving it in the air or by
holding it in front of a hair dryer set on a warm-air setting. Holding the slide
close to a dryer set on a hot-air setting can result in fragmentation of cells.
Slides are identified by writing on the thick end of the smear or the frosted end
of the slide with a graphite pencil or a pen containing ink that is not removed
by alcohol fixation.

Coverslip Blood Film Method

Two 22-mm square, No. 1% coverslips are required to make coverslip blood
films (Fig. 3D). A camel’s-hair brush is used to remove particles from the
surfaces that will contact blood. One coverslip is held between the thumb and
index finger of one hand, and a small drop of blood is placed in the middle of
the coverslip using a microhematocrit tube. The drop of blood should be as
perfectly round as possible to produce even spreading between coverslips. The
second coverslip is dropped on top of the first in a crosswise position. After the
blood spreads evenly between the two coverslips and a feathered edge forms at
the periphery, the coverslips are rapidly separated by grasping an exposed
corner of the top coverslip with the other hand and pulling apart in a smooth,
horizontal manner. Coverslips are immediately dried as described above and
then identified by marking on the thick end of the smears with a graphite
pencil or a pen containing ink that is not removed by alcohol fixation.

If the drop of blood used is too large, a feathered edge will not form and
the blood film will be too thick. Multiple coverslip blood films may be stained
in small, slotted coplin jars or in ceramic staining baskets that are placed in
beakers of fixative and stain.
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FIGURE 3. Techniques for glass-slide and coverslip blood film preparations and the appear-
ance of stained blood films.  A. Slide blood film preparation—step 1. A small drop of well-mixed
blood is placed on one end of clean glass slide. B. Slide blood film preparation—step 2. A second
glass slide (spreader slide) is placed on the first slide at about a 30-degree angle in front of the drop of
blood and then backed into the drop of blood. =~ C. Slide blood film preparation—step 3. As soon as

(Continued)
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® BLOOD FILM STAINING PROCEDURES

Romanowsky-Type Stains

Blood films are routinely stained with a Romanowsky-type stain (e.g., Wright or
Wright-Giemsa) either manually or using an automatic slide stainer. Roma-
nowsky-type stains are composed of a mixture of eosin and oxidized methylene
blue (azure) dyes. The azure dyes stain acids, resulting in blue to purple colors,
and eosin stains bases, resulting in red coloration (Fig. 3E). These staining
characteristics depend on the pH of the stains and rinse water as well as the
nature of the cells present (Fig. 3F). Pale staining cells can result from inade-
quate staining time, degraded stains, or excessive washing,

Blood films may have an overall blue tint if stored unfixed for weeks
before staining or if the unfixed blood films are exposed to formalin vapors, as
occurs when blood films are shipped to the laboratory in a package that also
contains formalin-fixed tissue. Blood films prepared from blood collected with
heparin as the anticoagulant have an overall magenta tint due to the mucopoly-
saccharides present.

Various problems can occur during the drying, fixation, and staining of
blood films that result in poor-quality films. Drying or fixation problems can
result in variably shaped refractile inclusions in erythrocytes that may be con-
fused with erythrocyte parasites (Fig. 4A). The presence of stain precipitation
can make identification of leukocytes and blood parasites difficult (Fig. 4B).
Precipitated stain may be present because the stain(s) needed to be filtered, the
staining procedure was too long, or washing was not sufficient. Carboxymethyl-
cellulose has been infused into the peritoneal cavity of horses and cattle in an
attempt to prevent abdominal adhesions after surgery. This material can appear
as a precipitate between cells in blood that resembles stain precipitation (Fig.
4C).»

Various rapid stains are available. The quality of the stained blood films is
generally somewhat lower than that obtained by longer staining procedures. The
Diff-Quik stain is a commonly used Wright-type rapid blood stain. The quality
of this staining procedure is improved considerably by allowing the blood film
to remain in the fixative for several minutes. One limitation of this stain is that
it does not stain basophil or mast cell granules well. However, it is superior to
Wright or Wright-Giemsa stains in staining distemper inclusions in canine
blood cells.?!

the blood flows along the back side of the spreader slide, the spreader slide is rapidly pushed forward.
D. Steps used in preparing coverslip blood films are described in the text. E. Normal cat blood
stained with Wright-Giemsa and rinsed in distilled water. Four neutrophils, a basophil (far right), and
2 lymphocyte (round nucleus) are present. Erythrocytes exhibit rouleaux, a normal finding in cats.
F. Normal cat blood stained with Wright-Giemsa and rinsed in tap water. A neutrophil (left), monocyte
(bottom right}, and lymphocyte (top right) are present. The blue color of the erythrocytes results from
using water with inappropriate pH.
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FIGURE 4. Staining artifacts, the appearance of carboxymethylcellulose, and reticulocyte mor-
phology in blood films.  A. Refractile inclusions in erythrocytes from a horse are artifacts resulting
from drying or fixation problems. Erythrocytes exhibit rouleaux, a normal finding in horses. Wright-Giemsa
stain.  B. Stain precipitation in blood from a dog. The two neutrophils present might be mistaken for
basophils because of the adherent precipitated stain. Wright-Giemsa stain. C. The blue to purple

(Continued)
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Reticulocyte Stains

Reticulocyte stains are commercially available. Those wishing to prepare their
own stain can do so by dissolving 0.5 g of new methylene blue and 1.6 g of
potassium oxalate in 100 mL of distilled water. Following filtrations, equal
volumes of blood and stain are mixed together in a test tube and incubated at
room temperature for 10 to 20 minutes. After incubation, blood films are made
and reticulocyte counts are performed by examining 1,000 erythrocytes and
determining the percentage that are reticulocytes.!” The use of a Miller’s disc in
one of the microscope oculars saves time in performing the reticulocyte count.

The blue-staining aggregates or “reticulum” seen in reticulocytes (Fig. 4D)
does not occur as such in living cells but results from the precipitation of
ribosomal ribonucleic acid (RNA; the same RNA that causes the bluish color
seen in polychromatophilic erythrocytes) in immature erythrocytes during the
staining process.'! As a reticulocyte matures, the number of ribosomes decreases
until only small punctate (dotlike) inclusions are observed in erythrocytes
(punctate reticulocytes) stained with the reticulocyte stain (Fig. 4E). To reduce
the chance that a staining artifact would result in misclassifying a mature
erythrocyte as a punctate reticulocyte using a reticulocyte stain, the cell in
question should have two or more discrete blue granules that are visible with-
out requiring fine-focus adjustment of the cell being evaluated to be classified
as a punctate reticulocyte.

In normal cats, as well as in cats with regenerative anemia, the number of
punctate reticulocytes is much greater than that seen in other species.? This
apparently occurs because the maturation (loss of ribosomes) of reticulocytes in
cats is slower than that in other species. Consequently, reticulocytes in cats are
classified as aggregate (if coarse clumping is observed) or punctate (if small
individual inclusions are present). Percentages of both types should be reported.
Based on composite results from several authors, normal cats generally have
from 0% to 0.5% aggregate and 1% to 10% punctate reticulocytes when deter-
mined by manual means. Higher punctate numbers of 2% to 17% have been
reported using flow cytometry.??

The percentages of aggregate reticulocytes in cats correlate directly with
the percentages of polychromatophilic erythrocytes observed in blood films

precipitate present between erythrocytes in this horse blood results from treatment with carboxymethylcellu-
lose. Photograph of a stained blood film from a 1994 ASVCP slide review case submitted by M.J. Burkhard,
M.A. Thrall, and G. Weiser. Wright-Giemsa Stain. D, Four reticulocytes (with blue-staining material)
and three mature erythrocytes in blood from a dog with a regenerative anemia. New methylene blue
reticulocyte stain. E. Three whole aggregate reticulocytes (containing blue-staining aggregates of RNA)
and one half of an aggregate reticulocyte (far right) in blood from a cat with a markedly regenerative
anemia. A majority of the remaining cells are punctate reticulocytes containing discrete dotlike inclusions.
New methylene blue reticulocyte stain ~ F.  Five reticulocytes (with blue-staining material) in blood from
a dog with a regenerative anemia in a new methylene blue stained wet preparation. Note the difference in
morphology compared to reticulocytes stained with a standard reticulocyte stain (Fig. 4D). New methylene
blue stained wet preparation.
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stained with Wright-Giemsa stain.?? Aggregate reticulocytes mature to punctate
types in a day or less. Several more days are required for maturation (total
disappearance of ribosomes) of punctate reticulocytes in cats.24?5

In contrast to those of the cat, most reticulocytes in other species are of
the aggregate type. Consequently, no attempts are made to differentiate stages
of reticulocytes in species other than the cat. The percentage of reticulocytes in
most species correlates directly with the percentage of polychromatophilic eryth-
rocytes observed on routinely stained blood films.

Heinz bodies are composed of denatured, precipitated hemoglobin. They
are spherical, stain pale blue with reticulocyte stains, and are usually found at

the periphery of the erythrocyte.

New Methylene Blue “Wet Mounts™

A new methylene blue “wet mount” preparation can be used for rapid informa-
tion concerning the number of reticulocytes, platelets, and Heinz bodies
present. The stain consists of 0.5% new methylene blue dissolved in 0.85%
NaCl. One mL of formalin is added per 100 mL of stain as a preservative. This
stain is filtered after preparation and stored in dropper bottles. Alternately, the
stain may be stored in a plastic syringe with a 0.2 um syringe filter attached so
that the stain is filtered as it is used. Dry unfixed blood films are stained by
placing a drop of stain between the coverslip and a glass slide. This preparation
is not permanent and does not stain mature erythrocytes or eosinophil granules.
Punctate reticulocytes are not demonstrated, but aggregate reticulocytes appear
as erythrocyte ghosts containing blue to purple granular material (Fig. 4F).
Platelets stain blue to purple, and Heinz bodies appear as refractile inclusions
within erythrocyte ghosts. Although this staining method is not optimal for
differential leukocyte counts, the number and type of leukocytes present can be
appreciated.

Iron Stains

An iron stain such as the Prussian blue stain is used to verify the presence of
iron-containing (siderotic) inclusions in blood and bone marrow cells and to
evaluate bone marrow iron stores. Smears may be sent to a commercial labora-
tory for this stain, or a stain kit can be purchased and applied in-house
(Harleco Ferric Iron Histochemical Reaction Set, #6498693, EM Diagnostic
Systems, Gibbstown, NJ). When this stain is applied, iron-positive material
stains blue, in contrast to the dark pink color of the cells and background.

The presence of focal areas of basophilic stippling within erythrocytes
stained with Romanowsky-type blood stains suggests that the stippling may
contain iron. Iron-containing erythrocytes are referred to as siderocytes and
iron-containing nucleated erythrocytes are called sideroblasts. Neutrophils and
monocytes may contain dark bluish-black or greenish iron-positive particles
within their cytoplasm when stained with Romanowsky-type stains. Leukocytes
containing iron-positive inclusions have been called sideroleukocytes.
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Prussian blue stain applied to bone marrow aspirate smears is a useful
way to evaluate the amount of storage iron that is present in the marrow.
Minimal or no iron is expected in iron deficiency anemia (although cats nor-
mally have no stainable iron in the marrow), whereas normal or excess iron
may be observed in animals with hemolytic anemia and in animals with anemia
resulting from decreased erythrocyte production.

Cytochemical Stains

A variety of cytochemical stains, such as peroxidase, chloroacetate esterase,
alkaline phosphatase, and nonspecific esterase, are utilized to classify cells in
animals with acute myeloid leukemias.!»*?’ Reactions vary not only by cell type
and stage of maturation but also by species.?® These stains are done in a limited
number of laboratories and special training and/or experience is required to
interpret the results. The appearance of positive reactions also varies depending
on the reagents used. Because of the complexities of the staining procedures
and interpretation of results, minimal information on cytochemical stains will
be presented in this atlas.

B EXAMINATION OF STAINED BLOOD FILMS

An overview and organized method of blood film examination are presented
here. Descriptions and photographs of normal and abnormal blood cell mor-
phology, inclusions, and infectious agents will be given in subsequent sections.

Blood films are generally examined following staining with Romanowsky-
type stains such as Wright or Wright-Giemsa stains. These stains allow for
examination of erythrocyte, leukocyte, and platelet morphology. Blood films
should first be scanned using a low-power objective to estimate the total
leukocyte count and to look for the presence of erythrocyte agglutination (Fig.
5A), leukocyte aggregates (Fig. 5B), platelet aggregates (Fig. 5C), microfilaria
(Fig. 5D), and abnormal cells that might be missed during the differential
leukocyte count. It is particularly important that the feathered end of blood
films made on glass slides be examined because leukocytes (Fig. 5E) and platelet
aggregates (Fig. 5F) may be concentrated in this area. Aggregates of cells tend
to be in the center of coverslip blood films rather than at the feathered edge.

When examining a glass-slide blood film, the blood film will be too thick
to evaluate blood cell morphology at the back of the slide (Fig. 6A) and too
thin at the feathered edge where cells are flattened (Fig. 6C). The optimal area
for evaluation is generally in the front half of the smear behind the feathered
edge (Fig. 6B). This area should appear as a well-stained monolayer (a field in
which erythrocytes are close together with approximately one half touching each
other) of cells.
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FIGURE 5. Abnormalities in stained blood films identified by scanning using low-power
magnification. A. Autoagglutination of erythrocytes in blood from a dog with immune-mediated
hemolytic anemia and marked leukocytosis. Wright-Giemsa stain. B. Leukocyte aggregate in blood
from a dog. Leukocyte aggregates were present when EDTA was used as the anticoagulant but not when
citrate was used as the anticoagulant. Wright-Giemsa stain.  C. Platelet aggregate in blood from a cow.

(Continued)



CHAPTER 1 / EXAMINATION OF BLOOD SAMPLES 17

FIGURE 6. Selection of the appropriate area for blood slide examination and patterns to use
to perform a leukocyte differential count.  A. Thick area in the back end of a blood film from a
dog. The blood film was prepared using glass slides. Wright-Giemsa stain. B. Optimal area for
morphologic evaluation in the front half of a dog blood film (same blood film as shown in Fig. 6A)
prepared using glass slides. Wright-Giemsa stain. ~ C. Thin area near the feathered edge of a dog blood
film (same blood film as shown in Figures 6A and 6B) prepared using glass slides. Erythrocytes are flattened
to the extent that central pallor is not readily apparent. Wright-Giemsa stain. D. Patterns of slide
blood film examination that may be used to improve the accuracy of differential leukocyte counts.

Wright-Giemsa stain. ~ D. Dirofilaria immitis microfilaria in blood from a cat with heartworm disease.
Wright-Giemsa stain. E. Leukocytes concentrated in the feathered edge of a blood film, from a dog.
The blood film was prepared using glass slides. Wright-Giemsa stain. F. Platelet aggregate in the
feathered edge of a blood film from a cat. The blood film was prepared using glass slides. Wright-Giemsa
stain.
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Leukocyte Evaluation

As a quality-control measure, the number of leukocytes present should be
estimated to assure that the number present on the slide is consistent with the
total leukocyte count measured. If 10X oculars and a 10X objective are used
(100X magnification), the total leukocyte count in blood (cells/ul) may be
estimated by determining the average number of leukocytes present per field
and multiplying by 100 to 150. If a 20X objective is used, the total leukocyte
count may be estimated by multiplying the average number of leukocytes per
field by 400 to 600. The correction factor used may vary, depending on the
microscope used. Consequently, the appropriate correction factors for the mi-
croscope being used should be determined by performing estimates on a num-
ber of blood films in which the total leukocyte counts have been accurately
determined.

A differential leukocyte count is done by identifying 200 consecutive
leukocytes using a 40X or 50X objective. Because neutrophils tend to be pulled
to the edges in a wedge-type (glass slide) blood smear and lymphocytes tend to
remain in the body of the smear,” differential counts are done by examining
cells in a pattern that evaluates both the edges and the center of the smear (Fig.
6D). After the count is complete, the percentage of each leukocyte type present
is calculated and multiplied by the total leukocyte count to get the absolute
number of each cell type present per microliter of blood.

It is the absolute number of each leukocyte type that is important. Rela-
tive values (percentages) can be misleading when the total leukocyte count is
abnormal. Let us consider two dogs, one with 7% lymphocytes and a total
leukocyte count of 40,000/uL, and the other with 70% lymphocytes and a total
leukocyte count of 4,000/uL. The first case would be said to have a “relative”
lymphopenia and the second case would be said to have a “relative” lymphocy-
tosis, but they both have the same normal absolute lymphocyte count
(2,800/uL).

The presence of abnormal leukocyte morphology, such as toxic cytoplasm
in neutrophils or increased reactive lymphocytes (e.g., more than 5% of lym-
phocytes are reactive), should be recorded on the hematology report form. The
frequency of degenerative neutrophils is reported as few (5% to 10%), moderate
(11% to 30%) or many (>30%) and the severity of degenerative change is
recorded as 1+ to 4+ (Table 1).

Erythrocyte Morphology

Erythrocyte morphology should be examined and recorded as either normal or
abnormal. Erythrocytes on blood films from normal horses, cats, and pigs often
exhibit rouleau formation, and erythrocytes from normal horses and cats may
contain a low percentage of small, spherical nuclear remnants called Howell-
Jolly bodies. Rouleaux and the presence of Howell-Jolly bodies should be re-
corded on the hematology form when they appear in blood films from species
in which these are not normal findings.



CHAPTER 1 / EXAMINATION OF BLOOD SAMPLES 19

TABLE 1 Semiquantitative Evaluation of Degenerative Changes in
Neutrophils.*

NEUTROPHILS WITH DEGENERATIVE CHANGE

Few 5-10 (%)
Moderate 11-30 (%)
Many >30 (%)
SEVERITY OF DEGENERATIVE CHANGE
Déhle bodies 1+
Basophilia of cytoplasm 1+
Foamy cytoplasm 2+
Dark blue-gray foamy cytoplasm 3+
Toxic granules 3+
Indistinct nuclear membrane 4+
Karyolysis 4+

* Modified from Weiss 1984.”

TABLE 2 Semiquantitative Evaluation of Erythrocyte Morphology Based on Average
Number of Abnormal Cells per 1000X Microscopic Monolayer Field.*

1+ 2+ 3+ 4+

Anisocytosis

Dog 7-15 16-20 21-29 >30

Cat 5~-8 9-15 16-20 >20

Cattle 10-20 21-30 31-40 >40

Horse 1-3 4-6 7-10 >10
Polychromasia

Dog 2-7 8-14 15-29 >30

Cat 1-2 3-8 9-15 >15

Cattle 2~-5 6-10 11-20 >20

Horse rarely observed — — —_
Hypochromasia“ 1-10 11-50 51-200 >200
Poikilocytosis® 3-10 11-50 51-200 >200
Codocytes (Dogs) 3-5 6-15 16-30 >30
Spherocytes® 5-10 11-50 51-150 >150
Echinocytes® 5-10 11-100 101-250 >250
Other shapes* 1-2 3-8 9-20 >20

= A monolayer field is defined as a field in which erythrocytes are close together with approximately one half touching
each other. In severely anemic animals, such monolayers may not be present. When erythrocytes are generally not
touching (e.g., tend to be separated by the distance of one cell diameter), then the number of erythrocytes with
morphologic abnormalities are counted for two fields. From Weiss 1984.%

bThe same parameters are used for all species. * Parameters are used for acanthocytes, schistocytes, keratocytes, ellipto-
cytes, dacrocytes, drepanocytes, and stomatocytes in all species.
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Additional observations regarding erythrocyte morphology, such as the
degree of polychromasia (presence of polychromatophilic erythrocytes), anisocy-
tosis (variation in size), and poikilocytosis (abnormal shape) should be made.
Polychromatophilic erythrocytes are reticulocytes that stain bluish red due to
the combined presence of hemoglobin (red staining) and ribosomes (blue stain-
ing). Abnormal erythrocyte shapes should be classified as specifically as possible,
because specific shape abnormalities can help determine the nature of a disor-
der that may be present. Examples of abnormal erythrocyte morphology include
echinocytes, acanthocytes, schistocytes, keratocytes, dacryocytes, elliptocytes, ec-
centrocytes, and spherocytes. The number of abnormal cells should be reported
in a semiquantitative fashion, such as that shown in Table 2.2

Platelet numbers should be estimated as low, normal, or increased. Blood
smears from most domestic animals normally average between 10 and 30
platelets per field when examined using 10X oculars and the 100X objective
(1,000X magnification). As few as 6 platelets per 1,000X field may be present in
normal horse blood films.? Platelet numbers may be estimated by multiplying
the average number per field by 15,000 to 20,000 to get the approximate
number of platelets/uL of blood.?*° While special attention will be given to the
estimation of platelet numbers in animals with hemostatic diatheses, it is im-
portant to routinely estimate the platelet numbers on blood films, because
many animals with thrombocytopenia exhibit no evidence or past history of
bleeding tendencies. If a thrombocytopenia is suspected, it should be confirmed
with a platelet count. Dogs and cats have larger platelets than do horses and
ruminants. Platelets contain magenta-staining granules, but these granules gen-
erally stain poorly in horses. The presence of abnormal platelet morphology
(large platelets or hypogranular platelets) should be recorded on the hematology
form.,

Infectious Agents and Inclusions

Blood films are examined for the presence of infectious agents and intracellular
inclusions using the 100X objective. Infectious agents and inclusions that may
be seen in blood films include Howell-Jolly bodies, Heinz bodies (unstained),
basophilic stippling, canine distemper inclusions, siderotic inclusions, Dohle
bodies, Babesia spp., Cytauxzoon felis, Haemobartonella spp., Ehrlichia spp., He-
patozoon spp., Trypanosoma spp., Theileria spp., and Borrelia spp. The appear-
ance of these agents and inclusions is discussed in subsequent sections.
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ERYTHROCYTES

& ERYTHROCYTE MORPHOLOGY

Erythrocytes from all mammals are anucleated, and most are in the shape of
biconcave discs called discocytes.!! The biconcave shape results in the central
pallor of erythrocytes observed in stained blood films (Fig. 7A). Of common
domestic animals, biconcavity and central pallor are most pronounced in dogs,
which also have the largest erythrocytes (Fig. 7B). Other species do not consist-
ently exhibit central pallor in erythrocytes on stained blood films. The apparent
benefit of the biconcave shape is that it gives erythrocytes high surface-area to
volume ratios and allows for deformations that must take place as they circu-
late. Erythrocytes from goats generally have a flat surface with little surface
depression; a variety of irregularly shaped erythrocytes (poikilocytes) may be
present in clinically normal goats (Fig. 7C). Erythrocytes from animals in the
Camelidae family (camels, llamas, vicunas, and alpacas) are thin, elliptical cells
termed elliptocytes or ovalocytes (Fig. 7D), and they are not biconcave in shape.
Erythrocytes from birds, reptiles, and amphibians are also elliptical in shape,
but they contain nuclei and are larger than mammalian erythrocytes.

Rouleaux

Erythrocytes on blood films from healthy horses, cats, and pigs often exhibit
rouleau (adhesion of erythrocytes together like a stack of coins) formation (Fig.
7A). Increased concentrations of fibrinogen and globulin proteins potentiate
rouleau formation in association with inflammatory conditions. Rouleau forma-
tion can also occur in association with some lymphoproliferative disorders in
which one or more immunoglobulins are secreted in high amounts (Fig. 7E).
Prominent rouleau formation in species other than horses, cats, or pigs should
be noted as an abnormal finding."

Agglutination

Aggregation, or clumping, of erythrocytes together in clusters (not in chains as
in rouleaux) is termed agglutination (Fig. 7F). Agglutination is caused by the
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FIGURE 7. Erythrocyte morphology in domestic animal species. ~ A. Blood film from a horse.
Most erythrocytes are adhered together like stacks of coins (rouleaux), a normal finding in this species.
Individual nonadherent erythrocytes exhibit central pallor as a result of their biconcave shape. Wright-
Giemsa stain.  B. Blood from a dog with acute blood-loss anemia and normal erythrocyte morphology.
Erythrocytes exhibit prominent central pallor. Two mature neutrophils and two platelets (bottom right
corner) are also present. Wright-Giemsa stain. C. Poikilocytes in blood from a normal goat. Wright-

(Continued)
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occurrence of immunoglobulins bound to erythrocyte surfaces. Because of their
pentavalent nature, IgM immunoglobulins have the greatest propensity to pro-
duce agglutination.! High-dose unfractionated heparin treatment in horses also
causes erythrocyte agglutination by an undefined mechanism.3!-32

Polychromasia

The presence of bluish-red erythrocytes in stained blood films is called poly-
chromasia (Fig. 8A). Polychromatophilic erythrocytes are reticulocytes that stain
bluish red due to the combined presence of hemoglobin (red staining) and
individual ribosomes and polyribosomes (blue staining). Low numbers of poly-
chromatophilic erythrocytes are usually seen in blood from normal dogs and
pigs because up to 1.5% reticulocytes may be present in dogs and up to 1%
reticulocytes may be present in pigs even when the HCT is normal.'! Slight
polychromasia may be present in normal cats, but many normal cats exhibit no
polychromasia in stained blood films. Polychromasia is absent in stained blood
films from normal cattle, sheep, goats, and horses because reticulocytes are not
normally present in blood in these species.!!

The most useful approach in the classification of anemia is to determine
whether or not evidence of a bone marrow response to the anemia is present in
blood. For all species except the horse, this involves determining whether
absolute reticulocyte numbers are increased in blood. Horses rarely release
reticulocytes from the bone marrow even when an increased production of
erythrocytes occurs. When an absolute reticulocytosis is present, the animal is
said to have a regenerative anemia. The presence of a regenerative response
suggests that the anemia results from either increased erythrocyte destruction or
hemorrhage. A nonregenerative anemia generally indicates that the anemia is
the result of decreased erythrocyte production (Fig. 8B); however, about 3 to 4
days are required for increased reticulocyte production and release by the bone
marrow in response to an acute anemia. Consequently, the anemia appears
nonregenerative shortly after hemolysis or hemorrhage has occurred (Fig. 7B).’

Increased polychromasia is usually present in regenerative anemias because
many reticulocytes stain bluish-red with routine blood stains (Fig. 8A). When
the degree of anemia is severe, basophilic macroreticulocytes or so-called stress
reticulocytes may be released into the blood (Fig. 8C). It is proposed that one
less mitotic division occurs during production, and immature reticulocytes,
twice the normal size, are released. There is a direct correlation between the
percentage of polychromatophilic erythrocytes and the percentage of reticulo-

Giemsa stain. D. Elliptocytes in blood from a normal llama. Wright-Giemsa stain. E. Rouleau
formation in blood from a dog with multiple myeloma and a monoclonal hyperglobulinemia. The cyto-
plasm of the two neutrophils present is pale compared to the background that stains blue because of the
increased protein present. Wright-Giemsa stain. F. Erythrocyte agglutination and spherocyte formation
in blood from a dog with von Willebrand’s disease after transfusion. A large basophilic erythrocyte
(macroreticulocyte or stress reticulocyte) is present in the upper left corner and an echinocyte is present in
the lower left corner. Wright-Giemsa stain,
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FIGURE 8. Erythrocyte morphology in anemic dogs and cats.  A. Increased polychromasia
and anisocytosis in blood from a dog with a hemolytic anemia caused by Haemobartonella canis, although
no organisms are present in this field. Four large polychromatophilic erythrocytes (reticulocytes) are present
in the central area. A nucleated erythrocyte (metarubricyte) is present in the upper left. Wright-Giemsa
stain. B. Blood from a dog with a nonregenerative aplastic anemia secondary to trimethoprim-

(Continued)
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cytes in dogs (and presumably in pigs) and between the percentage of polychro-
matophilic erythrocytes and the percentage of aggregate reticulocytes in cats
(Figs. 8D—-8F).22* Cats with mild anemia may not release aggregate reticulo-
cytes from the marrow but will release punctate reticulocytes (Fig. 9A).! Because
punctate reticulocytes do not contain sufficient numbers of ribosomes within
them to impart a bluish color to the cytoplasm, mild regenerative anemia in
cats may lack polychromasia in stained blood films (Fig. 9B).

Anisocytosis

Variation in erythrocyte diameters in stained blood films is called anisocytosis
(Fig. 9B). It is greater in normal cattle than in other normal domestic animals
(Fig. 9C)."" Anisocytosis is increased when different populations of cells are
present. It may occur when substantial numbers of smaller than normal cells
are produced, as occurs with iron deficiency, or when substantial numbers of
larger than normal cells are produced as occurs when increased numbers of
reticulocytes are produced. Consequently, increased anisocytosis is usually
present in regenerative anemia (Figs. 8A, 8C, 9B), but it may be present in
some nonregenerative anemia resulting from dyserythropoiesis.** Anisocytosis,
without polychromasia, may be seen in horses with intensely regenerative ane-
mia (Fig. 9D).

Hypochromasia

The presence of erythrocytes with decreased hemoglobin concentration and
increased central pallor is called hypochromasia (Figs. 10A~10E). Not only is
the center of the cell paler than normal, but the diameter of the area of central
pallor is increased relative to the red-staining periphery of the cell. True hy-
pochromic erythrocytes must be differentiated from torocytes, which have col-
orless punched-out centers but wider dense red-staining peripheries (Fig.
11A)."! Torocytes are generally artifacts. Increased hypochromasia is observed in
iron-deficiency anemia.

Erythrocytes from dogs and ruminants with iron-deficiency anemia often
appear hypochromic on stained blood smears (Figs. 10A-10E). Hypochromasia
in iron deficiency results from both decreased hemoglobin concentration within
cells and from the fact that the cells are thin (leptocytes). Because these micro-

sulfadiazine therapy. Erythrocyte morphology is normal except for several erythrocytes with scalloped
borders (echinocytes). Wright-Giemsa stain. C. Two exceptionally large basophilic erythrocytes
(macroreticulocytes or stress reticulocytes) are present in blood from a dog with immune-mediated hemo-
lytic anemia. Wright-Giemsa stain. ~ D. Agglutination of polychromatophilic erythrocytes and a metaru-
bricyte in blood from a cat with a Coombs’-positive hemolytic anemia. A reticulocyte stain revealed that
these agglutinated cells are aggregate reticulocytes (Fig. 8E). Wright-Giemsa stain.  E. Agglutination of
aggregate reticulocytes in blood from the same cat with a Coombs’-positive hemolytic anemia as shown in
Figure 8D. New methylene blue reticulocyte stain.  F. Agglutination of aggregate reticulocytes in blood
from a cat with a Coombs’-positive hemolytic anemia. New methylene blue wet mount preparation.
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FIGURE 9. Anisocytosis (variation in erythrocyte size) in blood.  A. Increased punctate
reticulocytes (83% uncorrected) in blood from a FeLV-positive cat with a macrocytic normochromic anemia
(hematocrit = 23%, MCV = 70 fl, MCHC = 33 g/dL). The uncorrected aggregate reticulocyte count was
0.2%. New methylene blue reticulocyte stain.  B. Increased anisocytosis in a blood film made from the
same cat blood sample as shown in Figure 9A. Polychromasia is not apparent even though most of the
blood cells present are punctate reticulocytes, because there is insufficient RNA present to impart a blue
color to the cytoplasm of these cells. Wright-Giemsa stain. ~ C. Anisocytosis in blood from a nonanemic
cow. Wright-Giemsa stain. D. Increased anisocytosis in blood from a horse with a regenerative anemia
resulting from internal hemorrhage. Horses almost never release reticulocytes in response to anemia;
therefore, no polychromasia is present. Wright-Giemsa stain.

cytic leptocytes have increased diameter to volume ratios, they may not appear
as small cells when viewed in stained blood films (Fig. 10B).>> Microcytic
erythrocytes from iron-deficient llamas exhibit irregular or eccentric areas of
hypochromasia within the cells (Fig. 10E).3¢
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Poikilocytosis

Erythrocytes can assume a wide variety of shapes. Poikilocytosis is a general
term used to describe the presence of abnormally shaped erythrocytes. Although
specific terminology is used for certain abnormal shapes, it is less important to
quantify each type of shape change than it is to determine the cause of the
shape change.? Poikilocytosis may be present in clinically normal goats and
young cattle (Figs. 7C, 10F).* In some instances, these shapes appear to be
related to the hemoglobin types present, but an abnormality in protein 4.2 in
the membrane has been suggested as a causative factor in calves.*®

Poikilocytosis forms in various disorders associated with erythrocyte frag-
mentation. For unknown reasons, severe iron-deficiency anemia in dogs and
ruminants may exhibit pronounced poikilocytosis (Figs. 10C, 10D).* Poikilo-
cytes can form when oxidant injury results in Heinz body formation and/or
membrane injury. One or more blunt erythrocyte surface projections may form
as the membrane adheres to Heinz bodies bound to its internal surface.*® A
variety of abnormal erythrocyte shapes have been reported in dogs and cats
with doxorubicin toxicity*"#2 and in dogs with dyserythropoiesis.*?

Echinocytes (Crenated Erythrocytes)

Echinocytes are spiculated erythrocytes in which the spicules are relatively
evenly spaced and of similar size.* Spicules may be sharp or blunt. When
observed in stained blood films, echinocytosis is usually an artifact that results
from excess EDTA, improper smear preparation, or prolonged sample storage
before blood film preparation. The appearance of the echinocytes can vary
depending on the thickness of the blood film (Figs. 11B, 11C). They are
common in normal pig blood smears (Fig. 11D), forming in vitro."' The
morphology of echinocytes varies from slightly spiculated echinodiscocytes to
highly spiculated spheroechinocytes, which have been called burr cells (Fig.
11E).”7 The most advanced echinocytes are those that have lost most of their
spicules and have nearly become spherocytes (Fig. 11F). Echinocytes form when
the surface area of the outer lipid monolayer increases relative to the inner
monolayer. Echinocytic transformation occurs in vitro in the presence of fatty
acids, lysophospholipids, and amphipathic drugs that distribute preferentially in
the outer half of the lipid bilayer. Echinocytes also form when erythrocytes are
dehydrated, pH is increased, erythrocyte adenosine triphosphate (ATP) is
depleted (e.g., hypophosphatemia), and intracellular calcium is increased.’
Transient echinocytosis occurs in dogs following rattlesnake and coral snake
envenomation (Figs. 11E, 11F),*-¥ presumably secondary to the action of phos-
pholipases present in venom. Depending on the time course and dose of venom
received, either echinocytosis or spherocytosis may be observed after these snake-
bites. Echinocytes may occur in uremic animals, immediately after transfusion of
stored blood, or in some pyruvate kinase—deficient dogs (Fig. 11G).*4 They have
been seen with increased frequency in dogs with glomerulonephritis and neoplasia



28 SECTION 1 / BLOOD

FIGURE 10. Hypochromasia and/or poikilocytosis in blood.  A. Hypochromic erythrocytes in
blood from a dog with iron deficiency secondary to chronic blood loss, resulting from a persistent flea
infestation. Not only is the center of each cell paler than normal, but the diameter of the area of central
pallor is increased relative to the red-staining periphery of the cell. A polychromatophilic erythrocyte
(reticulocyte) is present in the upper left corner. Wright-Giemsa stain. B. Blood from a dog with a
microcytic hypochromic (MCV = 32 fl, MCHC = 23 g/dL) iron-deficiency anemia was mixed with an
equal volume of blood from a normal dog (MCV = 70 fl, MCHC = 34 g/dL) prior to blood film
preparation. Because the hypochromic cells are leptocytes, they have diameters similar to normal cells even
though they are microcytic cells. Wright-Giemsa stain. ~ C. Marked poikilocytosis and hypochromasia in
blood from a 6-week-old lamb with microcytic hypochromic iron-deficiency anemia. Wright-Giemsa stain.

{Continued)
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(lymphoma, hemangjosarcoma, mast cell tumor, and carcinoma).## Echinocytosis
occurs in horses in which total body depletion of cations has occurred (endurance
exercise, furosemide treatment, and systemic disease),5%5!

Acanthocytes

Erythrocytes with irregularly spaced, variably sized spicules are called acantho-
cytes or spur cells (Figs. 11H, 11I).%2 Acanthocytes form when erythrocyte
membranes contain excess cholesterol compared to phospholipids. Alterations
in erythrocyte membrane lipids can result from increased blood cholesterol
content or due to the presence of abnormal plasma lipoprotein composition.>
Acanthocytes have been recognized in animals with liver disease, possibly due to
alterations in plasma lipid composition, which can alter erythrocyte lipid com-
position.*%5455 They have also been reported in dogs with disorders that result
in erythrocyte fragmentation, such as hemangiosarcoma (Fig. 111), disseminated
intravascular coagulation, and glomerulonephritis.>

Marked acanthocytosis is reported to occur in young goats’” and some
young cattle (Fig. 10F).3%% Acanthocytosis of young goats occurs as a result of
the presence of hemoglobin C at this early stage of development.’”

Keratocytes

Erythrocytes containing what appear to be one or more intact or ruptured
“vesicles” are called keratocytes (Figs. 11J—11M). These nonstaining areas ap-
pear to be circular areas of apposed and sealed membrane rather than true
vesicles. The removal or rupture of this area results in the formation of one or
two projections. Keratocytes have been recognized in various disorders includ-
ing iron-deficiency anemia,* liver disorders,* doxorubicin toxicity in cats,*> and
myelodysplastic syndrome® and in various disorders in dogs having concomi-
tant echinocytosis or acanthocytosis.*>* Keratocyte formation is potentiated by
the storage of cat blood collected with EDTA.

Stomatocytes

Cup-shaped erythrocytes that have oval or elongated areas of central pallor
when viewed in stained blood films are called stomatocytes (Fig. 11N). They
most often occur as artifacts in thick blood film preparations. Stomatocytes
form when erythrocyte water content is increased as occurs in hereditary sto-
matocytosis in dogs (Fig. 110).5-6! Stomatocytes also form when amphipathic
drugs that distribute preferentially in the inner half of the lipid bilayer are
present.®2

D. Marked poikilocytosis (primarily dacryocytes) and hypochromasia in blood from a goat with microcytic
hypochromic iron-deficiency anemia secondary to chronic blood loss, resulting from Haemonchus gastroin-
testinal parasites. Wright-Giemsa stain. E. Microcytic erythrocytes in blood from an iron-deficient
llama, exhibiting irregular or eccentric areas of hypochromasia within the cells. Wright-Giemsa stain. ~ F.
Poikilocytosis (acanthocytes and echinocytes) in blood from a nonanemic young calf. Wright-Giemsa stain.



FIGURE 11.

See legend on opposite page.
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Spherocytes

Spherical erythrocytes that result from cell swelling and/or loss of cell mem-
brane are referred to as spherocytes. Spherocytes lack central pallor and have
smaller diameters than normal on stained blood films (Fig. 11P). Spherical
erythrocytes with slight indentations on one side may be called stomatosphero-
cytes (Fig. 11Q). Spherocytes occur most frequently in association with im-
mune-mediated hemolytic anemia in dogs.*¢* Other potential causes of sphero-

FIGURE 11. Erythrocyte shape abnormalities. = A. Two torocytes with colorless punched-out
centers and wide dense red-staining peripheries in blood from a dog. Wright-Giemsa stain. ~ B. Echino-
cytes with regularly spaced spicules of similar length, in blood from a dog with malignant histiocytosis.
Wright-Giemsa stain. C.  Echinocytes, in a thinner area of the same blood film as shown in Figure 11B,
appear as erythrocytes with scalloped borders; consequently, the old term “crenation” from Latin meaning
“notched” is used. Wright-Giemsa stain.  D. Echinocytes in blood from a normal pig. Wright-Giemsa
stain.  E. Highly spiculated echinocytes (burr cells) in blood from a dog following an Eastern diamond-
back rattlesnake bite. Wright-Giemsa stain. F. Spheroechinocytes and a lysed erythrocyte “ghost”
(bottom right) in blood from a dog following a coral snake bite. Wright-Giemsa stain. G. An
echinocyte (left) in blood from a pyruvate kinase—deficient Cairn terrier dog. Wright-Giemsa stain. ~ H.
Two acanthocytes (above) with irregularly spaced, variably sized spicules in blood from a dog with
neoplastic lymphoid infiltrates in the liver. Wright-Giemsa stain. I. Three acanthocytes with irregularly
spaced, variably sized spicules in blood from a dog with hemangiosarcoma. Wright-Giemsa stain. ~ J. A
keratocyte with what appears to be a “vesicle” in the cytoplasm of an erythrocyte in blood from a cat with
hepatic lipidosis. Wright-Giemsa stain. K. A keratocyte with what appears to be a “vesicle” in the
cytoplasm of an erythrocyte in blood from a cat with hepatic lipidosis. Wright-Giemsa stain. L A
keratocyte, exhibiting what appears to be a ruptured “vesicle” in blood from a cat with hepatic lipidosis.
Wright-Giemsa stain. M. Two keratocytes, exhibiting what appear to be ruptured “vesicles” in blood
from a cat with hepatic lipidosis. Wright-Giemsa stain. ~ N. Stomatocytes with elongated areas of central
pallor in blood from a cat with hemolytic anemia. The stomatocytes were not uniformly present in the
blood film and were considered to be artifacts. Wright-Giemsa stain. 0. Stomatocytes with elongated
areas of central pallor in blood from an asymptomatic Pomeranian dog with persistent stomatocytosis
associated with macrocytic hypochromic erythrocytes. Like dogs with hereditary stomatocytosis, erythrocytes
were osmotically fragile and had low-reduced glutathione concentration. Wright-Giemsa stain. P.
Three spherocytes (bottom) and a large polychromatophilic erythrocyte or reticulocyte (top) in blood from
a dog with immune-mediated hemolytic anemia. Wright-Giemsa stain. Q. A large polychromatophilic
erythrocyte or reticulocyte (top left) and two stomatospherocytes in blood from a dog with immune-
mediated hemolytic anemia. The two stomatospherocytes are not prefect spheres. Each has a slight indenta-
tion on one side. Wright-Giemsa stain.  R. A spherocyte (top) and a discocyte (bottom) in blood from
a foal with immune-mediated neonatal isoerythrolysis. Wright-Giemsa stain. S. A fragmented erythro-
cyte (schistocyte) and two discocytes in blood from a dog with disseminated intravascular hemolysis.
Wright-Giemsa stain. T. A schistocyte (left), discocyte (top), and echinocyte (bottom) in blood from a
dog with disseminated intravascular hemolysis. Wright-Giemsa stain. ~ U. A schistocyte (top right), large
platelet (bottom right), and polychromatophilic erythrocyte (top left) in blood from a splenectomized
pyruvate kinase—deficient Cairn terrier dog. Wright-Giemsa stain. V. Two thin flat hypochromic-
appearing erythrocytes (leptocytes), with increased membrane-to-volume ratios, are present in blood from a
dog with severe iron-deficiency anemia. The bottom leptocyte is folded. Wright-Giemsa stain. ~ W. Two
triconcave knizocytes (center) are present in a dog with a portosystemic shunt. Wright-Giemsa stain. ~ X.
Leptocytes, including two knizocytes (top and bottom center), are present in blood of a dog with iron-
deficiency anemia. Wright-Giemsa stain.
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cyte formation include coral snake and rattlesnake envenomation,*4’ bee
stings,® zinc toxicity,5® erythrocyte parasites, transfusion of stored blood, and a
familial dyserythropoiesis.#* Since erythrocytes from other common domestic
animals exhibit less central pallor than those of dogs, it is difficult to be certain
when spherocytes are present in these noncanine species (Fig. 11R). Spherocytes
have been reported in cattle with anaplasmosis®® and in Japanese Black cattle
with inherited erythrocyte band 3 deficiency.®

Schistocytes

Erythrocyte fragmentation may occur when erythrocytes.are forced to flow
through altered vascular channels or exposed to turbulent blood flow. Erythro-
cyte fragments with pointed extremities are called schistocytes or schizocytes
(Figs. 11S-11U), and they are smaller than normal discocytes. Schistocytes may
be seen in dogs with microangiopathic hemolytic anemia associated with dis-
seminated intravascular coagulation (DIC).#* Mechanical fragmentation occurs
as the cells pass through the fibrin meshwork of a microthrombus. Schistocytes
are not typically seen in cats or horses with DIC, possibly because the erythro-
cytes of these species are smaller and less likely to be split by fibrin strands in
the circulation. Schistocytes have also been seen in severe iron-deficiency ane-
mia,*® myelofibrosis,®*-7° liver disease,’ heart failure, glomerulonephritis, hemo-
phagocytic histiocytic disorders, hemangiosarcoma in dogs, and congenital and
acquired dyserythropoiesis in dogs.»4>5458707! Marked poikilocytosis with schi-
zocytes and acanthocytes has been recognized in pyruvate kinase—deficient dogs
after splenectomy (Fig. 11U).7>7 It is assumed that the spleen had previously
removed these fragmented erythrocytes.

Leptocytes

These cells are thin, often hypochromic-appearing erythrocytes with increased
membrane-to-volume ratios. Some leptocytes appear folded (Fig. 11V), some
appear as triconcave knizocytes that give the impression that the erythrocyte has
a central bar of hemoglobin (Figs. 11W, 11X), and others appear as codocytes
(Figs. 12A-12C). Codocytes (target cells) are bell-shaped cells that exhibit a
central density or “bull’s-eye” in stained blood films. Small numbers of codo-
cytes are often seen in normal dog blood and both codocytes and knizocytes are
increased in regenerative anemia in dogs. Codocytes are especially increased in
dogs with a congenital dyserythropoiesis.® Leptocytes may be seen in iron-
deficiency anemia (Figs. 11V, 12B)** and rarely in hepatic insufficiency (Fig. 12C)
that results in a balanced accumulation of membrane phospholipids and choles-
terol.” Polychromatophilic erythrocytes can sometimes appear as leptocytes.

Eccentrocytes (Hemighosts)

An erythrocyte in which the hemoglobin is localized to part of the cell, leaving
a hemoglobin-poor area visible in the remaining part of the cell, is termed an
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eccentrocyte (Figs. 12D, 12E). They are formed by the adhesion of opposing
areas of the cytoplasmic face of the erythrocyte membrane. Eccentrocytes that
have become spherical with only a small tag of cytoplasm remaining may be
called pyknocytes. Eccentrocytes have been seen in animals ingesting or receiv-
ing oxidants including onions, acetaminophen, and vitamin K in dogs;”> red
maple leaves in horses;”® and intravenous hydrogen peroxide as a “home rem-
edy,” in a cow.” Eccentrocytes have also been seen in a horse with glucose-6-
phosphate dehydrogenase (G6PD) deficiency” and in a horse with glutathione
reductase deficiency secondary to erythrocyte flavin adenine dinucleotide (FAD)
deficiency.”

Elliptocytes (Ovalocytes)

Erythrocytes from nonmammals and animals in the Camelidae family normally
are elliptical or oval in shape (Fig. 7D). They are generally flat rather than
biconcave. Abnormal elliptocytes have been recognized in cats with bone mar-
row abnormalities (myeloproliferative disorders and acute lymphoblastic leuke-
mia),”® hepatic lipidosis,”> portosystemic shunts,®® and doxorubicin toxicity*:
and in dogs with myelofibrosis,’*# myelodysplastic syndrome,*® and glomerulo-
nephritis, in which the elliptocytes may be spiculated (Figs. 12F, 12G).** Heredi-
tary elliptocytosis has been reported in a dog with a membrane protein 4.1
deficiency.®?

Dacryocytes

These erythrocytes are teardrop-shaped with single elongated or pointed ex-
tremities (Figs. 12H, 12I). Dacryocytosis is a common feature of myelofibrosis
in people, but dacryocytes are not as commonly recognized in dogs with
myelofibrosis.®*7%% Dacryocytes have also been seen in blood of dogs and cats
with myeloproliferative disorders,' dogs with glomerulonephritis, and a dog
with hypersplenism.® Dacryocytes are common erythrocyte shape abnormalities
in iron-deficient ruminants, including llamas (Figs. 12], 12K).%

Drepanocytes (Sickle Cells)

Fusiform or spindle-shaped erythrocytes are often observed in blood from
normal deer (Fig. 12L) and in blood from people with sickle cell anemia.®
These drepanocytes develop secondary to hemoglobin polymerization, and dre-
panocyte shape in deer depends on the hemoglobin types present. It is an in
vitro phenomenon that occurs when oxygen tension is high and pH is between
7.6 and 7.8.

Polymerization of hemoglobin in tubular filaments occurs in some normal
adult Angora goats®”# and some breeds of British sheep.’” The resultant fusi-
form or spindle-shaped erythrocytes resemble drepanocytes in deer; they have
been called acuminocytes by some authors (Fig. 12M).!! The proportion of
fusiform cells in Angora goats varies depending on the individual goat and on



FIGURE 12. See legend on opposite page.

34



CHAPTER 2 / ERYTHROCYTES 35

in vitro alterations in temperature, pH, and oxygenation. The number of these
cells decreases during anemia, probably because of the synthesis of hemoglobin
C.SG

Crystalized Hemoglobin

The presence of large hemoglobin crystals within erythrocytes is commonly
recognized in blood films from cats (Fig. 12N)®-% and llamas (Fig. 120)°"%
and rarely recognized in blood films from dogs (Fig. 12P), primarily pups less
than 3 months of age.”* No hemoglobin abnormalities have been recognized by
hemoglobin electrophoresis and no pathologic significance has been attributed
to finding hemoglobin crystals in blood films from domestic animals.

FIGURE 12. Erythrocyte shape abnormalities and the appearance of nucleated er-
ythroid precursor cells. ~ A. Three codocytes in blood from a Cairn terrier dog with a regenerative
anemia and hepatic hemochromatosis secondary to pyruvate kinase—deficiency. These erythrocytes exhibit a
central density or “bull’s-eye” and are often referred to as target cells. Wright-Giemsa stain.  B. Two
codocytes (top and bottom center) and a schistocyte (bottom left) in blood from a dog with severe iron-
deficiency anemia. Wright-Giemsa stain.  C. Codocytes in blood from a dog with liver disease. Wright-
Giemsa stain. D. Three eccentrocytes and a discocyte (left) in blood from a dog with oxidant injury
induced by the administration of acetaminophen. The cell at top center appears spherical with a small tag
of cytoplasm and may be referred to as a pyknocyte. Wright-Giemsa stain. E. Three eccentrocytes in
blood from a horse with inherited erythrocyte glucose-6-phosphate dehydrogenase deficiency. Wright-
Giemsa stain. F. Three elliptocytes and a discocyte in blood from a diabetic cat with mild anemia.
Radiographs revealed diffuse interstitial lung disease of unknown etiology. Wright-Giemsa stain.  G. An
echinoelliptocyte in blood from a dog with glomerulonephritis. Wright-Giemsa stain. ~ H. A dacryocyte
(bottom) and two discocytes in blood from a cat. Wright-Giemsa stain. I. A dacryocyte (left) and
elliptocyte (right) in blood from a dog with glomerulonephritis. Wright-Giemsa stain. ~ J. Hypochromic
dacryocytes in blood from a goat with severe iron-deficiency anemia. K. Hypochromic dacryocytes in
blood from a llama with severe iron-deficiency anemia. The presence of the normal llama elliptocyte {above
right) is the result of a blood transfusion. Wright-Giemsa stain. L. Elongated drepanocyte (sickle cell)
in blood from a white-tailed deer. Wright-Giemsa stain. M. Erythrocytes containing hemoglobin
inclusions in blood from a mixed-breed goat. Some erythrocytes appeared as rectangles but most appeared
more fusiform and may represent polymerization of hemoglobin in tubular filaments as occurs in drepano-
cytes. Wright-Giemsa stain. N. Crystalized hemoglobin in an erythrocyte from a cat. Wright-Giemsa
stain. 0. Crystalized hemoglobin in two erythrocytes from a llama. Wright-Giemsa stain. P
Crystalized hemoglobin in an erythrocyte from a dog. Wright-Giemsa stain. Q. Red-staining intact
erythrocytes (echinocyte in the center) and pale-staining erythrocyte ghosts in blood from a horse in which
intravascular hemolysis was produced by the intravenous and intraperitoneal administration of hypotonic
fluid believed isotonic at the time of administration. Wright-Giemsa stain. ~ R. Erythrocyte ghosts, each
containing a single red-staining Heinz body, in erythrocytes from a cat with intravascular hemolysis caused
by acetaminophen administration. Wright-Giemsa stain. S. A lysed erythrocyte (red smudge at top)
and discocyte in blood from a dog with lipemia. The lysis occurred during smear preparation. Wright-
Giemsa stain, T. Orthochromatic metarubricyte in blood from a dog with a regenerative hemolytic
anemia. Wright-Giemsa stain. U. Polychromatophilic metarubricyte in blood from a dog with a
regenerative hemolytic anemia. Wright-Giemsa stain. V. Two polychromatophilic rubricytes, one of
which has a lobulated nucleus, in blood from a cat with erythroleukemia and a nonregenerative anemia.
Wright-Giemsa stain. W, Exceptionally large basophilic rubricyte in blood from a cat with myelodys-
plastic syndrome and a nonregenerative anemia. Wright-Giemsa stain. X. Rubriblast in blood from a
cat with erythroleukemia and a nonregenerative anemia. Wright-Giemsa stain.
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Lysed Erythrocytes

The presence of erythrocyte “ghosts™ in peripheral blood films indicates that the
cells lysed prior to blood film preparation (Fig. 12Q). Erythrocyte membranes
are rapidly cleared from the circulation following intravascular hemolysis; con-
sequently, the presence of erythrocyte ghosts indicates either recent intravascular
hemolysis or in vitro hemolysis in the blood tube after collection. If the hemol-
ysis is caused by an oxidant, Heinz bodies may be visible within erythrocyte
ghosts (Fig. 12R). When erythrocytes lyse during blood film preparation, they
appear as red smudges (Fig. 12S). These smudged erythrocytes are commonly
seen in lipemic samples.

Nucleated Erythrocytes

Metarubricytes (Figs. 12T, 12U) and rubricytes are seldom present in the blood
of normal adult mammals, although low numbers may occur in some normal
dogs and cats.** These nucleated erythrocytes are often seen in blood (normo-
blastemia) in association with regenerative anemia; however, their presence does
not necessarily indicate a regenerative response is present.”> Nucleated erythro-
Cytes are rarely seen in horses with regenerative anemia.

Nucleated erythrocytes may be seen in animals with lead poisoning in
which there is minimal or no anemia (Fig. 13M)%%” and in nonanemic condi-
tions in which bone marrow is damaged, such as septicemia, endotoxic shock,
and drug administrations.*** Low numbers of nucleated erythrocytes are seen
in a wide variety of conditions in dogs including cardiovascular disease, trauma,
hyperadrenocorticism, and various inflammatory conditions.*®

When frequent nucleated erythrocyte precursors are present in the blood
of an animal with nonregenerative anemia (Figs. 12V-12X), conditions includ-
ing myelodysplasia, hematopoietic neoplasia,!'** infiltrative marrow disease,?
impaired splenic function,”* and inherited dyserythropoietic disorders**!®
should be considered. The presence of rubriblasts in blood from an animal with
nonregenerative anemia strongly suggests that a myeloproliferative disorder is
present (Fig. 12X). Erythrocyte nuclei may be lobulated or fragmented in
animals with myeloproliferative disorders (Fig. 12V)1%-19 or following vincris-
tine therapy, if nucleated erythrocytes are present in blood (Figs. 13A, 13B).
Nucleated erythroid precursors earlier than metarubricytes are capable of divi-
sion; consequently, mitotic nucleated erythrocytes may be seen in blood (Fig.
13C).

# INCLUSIONS OF ERYTHROCYTES

Howell-Jolly Bodies

These small, spherical nuclear remnants form in the bone marrow and are
removed by the “pitting” action of the spleen. Howell-Jolly Bodies may be
present in low numbers in erythrocytes of normal horses and cats (Fig. 13D).
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They are often present in association with regenerative anemia or following
splenectomy in other species. They may also be increased in animals receiving
glucocorticoid therapy (Fig. 13E)."! Nuclear fragmentation and multiple Howell-
Jolly bodies may be present in animals treated with vincristine, if regenerative
anemia is present (Figs. 13A, 13B).

Heinz Bodies

These inclusions are large aggregates of oxidized, precipitated hemoglobin that
are attached to the internal surfaces of erythrocyte membranes. In contrast to
Howell-Jolly bodies, which stain dark blue, Heinz bodies stain red to pale pink
with Romanowsky-type stains (Figs. 13F, 13G). They bind to the inner surface
of erythrocyte membranes and may be recognized as small surface projections
when the membrane binds around much of an inclusion (Fig. 13F). When
intravascular hemolysis occurs, they may be visible as red inclusions within
erythrocyte ghosts (Figs. 12R, 13F). Heinz bodies appear light blue with reticu-
locyte stains (Fig. 13H). They can also be visualized as dark refractile inclusions
in new methylene blue “wet mount” preparations (Fig. 13I). In contrast to
other domestic animal species, normal cats may have up to 5% Heinz bodies
within their erythrocytes.!® Not only is cat hemoglobin more susceptible to
denaturation by endogenous oxidants,’ but the cat spleen is less efficient in the
removal (pitting) of Heinz bodies from erythrocytes than are spleens of other
species.'% Increased numbers of Heinz bodies may occur with minimal anemia
in cats with spontaneous diseases, such as diabetes mellitus (especially when
ketoacidosis is present), hyperthyroidism, and lymphoma.!%#!% Small Heinz
bodies may be seen in other species following splenectomy.!!

Dietary causes of Heinz body hemolytic anemia include consumption of
onions in small and large animals, consumption of kale and other Brassica
species by ruminants, consumption of lush winter rye by cattle, and consump-
tion of red maple leaves by horses.>”>!” Heinz bodies have been recognized in
erythrocytes from selenium-deficient Florida cattle grazing on St. Augustine
grass pastures and in postparturient New Zealand cattle grazing primarily on
perennial ryegrass. Copper toxicity results in Heinz body formation in sheep
and goats. Heinz body formation has been reported in dogs ingesting zinc-
containing objects (e.g., U.S. pennies minted after 1982).> Naphthalene ingestion
may have caused Heinz body formation in a dog.!®® Heinz body hemolytic
anemia has occurred following the administration of a variety of drugs includ-
ing acetaminophen and methylene blue in cats and dogs, methionine and
phenazopyridine in cats, menadione (vitamin K;) in dogs, and phenothiazine in
horses.*”

Basophilic Stippling

Reticulocytes usually stain as polychromatophilic erythrocytes with Roma-
nowsky-type blood stains due to the presence of dispersed ribosomes and
polyribosomes, but sometimes the ribosomes and polyribosomes aggregate to-
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FIGURE 13. Erythrocyte inclusions and the appearance of a mitotic erythroid precursor cell.
A. Polychromatophilic metarubricyte with elongated nucleus and erythrocyte containing nuclear fragments
in blood from a dog with immune-mediated hemolytic anemia and thrombocytopenia 5 days after treat-
ment with vincristine. Wright-Giemsa stain. B. Erythrocyte containing nuclear fragments in blood
from a dog with immune-mediated hemolytic anemia and thrombocytopenia 5 days after treatment with
vincristine. Wright-Giemsa stain.  C. Mitotic rubricyte in blood from a dog with hemangiosarcoma and
a regenerative anemia. Wright-Giemsa stain. D. Erythrocyte (left) containing a Howell-Jolly body
(spherical nuclear remnant) in blood from a cat. Wright-Giemsa stain. E. Three Howell-Jolly bodies in
blood from a dog being treated with glucocorticoid steroids. Wright-Giemsa stain. ~ F. A large polychro-
matophilic erythrocyte (top), erythrocyte “ghost™ containing a Heinz body (bottom), and an intact erythro-
cyte containing a Heinz body projecting from its surface (right) in blood from a dog with a hemolytic
anemia resulting from the ingestion of several pennies containing zinc. Wright-Giemsa stain. ~ G. Heinz
bodies in blood from a cat appearing as pale “spots” within erythrocytes. Wright-Giemsa stain. H.
Heinz bodies in blood from a cat. New methylene blue reticulocyte stain. I. Heinz bodies in blood
from a cat. New methylene blue wet mount preparation.  J. Diffuse basophilic stippling (bottom left) in

(Continued)
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gether, forming blue-staining punctate inclusions referred to as basophilic stip-
pling (Figs. 13]-13M).52 These aggregates are similar to those produced using
reticulocyte stains, but they form during the process of cell drying prior to
staining with Romanowsky-type blood stains. Diffuse basophilic stippling com-
monly occurs in regenerative anemia in ruminants (Figs. 13], 13K) and occa-
sionally occurs in regenerative anemia in other species (Fig. 13L).!! Basophilic
stippling may be prominent in any species with lead poisoning (Fig. 13M).%%

Siderotic Inclusions

Siderotic inclusions contain iron. In contrast to basophilic stippling, which is
distributed throughout the erythrocyte, siderotic inclusions generally appear as
focal basophilic inclusions located near the periphery of the erythrocyte. These
inclusions have been called Pappenheimer bodies when visible in routinely
stained blood films (Figs. 13N, 130).5 Electron microscopy of these bodies in
human erythrocytes reveals that the iron is often contained within autophagic
vacuoles (lysosomes) that also contain degenerating mitochondria.>

A Prussian blue staining procedure is used to verify the presence of iron-
positive material (Fig. 13P). Erythrocytes containing these inclusions are called
siderocytes. Siderocytes are rare or absent in the blood of normal animals but
may occur with lead toxicity,” hemolytic anemia, dyserythropoiesis, myelopro-
liferative diseases, chloramphenicol therapy, and experimental pyridoxine defi-
ciency in pigs.>*® Siderotic inclusions have been recognized in a dog with zinc
toxicity,!® but it is unclear whether this was a result of the zinc toxicity per se,
or was associated with the accompanying hemolytic anemia. Finally, large num-
bers of Pappenheimer bodies have rarely been seen in nonanemic dogs (Figs.
130, 13P) in which the causes were unclear. A common factor in two of these
dogs was treatment with hydroxyzine; however, hematologic abnormalities have
not previously been reported with this drug,!%!10

a macrocytic polychromatophilic erythrocyte, a macrocytic erythrocyte (top right), and three normal-sized
erythrocytes in blood from a cow with anaplasmosis (no organisms present) and a subsequent regenerative
anemia. Wright-Giemsa stain. K. Diffuse basophilic stippling in a large erythrocyte (left) in blood from
a sheep with a regenerative anemia. Wright-Giemsa stain. L. Erythrocytes containing a Howell-Jolly
body (top), diffuse coarse basophilic stippling (middle) and diffuse fine basophilic stippling (bottom) in
blood from a cat with hemobartonellosis (no organisms present) and a regenerative anemia. Wright-Giemsa
stain. M. A polychromatophilic erythrocyte with basophilic stippling (left) and a polychromatophilic
metarubricyte (right) in blood from a dog with lead toxicity. Wright-Giemsa stain. ~ N. Focal basophilic
stippling in an erythrocyte (siderocyte) in blood from a dog treated with chloramphenicol. The inclusions
were shown to contain iron using the Prussian blue staining procedure. Wright-Giemsa Stain. ~ O. Focal
basophilic stippling in two erythrocytes (siderocytes) in blood from a male Sheltie dog that had many
siderocytes in his blood when examined several times over 4 years. Erythrocytes were microcytic, but the
dog was not anemic. Abnormalities in copper, zinc, and pyridoxine metabolism were ruled out, as was lead
toxicity. Blood samples and case information provided by M. Plier. Wright-Giemsa stain. P. Iron-
positive inclusions in erythrocytes (siderocytes) in blood from the same dog as shown in Figure 130.
Prussian blue stain.
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W INFECTIOUS AGENTS OF ERYTHROCYTES

A number of infectious agents are recognized to occur in or on erythrocytes.
These include intracellular protozoal parasites (Babesia species, Theileria species,
and Cytauxzoon felis), intracellular rickettsial organisms (Anaplasma species),
and epicellular mycoplasma organisms (Haemobartonella species and Eperythro-
zoon species). The protozoal organisms each have a nucleus within their cyto-
plasm. The rickettsia and mycoplasma organisms are bacteria and, therefore,
lack nuclei. These infectious agents generally cause mild to severe hemolytic
anemia, depending on the pathogenicity of the organism and the susceptibility
of the host. Distemper virus inclusions may also be seen in dog erythrocytes.

Babesia Species

Many species of Babesia infect animals worldwide.!''-''> When stained with
Romanowsky-type blood stains, a babesial organism generally has colorless to
light-blue cytoplasm with a red to purple nucleus (Figs. 14A—14E). Babesial
parasites vary considerably in size from large, easily visualized Babesia canis
parasites (Fig. 14A) to small, difficult to see Babesia gibsoni (Fig. 14B) and
Babesia felis (Fig. 14C) parasites. Large babesial organisms generally appear
pear-shaped and commonly occur in pairs. Small babesial organisms are more
often round in shape.

Theileria Species

Theilerial organisms appear similar to babesial organisms when observed on
stained blood films (Fig. 14F). The genus Theileria differs from the genus
Babesia in that the Theileria species have a tissue phase as well as an erythrocyte
stage of development. Schizonts develop in lymphoid cells and when mature,
release merozoites, which enter erythrocytes. Babesia organisms proliferate only
in erythrocytes. Theilerial species cause important diseases in ruminants in
Africa, Asia, and the Middle East; however, the theilerial organisms present in
ruminants in the United States are usually nonpathogenic.!!*!*> Organisms are
most commonly observed in deer blood in the United States (Fig.14G).

Cytauxzoon Felis

Cytauxzoon felis (Figs. 14H, 14I), as its name implies, infects feline erythro-
cytes.’6 It is similar in morphology to Babesia felis (Fig. 14C). Like Theileria,
the genus Cytauxzoon has both a tissue phase and an erythrocyte phase. In
contrast to Theileria, the schizonts of Cytauxzoon develop in macrophages
rather than in lymphocytes.

Anaplasma Species

Anaplasma organisms appear as round to oval basophilic inclusions in ruminant
erythrocytes (Figs. 14J—14L), which must be differentiated from Howell-Jolly
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bodies."'” Although morulae are not appreciated by light microscopy, the inclu-
sions consist of one to several subunits within a membrane-lined vesicle. The
size of an inclusion seen by light microscopy is directly related to the number
of subunits present. Unlike Howell-Jolly bodies, Anaplasma organisms are gen-
erally not perfect spheres, and most are smaller than Howell-Jolly bodies.

Distemper Inclusions

Viral inclusions may be seen in the blood cells of some dogs during the viremic
stage of canine distemper virus infection.!'®!1* These inclusions can be difficult
to visualize when routine Wright or Giemsa stains are used. In erythrocytes,
they appear as variably sized round, oval, or irregular, blue-gray inclusions that
most often occur in polychromatophilic cells (Fig. 14M). For an unknown
reason, distemper inclusions typically stain red and are easier to see in erythro-
cytes stained with the Diff-Quik stain (Fig. 14N), which is a rapid, modified
Wright stain.?!

Distemper inclusions are composed of aggregates of viral nucleocapsids.
The presence of viral inclusions in anucleated cells is explained by the fact that
they form within nucleated erythroid precursors in the bone marrow and
persist following expulsion of the nucleus.!*®

Haemobartonella Species

These epicellular organisms attach to the external surface of erythrocytes.!?
Haemobartonella felis organisms appear as small blue-staining cocci, rings, or
rods on feline erythrocytes (Figs. 140, 14P). Organisms are quite pleomorphic
and vary in size, but most are between 0.5 and 1.5 microns in diameter or
length. Organisms occur in cyclic parasitemias; consequently, they are not al-
ways identifiable in blood even during acute infections. Haemobartonella canis
organisms commonly form chains of organisms that appear as filamentous
structures on the surface of canine erythrocytes (Fig. 14Q). Reticulocyte stains
cannot be used to search for Haemobartonella organisms, because the basophilic
ribosomal material in reticulocytes can appear similar to the parasites. Haemo-
bartonella organisms were classified as rickettsia for many years, but molecular
biology studies have shown that they are mycoplasmal organisms.'?122

Eperythrozoon Species

Eperythrozoon species appear as small delicate basophilic rings upon or between
erythrocytes. Eperythrozoon infections occur in pigs, sheep, cattle, and llamas
(Figs. 14R—14U).12-126 These organisms can cause significant anemia in pigs
and sheep (primarily young animals), but not usually in cattle or llamas.
Differentiation of the genera Haemobartonella and Eperythrozoon is pur-
portedly based on the fact that Haemobartonella organisms rarely occur as ring
forms while Eperythrozoon organisms frequently do. Differentiation is also based
on the fact that Eperythrozoon organisms occur with about equal frequency on



FIGURE 14. See legend on opposite page.
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FIGURE 14. Infectious agents of erythrocytes. =~ A. Two pear-shaped Babesia canis organisms in
each of four erythrocytes in blood from a puppy with hemolytic anemia. Infected erythrocytes often were
seen adhered to one another. Wright-Giemsa stain. B. Two small Babesia gibsoni organisms in one
erythrocyte (top) and a single organism in another erythrocyte (bottom right) in blood from a dog.
Photograph of a stained blood film from a 1999 ASVCP slide review case submitted by A.R. Irizarry-Rovira,
J. Stephens, D.B. DeNicola, J. Christian, and P. Conrad. Wright Stain.  C. Single Babesia felis organisms
in three erythrocytes in blood from a domestic cat from South Africa. Wright stain.  D. Two Babesia
bigemina organisms in an erythrocyte from a cow. Wright-Giemsa stain. E. A single Babesia equi
organism in one erythrocyte (top) and a Maltese cross of four organisms in another erythrocyte (bottom) in
blood from a horse. Wright-Giemsa stain.  F. Single Theileria buffeli-like organisms in two erythrocytes
in blood from a pregnant Simmental cow. Photograph of a stained blood film from a 1997 ASVCP slide
review case submitted by S.L. Stockham, D.A. Schmidt, M.A. Scott, J.W. Tyler, G.C. Johnson, P.A. Conrad,
and P. Cuddihee. Wright-Giemsa Stain. G. Theileria cervi organisms in erythrocytes in blood from a
white-tailed deer. Several drepanocytes (sickle erythrocytes) are present. Wright-Giemsa stain. H. Two
erythrocytes, each containing a Cytauxzoon felis organism, are present in blood from a cat. Wright-Giemsa
stain. I. Two erythrocytes, each containing a Cytauxzoon felis organism, are present in blood from a
cat. Wright-Giemsa stain. J. Anaplasma marginale organism located within an erythrocyte in blood
from a Holstein cow. Three platelets are also visible (right). Wright-Giemsa stain. K. An erythrocyte
containing an Anaplasma marginale organism (bottom left), a macrocytic erythrocyte (top left), and an
abnormally shaped erythrocyte with basophilic stippling (right) in blood from a Holstein cow. Wright-
Giemsa stain. L. Anaplasma ovis organisms in blood from a 6-month-old goat with esophageal
perforation and intestinal Trichostrongylus infestation. Wright-Giemsa stain. M. Round blue-gray dis-
temper inclusion in a polychromatophilic erythrocyte (bottom) in blood from a dog. Wright-Giemsa stain.
N. Two round reddish distemper inclusions in erythrocytes in blood from the same dog as shown in
Figure 14M. The inclusion at top right is in a large polychromatophilic erythrocyte. Diff-Quik stain.  O.
Haemobartonella felis organisms located on the outside of erythrocytes in blood from a cat. A chain of
organisms is out of focus in the center erythrocyte. Wright-Giemsa stain. P. Haemobartonella felis
organisms located on the surface of erythrocytes in blood from a cat. Some organisms appear as rings,
including the unattached one at the bottom right. Wright-Giemsa stain. Q. Haemobartonella canis
organisms located on the outside of erythrocytes in blood from a dog. One erythrocyte (center) has a rod-
shaped structure on its surface that is probably composed of two closely associated organisms, while another
erythrocyte (top right) has many organisms forming filamentous chains in deep grooves on its surface. A
platelet and large polychromatophilic erythrocyte are also present. Wright-Giemsa stain. ~ R.  Eperythro-
200n suis organisms on the surface of erythrocytes and between erythrocytes in blood from a splenectomized
pig. Erythrocytes appear as echinocytes, a normal finding in pig blood. A large polychromatophilic erythro-
cyte is located at the bottom. Photograph of a stained blood film from a 1980 ASVCP slide review case
submitted by G. Searcy. Wright stain. S.  Eperythrozoon wenyoni organisms between erythrocytes in
blood from a Charolais bull. Photograph of a stained blood film from a 1993 ASVCP slide review case
submitted by E.G. Welles, ] W. Tyler, and D.F. Wolfe. Wright stain. =~ T. Eperythrozoon ovis organisms
between erythrocytes in blood from a sheep. Wright-Giemsa stain.  U. Eperythrozoon organisms on the
surface of erythrocytes and between erythrocytes in blood from a llama. Wright-Giemsa stain. V.
Bartonella henselae organisms in an erythrocyte (center right) from a confirmed bacteremic cat. In addition
to blood culture, organisms were identified in fixed erythrocytes using a fluorescent-labeled antibody.
Photograph was provided by Dr. Rose E. Raskin. Wright-Giemsa stain. W. Drying artifact and
precipitated stain present in this blood film from a cat may be confused with blood parasites. Wright-
Giemsa stain. X. A platelet overlaying an erythrocyte (bottom left) may be confused with a blood
parasite in this blood film from a dog. Wright-Giemsa stain.
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the erythrocytes and occur free in plasma, while Haemobartonella organisms are
firmly attached to erythrocytes. These criteria seem inadequate for the establish-
ment of two genera, especially since the frequency of ring forms and the
number of free organisms can be influenced to some degree simply by the
manner in which a blood film is prepared. Like Haemobartonella, organisms in
this genus are mycoplasmas.'?-127

Bartonella Species

Members of the Bartonella species are small, gram-negative bacteria. Although
the names sound similar, Bartonella and Haemobartonella organisms are not
closely related organisms. Bartonella (Rochalimaea) henselae appears to be the
primary cause of cat scratch disease in people. This organism causes mild illness
and anemia in cats during the initial infection, but subsequently, cats become
carriers without evidence of disease.'?® This small rod-shaped bacterium occurs
within erythrocytes'®® but is rarely appreciated in blood films of bacteremic cats
(Fig. 14V), even though the organism can be cultured from the blood of many
healthy cats.!28

Artifacts Resembling Infectious Agents

Erythrocyte parasites (especially Haemobartonella and Eperythrozoon species)
must be differentiated from precipitated stain, refractile drying or fixation arti-
facts (Figs. 4A, 14W), poorly staining Howell-Jolly bodies, and basophilic stip-
pling (Figs. 13]-130). Platelets overlying erythrocytes (Fig. 14X) may also be
confused with erythrocyte parasites, especially Babesia species.



CHAPTER 3

Leukocytes

B NEUTROPHIL MORPHOLOGY

Mammalian leukocytes, or white blood cells, have been classified as either
polymorphonuclear (PMN) or mononuclear leukocytes. The polymorphonuclear
leukocytes have condensed, segmented nuclei. They are commonly referred to
as granulocytes because they contain large numbers of cytoplasmic granules.
The granules in these cells are lysosomes containing hydrolytic enzymes, anti-
bacterial agents, and other compounds. Primary granules are synthesized in the
cytoplasm of late myeloblasts or early promyelocytes. They appear reddish
purple when stained with routine blood stains such as Wright-Giemsa. Second-
ary (specific) granules appear at the myelocyte stage of development in the
bone marrow. Three types of granulocytes (neutrophils, eosinophils, and baso-
phils) are identified by the staining characteristics of their secondary granules.

Normal Neutrophil Morphology

Normal neutrophil morphology is similar in common domestic mammalian
species. The chromatin of the nucleus is condensed (dark-staining clumped
areas separated by lighter-staining areas) and segmented (lobulated) and stains
blue to purple (Fig. 15A). Nuclear lobes may be joined by fine filaments, but
generally there is simply a narrowing of the nucleus between lobes without true
filament formation. When an area of the nucleus has a diameter less than two-
thirds the diameter of any other area of the nucleus, the neutrophil is classified
as mature, even if only two lobes are present (Fig. 15B). The nuclear outline is
more scalloped (jagged) in horses than in other species (Fig. 15C). The back-
ground cytoplasm generally appears colorless but may appear pale pink or
faintly basophilic (Fig. 15D). Neutrophil granules either do not stain, or appear
as light pink rods with routine blood stains. A Barr body (sex chromatin lobe
or drumstick) is present in a low percentage of neutrophils from females (Figs.
15E , 15F)."! This round, basophilic body is attached to the nucleus by a thin
chromatin strand. It represents the pyknotic inactivated remains of one of the
two X chromosomes.
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FIGURE 15. See legend on opposite page.
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Morphology of Left Shifts

Mature segmented neutrophils and, sometimes, low numbers of band neutro-
phils are released from bone marrow into blood in normal animals. When
increased numbers of nonsegmented neutrophilic cells are present in blood,
their presence is referred to as a left shift.

Band neutrophils are commonly seen in blood, with metamyelocytes and
myelocytes present less often and promyelocytes and myeloblasts rarely encoun-
tered. Morphologic changes that occur as cells of the granulocytic series un-
dergo maturation from myeloblasts to mature granulocytes in bone marrow
include slight diminution in size, decrease in nucleus: cytoplasm (N:C) ratio,
progressive nuclear condensation, changes in nuclear shape, and the appearance
of cytoplasmic granules. The background (i.e., nongranular) cytoplasm color
changes from gray-blue in myeloblasts to nearly colorless in mature neutrophils,
in the absence of toxicity. However, cytoplasmic toxicity is often present in
animals with pronounced left shifts in blood.

FIGURE 15. Neutrophils and their precursor cells. = A. Neutrophil in blood from a dog.
Wright-Giemsa stain. ~ B. Bilobed neutrophil in blood from a cow. Wright-Giemsa stain. ~ C. Two
neutrophils in blood from a horse. Wright-Giemsa stain. D, Neutrophil with slightly pink cytoplasm in
blood from a cow. Wright-Giemsa stain. ~ E. Neutrophil in blood from a female dog exhibiting a sex
chromatin lobe or Barr body. Wright-Giemsa stain. F. Neutrophil in blood from a female cat
exhibiting a sex chromatin lobe or Barr body. Wright-Giemsa stain. G. Promyelocyte with purple
cytoplasmic granules in blood from a dog with acute myelomonocytic leukemia (AML-M4). Wright-Giemsa
stain. H. Promyelocyte with faintly staining purple cytoplasmic granules in blood from a cat with a
marked left shift (Jleukemoid reaction) secondary to a bacterial infection that resulted in the formation of
multiple draining abscesses. Wright-Giemsa stain. I, Neutrophilic myelocyte. in blood from a dog with
chronic myeloid leukemia. Wright-Giemsa stain.  J. Neutrophilic metamyelocyte in blood from a dog
with chronic myeloid leukemia. Wright-Giemsa stain. K. Band neutrophil in blood from a dog with
immune-mediated hemolytic anemia. Wright-Giemsa stain. L. S-shaped band neutrophil in blood
from a dog with immune-mediated hemolytic anemia. Wright-Giemsa stain. M. Neutrophil with
foamy basophilia (toxicity) of the cytoplasm in blood from a cat with septic peritonitis. Wright-Giemsa
stain.  N. Neutrophil with doughnut-shaped nucleus and foamy basophilia (toxicity) of the cytoplasm
in blood from a cat with septic peritonitis. Wright-Giemsa stain. 0. Toxic metamyelocyte with foamy
basophilia of the cytoplasm in blood from a cat with septic peritonitis. Wright-Giemsa stain. P, Toxic
neutrophil with foamy basophilia and Déhle bodies (angular blue inclusions) in the cytoplasm in blood
from a cat with septic peritonitis. Wright-Giemsa stain. Q. Toxic neutrophil with foamy basophilia and
Dohle bodies in the cytoplasm in blood from a cat with a marked left shift (leukemoid reaction) secondary
to a bacterial infection that resulted in the formation of multiple draining abscesses. Wright-Giemsa stain.
R. Band neutrophil with lightly basophilic cytoplasm containing Dohle bodies in blood from a horse.
Wright-Giemsa stain. S. Toxic band neutrophil with foamy basophilia and Dohle bodies in the
cytoplasm in blood from a cat with septic peritonitis. Wright-Giemsa stain. T. Toxic neutrophilic
metamyelocyte with foamy basophilia and faintly staining Dohle bodies in the cytoplasm in blood from a
cat with a marked left shift (leukemoid reaction) secondary to a bacterial infection that resulted in the
formation of multiple draining abscesses. Wright-Giemsa stain. U. Dohle bodies in the cytoplasm of
two neutrophils in blood from a cat, without other cytoplasmic evidence of toxicity. Wright-Giemsa stain.
V. Band neutrophil with toxic granulation in blood from a horse with acute salmonellosis. Wright-Giemsa
stain. W. Band neutrophil with toxic granulation in blood from a Holstein cow with a bacterial
infection. Wright-Giemsa stain. X. Neutrophilic metamyelocyte with toxic granulation in blood from a
Holstein cow with a bacterial infection. Wright-Giemsa stain.
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FIGURE 16. Neutrophils and their precursor cells. ~ A. Two toxic band neutrophils and a toxic
neutrophilic metamyelocyte (bottom) with foamy basophilic cytoplasm in blood from a cat. The band on
the right appears to have a fragmented nuclear membrane forming a nuclear vesicle. Wright-Giemsa stain.
B. Toxic left shift in the blood of a cat with a leukemoid reaction secondary to a bacterial infection that
resulted in the formation of multiple draining abscesses. Two neutrophilic cells have doughnut-shaped
nuclei. Wright-Giemsa stain. C. Giant neutrophil (bottom) in the blood of a cat with a leukemoid

(Continued)
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Mpyeloblasts. The morphology of myeloblasts is described in the section on
blast cells in blood (Fig. 24). Their presence indicates the likelihood of a
myeloproliferative disorder.

Promyelocytes. Promyelocytes or progranulocytes have round to oval nuclei
with lacy to coarse chromatin. Although nucleoli or nucleolar rings may be seen
in some promyelocytes, most exhibit no evidence of nucleolar structures. Their
most identifiable characteristic is the presence of many magenta-staining pri-
mary granules within light-blue cytoplasm (Figs. 15G, 15H).

Myelocytes. Myelocytes have round nuclei (Fig. 15I), but they are generally
smaller with more nuclear condensation and lighter-blue cytoplasm than pro-
myelocytes. Primary, magenta-staining granules characteristic of promyelocytes
are no longer visible in myelocytes. Secondary granules that characterize neutro-
phils are present, but difficult to visualize because of their neutral-staining
characteristics.

Metamyelocytes. Nuclei with slight indentations are still classified as myelo-
cytes, but once the nuclear indentation extends more than 25% into the nu-
cleus, the cell is called a metamyelocyte (Fig. 15]). Nuclear condensation be-
comes readily apparent at this stage of maturation.

Band Cells. Cells with thinner, rod-shaped nuclei with parallel sides are called
bands (Fig. 15K). No area of the nucleus has a diameter less than two thirds
the diameter of any other area of the nucleus. Band cell nuclei twist to conform
to the space within the cytoplasm, and U-shaped or S-shaped nuclei (Fig. 15L)
are common. Chromatin condensation is prominent, and the cytoplasm appear-
ance is essentially the same as that seen in mature neutrophils. Once nuclear
segments form, the cell is called a mature neutrophil, even if only two lobes are
present (Fig. 15B).

Disorders with Left Shifts

Left shifts are usually associated with inflammatory conditions. These inflamma-
tory conditions are often infectious but may be noninfectious, such as in
immune-mediated disorders and infiltrative marrow disease.®® Left shifts are
also present in animals with chronic myeloid leukemia and Pelger-Huet anomaly.

Inflammation. The presence of a significant left shift in animals with an
inflammatory disorder indicates that the stimulus for release of neutrophils
from bone marrow is greater than can be accommodated by release from

reaction secondary to a bacterial infection that resulted in the formation of multiple draining abscesses.
Wright-Giemsa stain. D. Left shift in the blood of a dog with chronic myeloid leukemia. Band
neutrophils, neutrophilic metamyelocytes, and a neutrophilic myelocyte are present. Wright-Giemsa stain.
E. Band neutrophil (left) and neutrophilic myelocyte (right) in the blood of a dog with Pelger-Huet
anomaly. Wright-Giemsa stain.  F. Band neutrophil (left), bilobed neutrophil (center), and eosinophilic
myelocyte (right) in the blood of a cat with Pelger-Huet anomaly. Wright-Giemsa stain.
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mature neutrophil stores alone. The magnitude of a left shift in response to
inflammation can vary from slightly increased numbers of bands to severe left
shifts with metamyelocytes, myelocytes, and, rarely, even promyelocytes present
in blood. The total neutrophil count may be low, normal, or high, depending
on the number of these cells released from the bone marrow versus the number
utilized in the inflammatory process. Toxic cytoplasm is often present in ani-
mals with left shifts in response to inflammatory disorders (Fig. 16A). Other
abnormalities that may be present include donut-shaped nuclei and giant neu-
trophils (Figs. 16B, 16C).

A marked leukocytosis (total leukocyte count of 50,000 to 100,000/uL)
with a marked left shift back to at least myelocytes associated with an inflam-
matory condition is called a leukemoid reaction, because it resembles the blood
pattern seen in chronic myeloid leukemia. Left shifts associated with leukemoid
reactions are usually orderly, with mature segmented neutrophils being the
most numerous neutrophilic cells present, bands being the next most numer-
ous, metamyelocytes being less numerous, and myelocytes being present in low
numbers. When a leukemoid response is present, a localized purulent inflam-
matory condition such as pyometra is suspected.

Chronic Myeloid Leukemia. Chronic myeloid leukemia (CML) presents with a
high total leukocyte count (usually greater than 50,000/uL) with marked neu-
trophilic left shift in blood (Fig. 16D).1*°-'32 In domestic animals, CML is
primarily seen in dogs. Increased numbers of monocytes, eosinophils, and/or
basophils may also be present. Myeloblasts are either absent or present in low
numbers in blood. CML is suspected when no inflammatory disorder can be
found to explain the extreme left shift. The left shift present in CML is usually
less orderly than those seen in leukemoid reactions. The presence of dysplastic
abnormalities in other blood cell types also supports a diagnosis of CML. On
the other hand, the presence of moderate to marked cytoplasmic toxicity,
increased inflammatory plasma proteins, and physical evidence of inflammation
suggest a leukemoid reaction is present, rather than CML.

Pelger-Huet Anomaly. The term hyposegmentation refers to a left shift with
condensed nuclear chromatin without nuclear constrictions (Figs. 16E, 16F). It
occurs as an inherited trait in the Pelger-Huet anomaly in dogs and cats.!®>!134
Eosinophils and basophils may also be affected. No clinical signs are associated
with animals that are heterozygous for this disorder. A pseudo-Pelger-Huet
anomaly may occur transiently with chronic infections and rarely following the
administration of certain drugs or in animals with myeloproliferative disor-
ders.!?

Toxic Cytoplasm

When the cytoplasm of a neutrophilic cell has increased basophilia, has foamy
vacuolation, and/or contains Dohle bodies, it is said to be toxic. These morpho-
logic abnormalities develop in neutrophilic cells within the bone marrow prior
to their release into the circulation.13%136
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Foamy Basophilia. Foamy basophilia often occurs with severe bacterial infec-
tions but can occur with other causes of toxemia (Figs. 15M-15T). When
viewed by electron microscopy, foamy vacuolation appears as irregular, elec-
tron-lucent areas that are not membrane bound. Cytoplasmic basophilia results
from the persistence of large amounts of rough endoplasmic reticulum and
polyribosomes.!*

Déhle Bodies. Dohle bodies are bluish, angular cytoplasmic inclusions of neu-
trophils and their precursors (Figs. 15P—15U). They are composed of retained
aggregates of rough endoplasmic reticulum.®? By themselves, these inclusions
represent mild evidence of toxicity and are sometimes seen in neutrophils of
cats that do not exhibit signs of illness (Fig. 15U). Dohle bodies must be
differentiated from iron-positive granules, distemper inclusions in dogs, and
granules present in neutrophils from cats with inherited Chediak-Higashi syn-
drome.

Toxic Granulation. Toxic granulation refers to the presence of magenta-stain-
ing cytoplasmic granules (Figs. 15V-15X, 17A).52 These granules consist of
primary granules that have retained the staining intensity normally observed in
promyelocytes in the bone marrow. The presence of toxic granulation and
cytoplasmic basophilia suggests severe toxemia. Toxic granulation may be seen
in horses, cattle, and sheep but is rarely seen in dogs and cats. Toxic granula-
tion should not be confused with the pink staining of secondary granules which
is not a sign of toxicity. Toxic granulation must be differentiated from the
granules present in some Birman cats, granules in animals with certain lysoso-
mal storage disorders, and miscellaneous granules and inclusions to be dis-
cussed subsequently.

and Inclusions

Normal Foals. Purple granules are often seen in neutrophils from foals with-
out other evidence of cytoplasmic toxicity (Fig. 17B),'® the clinical significance
of which is unclear. It is assumed that, like toxic granulation, these granules are
primary granules that have retained the staining intensity normally observed in
promyelocytes in the bone marrow.

Lipemia in a Horse. Purple granules were present in neutrophils from a Paso
Fino mare with hyperlipidemia and hepatic lipidosis (Fig. 17C).!*” Like in the
normal foals described above, no other cytoplasmic evidence of toxicity was
present. Consequently, caution must be exercised in using the term “toxic
granulation” in horses.

Lysosomal Storage Diseases. The lysosomal system is the principal site of
intracellular degradation. Lysosomes are membrane-bound organelles that con-
tain more than 40 acid hydrolases capable of degrading most biologically im-
portant macromolecules. An inherited deficiency in one of these enzymes can
result in the accumulation of undegraded substances (e.g., glycosaminoglycans,
complex oligosaccharides, cerebrosides, etc.) within lysosomes—hence the name

(text continued on page 54)



FIGURE 17. See legend on opposite page.
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FIGURE 17. Granules, inclusions, and infectious agents of neutrophils.  A. Band neutrophil
with basophilic cytoplasm and toxic granulation in blood from a Holstein cow with a bacterial infection.
Wright-Giemsa stain. B. Neutrophil with basophilic cytoplasmic granules in the blood of a normal
foal. Wright-Giemsa stain.  C. Neutrophil with cytoplasmic granules in the blood of a hyperlipemic 7-
year-old Paso Fino mare with hepatic lipidosis. Photograph of a stained blood film from a 1983 ASVCP
slide review case submitted by J.R. Duncan and E.A. Mahaffey. Wright stain. D. Neutrophil with
cytoplasmic granules in the blood of a 7-month-old miniature schnauzer dog with mucopolysaccharidosis
type V1. Photograph of a stained blood film from a 1995 ASVCP slide review case submitted by P.R. Avery,
D.E. Brown, M.A. Thrall, and D.A. Wenger. Wright-Giemsa stain. E. Neutrophil with cytoplasmic
granules in the blood of a 1-year-old domestic shorthair cat with inherited mucopolysaccharidosis type V1.
Photograph of a stained blood film from a 1995 ASVCP slide review case submitted by D.A. Andrews, D.B.
DeNicola, S. Jakovljevic, J. Turek, and U. Giger. Wright stain. ~ F. Neutrophil with cytoplasmic granules
in the blood of an 8-month-old domestic shorthair cat with inherited mucopolysaccharidosis type VIL
Photograph of a stained blood film from a 1996 ASVCP slide review case submitted by M.A. Thrall, L. Vap,
S. Gardner, and D. Wenger. Wright stain. ~ G. Neutrophil with cytoplasmic granules in the blood of a
3-month-old German shepherd dog with inherited mucopolysaccharidosis type VIL Photograph of a stained
blood film from a 1997 ASVCP slide review case submitted by D.I. Bounous, D.C. Silverstein, K.S. Latimer,
and K.P. Carmichael. Wright stain. ~ H. Neutrophil with cytoplasmic granules in the blood of a korat
cat with inherited GM,-gangliosidosis. Wright-Giemsa stain. I. Neutrophil with reddish cytoplasmic
granulation in blood from a Siamese cat without clinical signs attributable to a lysosomal storage disease.
Wright-Giemsa stain. J. Neutrophil with large cytoplasmic granules in blood from a 15-month-old
Hereford female with Chediak-Higashi syndrome. Photograph of a stained blood film from a 1987 ASVCP
slide review case submitted by M. Menard and K.J. Wardrop. Wright stain. K. Neutrophil with large
cytoplasmic granules in blood from a Persian cat with Chediak-Higashi syndrome. Photograph taken from a
stained slide provided by J. Kramer. Wright stain. L. Neutrophil with siderotic cytoplasmic inclusions
in blood from a horse with equine infectious anemia. Wright-Giemsa stain. M. Neutrophil with
siderotic cytoplasmic inclusions in blood from a horse with equine infectious anemia (same blood sample as
shown in Figure 17L). Blue-staining inclusions indicate the presence of iron. Prussian blue stain.  N.
Three reddish distemper inclusions in the cytoplasm of a neutrophil in blood from a dog with canine
distemper. Diff-Quik stain. ~ O. Ehrlichia ewingii morula in the cytoplasm of a neutrophil in blood from
a dog, determined by a 165 rRNA sequence following polymerase chain reaction amplification. Wright-
Giemsa stain. P. Ehrlichia morula in the cytoplasm of a neutrophil in blood from a dog of unknown
species. Serology was positive for E. canis and negative for E. equi. Specific assays for E. ewingii, which
might have cross-reacting antibodies with E. canis, were not done. Wright-Giemsa stain. ~ Q. Ehrlichia
equi morula in the cytoplasm of a neutrophil in blood from a horse. Wright-Giemsa stain. ~ R. Ehrlichia
equi morula in the cytoplasm of a neutrophil in blood from a horse stained using the new methylene blue
wet mount procedure. S. Two Ehrlichia phagocytophila morulae in the cytoplasm of a neutrophil in
blood from a goat. Wright-Giemsa stain. T. Hepatozoon americanum gamont in the cytoplasm of a
neutrophil in blood from a dog. Photograph taken from a slide provided by K.A. Gossett. Wright stain.
U. Bacterial rods phagocytized by a neutrophil in a buffy coat smear prepared from blood from a cat with
a leukopenia and septicemia. Wright-Giemsa stain. V. Bacterial cocci phagocytized by a neutrophil in
blood from a dog with urolithiasis, pyelonephritis, and septicemia. Staphylococcus intermedius was cultured
from blood and urine. Wright-Giemsa stain. W. Mycobacterium organisms in the cytoplasm of a
neutrophil in blood from a dog. These organisms do not stain, and they appear as linear clear areas.
Photograph of a stained blood film from a 1988 ASVCP slide review case submitted by H. Tvedten. Wright
stain. X. Histoplasma capsulatum organisms in the cytoplasm of a neutrophil from an adult dog.
Photograph of a stained blood film from a 1987 ASVCP slide review case submitted by J.H. Meinkoth, R.L.
Cowell, K.D. Clinkenbeard, and R.D. Tyler. Wright stain.
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lysosomal storage disease.!*® Blue to magenta—staining granulation occurs in the
cytoplasm of neutrophils from animals with certain lysosomal storage disorders
including mucopolysaccharidosis type VI (Figs. 17D, 17E),'**-14! mucopolysac-
charidosis type VII (Figs. 17F, 17G),">-* and GM,-gangliosidosis (Fig.
17H).l45,l46

Birman Cats. Small reddish granules have been reported as an inherited
anomaly in Birman cats without evidence of illness.*” These granules were of
normal size when examined by transmission electron microscopy. They did not
stain with alcian blue or toluidine blue, indicating that the animals did not have
an inherited mucopolysaccharidosis.

Reddish Granulation in Cats. We have observed persistent reddish granula-
tion in neutrophils of four cats (Fig. 17I) that appeared similar to that reported
in Birman cats. Affected animals included a 10-year-old male Siamese, a 6-year-
old male Siamese, a 13-year-old female Siamese, and a 2-year-old male Himala-
yan. Granules were negative when stained with toluidine blue. No clinical signs
could be associated with the presence of the granules, which were present even
when animals were healthy.

Chediak-Higashi Syndrome. The Chediak-Higashi syndrome is an inherited
disorder characterized by partial oculocutaneous albinism, increased susceptibil-
ity to infections, hemorrhagic tendencies, and the presence of enlarged mem-
brane-bound granules in many cell types including blood leukocytes. Neutro-
phils from affected cattle!®-!% and Persian cats'** contain large pink to purple
granules (Figs. 17], 17K). The giant granules may arise from unregulated fusion
of primary lysosomes during cell development.

Siderotic Inclusions. Iron-positive inclusions (hemosiderin) may be seen in
neutrophils and monocytes from animals with hemolytic anemia. Prior to the
development of definitive serologic tests, the presence of these inclusions in
equine leukocytes (sideroleukocytes) was used to support a diagnosis of equine
infectious anemia (Figs. 17L, 17M).!*%152 These inclusions can be differentiated
from Dohle bodies using the Prussian blue staining procedure, because Déhle
bodies do not stain positively for iron.

Infectious Agents

Distemper Inclusions. These viral inclusions are formed in bone marrow pre-
cursor cells and may be present in blood cells during the acute viremic stage of
the disease.!!®!1%153 These viral inclusions can be difficult to visualize in the
cytoplasm of neutrophils in Wright- or Giemsa-stained blood films but can
easily be seen as homogeneous round, oval, or irregularly shaped 1- to 4-um
red inclusions when stained with Diff-Quik (Fig. 17N).%

Ehrlichia Species. Morulae of Ehrlichia species appear as tightly packed baso-
philic clusters of organisms within the cytoplasm (Figs. 170-17S). Granulocytic
Ehrlichia species recognized to infect animals include E. ewingii, and closely
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related members of the Ehrlichia phagocytophila genogroup, including E. equi, E.
phagocytophila, and a human granulocytic ehrlichia (HGE).!*%155 Morulae are
regularly found in neutrophils during the acute stage of infection. In addition
to blood neutrophils, morulae may also be found in a low percentage of
neutrophils within the joint fluid of E. ewingii-infected dogs with poly-
arthritis.'® E. equi and HGE infections cause similar clinical syndromes in
horses,'”~'% and both agents can infect other species including dogs.!s!-164 E,
phagocytophila is the etiologic agent of ehrlichiosis in cattle and sheep in Eu-
rope.'® A granulocytic ehrlichial organism in the Ehrlichia phagocytophila geno-
group has also been reported in a llama,1%6

Hepatozoon Species. Hepatozoonosis is a severe protozoal disease in dogs in
the United States, but Hepatozoon infections typically cause mild or inapparent
disease in dogs in other areas of the world.!” Based on clinical findings,
histopathologic findings, gamont size and ultrastructure, serology results, and
tick infectivity, the species present in the United States has been classified as
Hepatozoon americanum, with the classification of Hepatozoon canis used for
organisms present outside the United States.’® Gamonts of the organism H.
americanum may rarely be seen in the cytoplasm of circulating neutrophils (Fig.
17T) and monocytes. They appear as large oblong structures. The nucleus of a
gamont usually stains poorly with routine blood stains.!$* Hepatozoon organisms
of undetermined species have been recognized in domestic cats and various
wild carnivores throughout the world.1”°

Miscellaneous Bacteria, Fungi, and Protozoa. Although a bacteremia is com-
mon, microorganisms are seldlom numerous enough to be found in stained
blood films. Because blood stains are easily contaminated with bacteria (espe-
cially when they are also used to stain exfoliative cytology), it is important that
the bacteria be found phagocytized within cells before a diagnosis of a bactere-
mia is made (Figs. 17U, 17V). Mycobacterium organisms appear as unstained
rods within the cytoplasm (Fig. 17W).170172 In addition to mononuclear phago-
cytes, neutrophils may rarely contain phagocytized organisms in animals with
systemic histoplasmosis (Fig. 17X)!7>17 and dogs with leishmaniasis. 175176

Hypersegmentation

Hypersegmentation (right shift) refers to the presence of five or more distinct
nuclear lobes within neutrophils (Figs. 18A, 18B). It occurs as a normal aging
process and may reflect prolonged transit time in blood as can occur with
resolving chronic inflammation, glucocorticoid administration,'”” or hyperadren-
ocorticism. It may develop in vitro when blood film preparation is delayed for a
number of hours. Hypersegmentation may be present in myeloproliferative
disorders.**!7 Idiopathic hypersegmentation has been reported in a horse with-
out evidence of clinical disease.'” It has also been described in dogs with an
inherited defect in cobalamin absorption'® and in a cat with folate deficiency.!#!



FIGURE 18. Morphologic abnormalities of neutrophils and species differences in eosinophil
morphology.  A. Hypersegmented neutrophil in blood from a dog with systemic mastocytosis treated
with vincristine and prednisone. Wright-Giemsa stain.  B. Hypersegmented neutrophil in blood from a
dog with AML-M4. Wright-Giemsa stain. C. Giant neutrophil in blood from a cat with septic
peritonitis. Wright-Giemsa stain. D. Giant hypersegmented neutrophil in blood from a dog with
lymphoma. Wright-Giemsa stain. E. Toxic neutrophil exhibiting karyolysis (nuclear lysis) in blood
from an FIV-positive leukopenic cat. Wright-Giemsa stain. F. Pyknosis and karyorrhexis in a neutro-
phil in blood from a dog with acute lymphoblastic leukemia (ALL). Wright-Giemsa stain. G. Stain
precipitation associated with a neutrophil in blood from a dog. Wright-Giemsa stain. H. Normal-
appearing neutrophil in blood from a dog three oil immersion fields away from the neutrophil shown

(Continued)
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Miscellaneous Morphologic Abnormalities

Giant Neutrophils. Large neutrophils may occur in animals (especially cats)
with inflammatory diseases and/or dysgranulopoiesis.!! They may exhibit nor-
mal nuclear morphology (Fig. 18C) or appear hypersegmented (Fig. 18D).
Dysgranulopoiesis is seen in acute myeloid leukemias, myelodysplastic syn-
dromes, feline leukemia virus (FeLV) infections, and feline immunodeficiency
virus (FIV) infections. It may also occur transiently in animals responding to
granulocytic hypoplasia, such as panleukopenia in cats.

Karyolysis. The dissolution of the nucleus resulting in nuclear swelling and
loss of affinity for basic dyes is referred to as karyolysis (Fig. 18E). It is
frequently observed in neutrophils present in septic exudates and may be ob-
served in the blood of animals with infectious processes.

Pyknosis and Karyorrhexis. Neutrophils that undergo programmed cell death
(apoptosis) exhibit pyknosis and karyorrhexis. Pyknosis involves shrinkage or
condensation of a cell with increased nuclear compactness or density; karyor-
thexis refers to the subsequent fragmentation (Fig. 18F). Pyknosis and karyor-
rhexis are often observed in nonseptic exudates and may be seen in blood
neutrophils that have had prolonged time in the circulation.

Cytoplasmic Vacuoles. Foamy vacuolation occurs in toxic neutrophils, but
clear, discrete vacuoles, in the absence of cytoplasmic basophilia, usually repre-
sent an in vitro artifact. In addition to discrete vacuolation, uneven distribution
of granules, irregular cell membranes, and pyknosis may occur in neutrophils in
blood samples that have been collected in EDTA and kept at room temperature
for several hours.'® These artifacts are avoided by preparing blood films quickly
after blood collection.

Stain Precipitation. To an inexperienced observer, neutrophils with precipi-
tated stain may be confused with basophils (Figs. 18G, 18H). When this artifact
is unevenly distributed, other areas of the blood film that stain normally can be
found.

in Figure 18G. Wright-Giemsa stain. I. Eosinophil with rod-shaped granules in blood from a cat.
Wright-Giemsa stain. ). Eosinophil with rod-shaped granules in blood from a cat. Wright-Giemsa
stain. K. Eosinophil with round granules and a few small cytoplasmic vacuoles in blood from a dog.
Wright-Giemsa stain. L. Eosinophil with round granules and a several cytoplasmic vacuoles in blood
from a dog. Wright-Giemsa stain. M. Eosinophil with two exceptionally large granules in blood from a
dog. Wright-Giemsa stain. ~ N. Heavily vacuolated eosinophil in blood from a Greyhound dog. Wright-
Giemsa stain. O. Eosinophil in blood from a horse, exhibiting numerous large granules typical of this
species. Wright-Giemsa stain. P. Eosinophil in blood from a cow, exhibiting numerous small round
granules typical of this species. Wright-Giemsa stain. Q. Eosinophil in 2-day-old blood from a dog
exhibiting pyknosis and karyorrhexis. Wright-Giemsa stain. R. Band eosinophil with numerous small
granules in blood from a cow. Wright-Giemsa stain. S. Eosinophilic metamyelocyte in blood from a
dog with Pelger-Huet anomaly. Wright-Giemsa stain. T. Eosinophilic metamyelocyte in blood from a
cat with Pelger-Huet anomaly. Wright-Giemsa stain.
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B EOSINOPHIL MORPHOLOGY

Eosinophils are so named because their granules have an affinity for eosin, the
red dye in routine blood stains. The size, shape, and number of eosinophil
granules vary considerably. In most animal species, eosinophils have round
granules, but those from domestic cats have rod-shaped granules (Figs. 18I,
18]). Eosinophils from dogs often exhibit a few cytoplasmic vacuoles (Figs. 18K,
18L), and the granules can occasionally be exceptionally large (Fig. 18M).
Eosinophils from greyhound dogs, and occasionally from individual animals in
other breeds, appear highly vacuolated (Fig. 18N) and may be mistaken for
vacuolated neutrophils by inexperienced observers. Horse eosinophils have espe-
cially large granules (Fig. 180). Granules in ruminant and pig eosinophils are
small (Fig. 18P). The cytoplasm between the granules is usually faintly blue in
color. The nucleus of eosinophils is similar to that of neutrophils but tends to
be less lobulated (often divided into only two lobes) and may be partially
obscured by granules in some species, most notably the horse (Fig. 180).
Pyknosis and karyorrhexis may occur in eosinophils (Fig. 18Q) as discussed
previously for neutrophils.

Band eosinophils are common in some animals (Fig. 18R). They are not
usually separated from segmented eosinophils during differential counts because
they are generally of little clinical significance and may be difficult to identify
with certainty when granules obscure the nucleus. Eosinophil maturation stages
may be differentiated when extreme eosinophilia is present, in an attempt to
help separate hyperplastic from neoplastic disorders. A more pronounced left
shift may be expected in an animal with eosinophilic leukemia than in an
animal with an inflammatory eosinophilia. Eosinophilic leukemia is considered
a variant of CML.'® It is a rare disorder that occurs primarily in cats, where it
is difficult to differentiate from the hypereosinophilic syndrome.!$+-% As in
neutrophils, a pronounced left shift is present in eosinophils in the blood of
animals with Pelger-Huet anomaly (Figs. 16F, 18S, 18T). Increased numbers of
hyposegmented (pseudo-Pelger-Huet) band eosinophils have been reported in a
family of Samoyed dogs with accompanying ocular and skeletal abnormalities.'®”

Ehrlichia organisms have rarely been seen in eosinophils from dogs and
horses,'*15” and Histoplasma organisms have been identified in blood eosino-
phils from a dog.'®®

B BASOPHIL MORPHOLOGY

The cytoplasm of basophils is generally pale blue in color, and basophil nuclei
are often less segmented than are neutrophil nuclei. Basophil granules are acidic
and consequently have an affinity for the basic (blue) dyes in routine blood
stains. The number, size, and staining characteristics of the granules vary con-
siderably by species. Granules in dog basophils generally appear purple and are
not numerous enough to fill the cytoplasm (Figs. 19A—19C). Degranulated

(text continued on page 60)



FIGURE 19. Morphology of basophils and mast cells. A, Basophil in blood from a dog.
Wright-Giemsa stain. B. Basophil in blood from a dog. The nucleus is ribbonlike in shape and few
granules are present. Wright-Giemsa stain.  C. Band basophil in the blood of a dog with a basophilia.
Wright-Giemsa stain. ~ D. Degranulated basophil in blood from a dog with a basophilia. Wright-Giemsa
stain.  E. Basophil in blood from a cat with light-lavender granules filling the cytoplasm and giving the
nucleus a moth-eaten appearance. Wright-Giemsa stain. F. Band basophil in blood from a cat with
light-lavender granules filling the cytoplasm and giving the nucleus a moth-eaten appearance. A single
purple-staining granule is also present. Wright-Giemsa stain. G. Basophil in blood from a cat with a
mixture of light-lavender and purple granules filling the cytoplasm. Wright-Giemsa stain. H. Basophil
with reddish purple granules filling the cytoplasm in blood from the same Siamese cat as described in
Figure 171. Wright-Giemsa stain. I. Basophil in blood from a cow. The granules are so numerous that
they prevent evaluation of nuclear shape. Wright-Giemsa stain.  J. Basophil in the blood of a goat. Few
granules are visible, but the cytoplasm stains purple. Wright-Giemsa stain. K. Band basophil in the
blood of a horse. Wright-Giemsa stain. L. Band basophil in blood from a horse. Most granules are not
stained. Diff-Quik stain. M. Basophil with an Ehrlichia morula of unknown species in blood from a
dog. The dog had a basophilia and organisms were found in several basophils. Wright-Giemsa stain. ~ N.
Mast cell in blood from a dog with a noncutaneous mast cell tumor. Wright-Giemsa stain. Q. Large
mast cell with cytoplasmic vacuoles in addition to granules in blood from a dog with a noncutaneous mast
cell neoplasm. Wright-Giemsa stain. ~ P. Large mast cell exhibiting erythrophagocytosis in blood from a
cat with a noncutaneous mast cell neoplasm. Wright-Giemsa stain.
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basophils may have purple-staining cytoplasm in the absence of granules (Fig.
19D).

The basophils of domestic cats are distinctive. Most of their granules are
round or oval and stain light lavender (or mauve) in color (Figs. 19E, 19F).
Some basophils have large purple granules in addition to the light lavender ones
(Fig. 19G), as are seen in basophil precursors in the bone marrow. The granules
typically fill the cytoplasm, giving the cat basophil nucleus a moth-eaten appear-
ance. All of the granules stained dark purple in a cat with mucopolysaccharido-
sis type VI and in two cats with reddish granulation of neutrophils of
unknown etiology (Fig. 19H).

Granules are often so numerous in ruminant and pig basophils that the
nuclear shape is obscured (Fig. 19I). In some instances, discrete granules are
not seen, but the cytoplasm stains purple (Fig. 19]). Variable numbers of purple
granules are present in horse basophils (Fig. 19K). Basophils can be difficult to
recognize in Diff-Quik-stained blood films because granules do not stain as well
with this stain (Fig. 19L). Ehrlichia morulae have been recognized in basophils
from a dog (Fig. 19M).

Band basophils are not usually separated from segmented basophils during
differential counts because they are generally of little clinical significance, and,
except in dogs, they may be difficult to identify with certainty when granules
obscure the nucleus. Basophilic cell stages may be differentiated when extreme
basophilia is present, in an attempt to help separate hyperplastic from neoplas-
tic disorders. A more pronounced left shift is expected in an animal with
chronic basophilic leukemia (a variant of CML) than in an animal with an
inflammatory basophilia,!8%1%0

B MAST CELLS

Mast cells are not normally found in blood. They develop in tissues from
precursor cells produced in the bone marrow. Mast cells and basophils have
similar biochemical characteristics and probably share a common progenitor
cell in bone marrow, but they are clearly different cell types. Basophils have
segmented nuclei and mast cells have round nuclei (Figs. 19N, 190). Mast cells
usually have more cytoplasmic granules than do basophils. In cats, both pri-
mary and secondary granules in basophils are morphologically different from
mast cell granules. Mastocytemia occurs in association with noncutaneous and
metastatic cutaneous mast cell tumors.!1:12 Rarely, mast cells have been seen to
phagocytize erythrocytes (Fig. 19P).1%%!% Mast cells may also be present in the
blood of animals with inflammatory diseases, necrosis, tissue injury, and severe
regenerative anemia.!5-1%
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B MONOCYTE MORPHOLOGY

Mononuclear leukocytes in blood are classified as either lymphocytes or mono-
cytes. These cells are not devoid of granules but rather have lower numbers of
cytoplasmic granules than do granulocytes. Monocytes are usually larger than
lymphocytes and have nuclei that are more variable in shape and N: C ratios of
1.0 or less.

The monocyte nucleus may be round, kidney-shaped, band-shaped, or

convoluted (ameboid) with chromatin that is diffuse or mildly clumped (Figs.

- 20A-201, 21A-21D). The cytoplasm is typically blue-gray and often contains
variably sized vacuoles. Less often, dustlike pinkish or reddish purple granules
may be visible in the cytoplasm (Figs. 20G, 20H).

Monocytes in dogs often have band-shaped nuclei (Fig. 20I); conse-
quently, they may be confused with band neutrophils. The cytoplasmic staining
of the mature neutrophils should be examined. If no toxicity is present, the
cells with band-shaped nuclei and blue-gray cytoplasm are identified as mono-
cytes. Other potentially helpful criteria include the following: the ends of the
bandlike nucleus of the monocyte are often enlarged and knoblike and the
nuclear chromatin of the monocyte is not clumped in the dark-light pattern to
the degree commonly seen in band neutrophils. If marked toxicity is present in
the cytoplasm of neutrophilic cells, differentiation becomes much more difficult.

Differentiation of monocytes with round nuclei from large lymphocytes
can be difficult, especially in ruminants. The N:C ratio is typically greater than
1.0 for large lymphocytes.

Monocytes develop into macrophages after they leave the blood and enter
tissue. In some disorders, mononuclear phagocytes in blood become activated
and enlarged and resemble macrophages (Figs. 20]-20L). Erythrophagocytosis
may be present in primary or secondary immune-mediated anemia (Figs. 20M,
20N). Monocytes may also contain hemosiderin, which stains gray-to-black with
routine blood stains (Fig. 200). Iron-positive inclusions may be seen in associa-
tion with hemolytic anemia and/or marked inflammatory responses. Mononu-
clear phagocytes containing melanin granules (melanophages) may rarely occur
with malignant melanoma (Fig. 20P).

Ehrlichial organisms that infect mononuclear phagocytes include E. canis,
E. risticii, and E. chaffeensis. In contrast to granulocytic Ehrlichia species, moru-
lae of monocytic Ehrlichia species are rarely found in blood leukocytes. When
present, these morulae appear as tightly packed basophilic clusters of organisms
within the cytoplasm (Figs. 20Q, 20R). E. canis causes mild-to-severe disease in
dogs. E. chaffeensis (human monocytic ehrlichiosis) infects dogs but does not
cause evidence of disease. E. risticii is primarily pathogenic to horses (Potomac
horse fever),'*?® but it can also infect dogs and cats.201-20

Other infectious agents that may rarely be seen in blood mononuclear
phagocytes include Histoplasma capsulatum (Fig. 20S),2°* Mycobacterium spe-
cies,'72205 Leishmania infantum,'’® and remarkably large schizonts of Cytauxzoon
felis (Fig. 20T).11¢

(text continued on page 65)



FIGURE 20. Normal and abnormal morphology of monocytes and macrophages. A,
Monocyte in blood from a cat with a round nucleus and prominent cytoplasmic vacuoles. Wright-Giemsa
stain. B, Monocyte in blood from a cow with a band-shaped nucleus and basophilic cytoplasm with
prominent vacuoles. Wright-Giemsa stain. C. Monocyte in blood from a horse with a pleomorphic
nucleus and basophilic cytoplasm containing vacuoles. Wright-Giemsa stain. D. Monocyte in blood
from a horse with basophilic cytoplasm containing vacuoles. Wright-Giemsa stain. E. Monocyte in
blood from a cow with a pleomorphic nucleus and basophilic cytoplasm. Wright-Giemsa stain. F.
Monocyte with doughnut-shaped nucleus and basophilic cytoplasm in blood from a cow. Wright-Giemsa
stain.  G. Monocyte in blood from a dog with band-shaped nucleus and basophilic cytoplasm contain-
ing magenta-staining granules. Wright-Giemsa stain. H. Monocyte in blood from a horse with a

(Continued)
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FIGURE 21. Comparisons of band neutrophil, monocyte, and lymphocyte morphology.  A.
Monocyte with prominent cytoplasmic vacuolation (left) and a band neutrophil (right) in blood from a dog
with chronic myeloid leukemia. Wright-Giemsa stain. B. Monocyte (left) and a reactive lymphocyte
with intensely basophilic cytoplasm (right) in blood from a dog after vaccination. Wright-Giemsa stain.
C. Monocyte (left) and large lymphocyte (right) in blood from a cow. Wright-Giemsa stain. D.
Monocyte {left), lymphocyte (right), and neutrophil (top) in blood from a cow. Wright-Giemsa stain.

kidney-shaped nucleus and basophilic cytoplasm containing magenta-staining granules. Wright-Giemsa stain.
I. Monocyte in blood from a dog with a band-shaped nucleus and basophilic cytoplasm. Wright-Giemsa
stain.  J. Activated monocyte with prominent vacuolation in blood from a dog with babesiosis. Wright-
Giemsa stain. K. Activated monocyte in blood from a cow with bacteremia. Wright-Giemsa stain.
L. Macrophage in blood from a cat with hemobartonellosis. Lower magnification than other images in this
figure except Figure 20T. Wright-Giemsa stain. M. Monocyte with erythrophagocytosis in blood from
a foal with neonatal isoerythrolysis. Wright-Giemsa stain. N. Monocyte with erythrophagocytosis in
blood from a cat with hemobartonellosis. Wright-Giemsa stain. 0. Monocyte containing hemosiderin
(dark material in the center) in blood from a dog. Wright-Giemsa stain. P. Mononuclear cell
containing melanin granules (presumably a melanophage) in blood from an aged gray Arabian gelding with
disseminated malignant melanoma. Photograph of a stained blood film from a 1999 ASVCP slide review
case submitted by J. Tarrant, T. Stokol, J. Bartol, and J. Wakshlag. Wright stain. = Q. Macrophage with
an Ehrlichia canis morula in the cytoplasm in a buffy coat smear from a dog. Wright-Giemsa stain.  R.
Ehrlichia canis morula in the cytoplasm of a mononuclear cell that was presumed to be a monocyte.
Wright-Giemsa stain. S. Histoplasma capsulatum in the cytoplasm of a monocyte in blood from a cat.
Photograph of a stained blood film from a 1980 ASVCP slide review case submitted by D.A. Schmidt.
Wright stain, T. Cytauxzoon felis schizont development in a large macrophage in blood from a cat.
Note the small size of the erythrocytes compared to the macrophage in this low-magnification image.
Wright-Giemsa stain.
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FIGURE 22. Normal and abnormal morphology of lymphocytes.  A. Small lymphocyte in
blood from a cat. Wright-Giemsa stain. B. Small lymphocyte in blood from a cow. Wright-Giemsa
stain. C. Medium-sized lymphocyte in blood from a horse. Wright-Giemsa stain. D. Medium-
sized lymphocyte in blood from a cow. The ringlike clumped chromatin patterns in the nucleus may be
confused with nucleoli. Wright-Giemsa stain. E. Medium to large lymphocyte in blood from a cow.
Wright-Giemsa stain. F. Large lymphocyte in blood from a cow. Wright-Giemsa stain. G. Me-

(Continued)
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B LYMPHOCYTE MORPHOLOGY

Most lymphocytes reside within lymphoid organs (lymph nodes, thymus,
spleen, and bone marrow). A small number of lymphocytes circulate in blood.
Most lymphocytes in blood have come from peripheral lymphoid organs, pri-
marily lymph nodes. Depending on the species and individual variability, about
50% to 75% of blood lymphocytes are T lymphocytes, and about 20% to 35%
are B lymphocytes. T lymphocytes and B lymphocytes cannot be differentiated
from one another based on morphology in stained blood films. Many blood
lymphocytes are memory cells, which are thought to be antigen primed and in
a resting state. They naturally express levels of adhesion molecules that allow
them to circulate from blood through tissue and then back into blood.

Normal Blood Lymphocyte Morphology

Lymphocytes have high N:C ratios, and they vary considerably in size, with the
highest N:C ratios in the smaller cells (Figs. 21C, 21D, 22A-22G). The cyto-
plasm of resting (e.g., not stimulated) blood lymphocytes is usually pale blue in
color, and their nuclei are usually round but may be oval or slightly indented.
Nuclear chromatin varies from condensed and densely staining to a pattern of
light and dark staining areas to lighter-staining nuclei with a smooth chromatin
pattern. Lymphocytes in healthy ruminants may have ringlike clumped chroma-
tin patterns in the nucleus that may be confused with nucleoli (Figs. 22D, 22G).
Consequently, caution should be taken in making a diagnosis of lymphoid
neoplasia in cattle based on a finding of what appear to be low numbers of
lymphoblasts in blood. Most lymphocytes in the blood of domestic animals are
small to medium in size, but some large lymphocytes may be present. Lympho-
cytes in ruminants are often larger with more cytoplasm than is seen in other
species, sometimes making these cells difficult to differentiate from monocytes

dium to large lymphocyte in blood from a cow. The ringlike clumped chromatin patterns in the nucleus
may be confused with nucleoli. Wright-Giemsa stain. H. Granular lymphocyte in blood from a dog.
Wright-Giemsa stain. I. Granular lymphocyte in blood from a horse. Wright-Giemsa stain. J.
Granular lymphocyte in blood from a cow. Wright-Giemsa stain. K. Granular lymphocyte in blood
from a cat. Wright-Giemsa stain. L. Neoplastic large granular lymphocyte in blood from a cat with
large granular lymphoma. Note the large size of the granules compared to the normal granular lymphocyte
as shown in Figure 22K. Wright-Giemsa stain. M. Reactive lymphocyte with kidney-shaped nucleus
and intensely basophilic cytoplasm in blood from a dog with hemobartonellosis. Wright-Giemsa stain.
N. Reactive lymphocyte with intensely basophilic cytoplasm in blood from a cow infected with bovine
leukemia virus. Wright-Giemsa stain. 0. Reactive lymphocyte with a convoluted nucleus and intensely
basophilic cytoplasm in blood from a cat with a bacterial infection. Wright-Giemsa stain. P. Reactive
lymphocyte with a convoluted nucleus and intensely basophilic cytoplasm in blood from a dog with mild
cough, Wright-Giemsa stain. Q. Plasmacytoid lymphocyte with intensely basophilic cytoplasm in blood
from a dog with babesiosis. Wright-Giemsa stain. R. Plasmacytoid lymphocyte with intensely baso-
philic cytoplasm in blood from a horse with granulocytic ehrlichiosis. Wright-Giemsa stain. S. Lym-
phocyte containing Russell bodies in the cytoplasm in blood from a horse. Wright-Giemsa stain.  T.
Plasma cell with eccentric nucleus in blood from a dog with multiple myeloma. Wright-Giemsa stain.



FIGURE 23. Normal and abnormal morphology of lymphocytes.  A. Normal-appearing me-
dium and large lymphocyte in blood from a cow. Wright-Giemsa stain. B, Non-neoplastic lymphocy-
tosis in blood from a cow infected with bovine leukemia virus. Lymphocytes are medium to large in size
with increased cytoplasmic basophilia. Wright-Giemsa stain. C. Chronic lymphocytic leukemia (CLL)
in blood from a cat with normal-appearing lymphocytes. Wright-Giemsa stain. D. CLL involving
normal-appearing small lymphocytes with scant cytoplasm in blood from a dog. Wright-Giemsa stain.  E.
CLL involving granular lymphocytes with abundant cytoplasm in blood from a dog. Wright-Giemsa stain.
F. Acute lymphoblastic leukemia (ALL) involving granular lymphocytes in blood from a dog. Lympho-
blasts with fine nuclear chromatin and nucleoli are present. Some of these cells contain cytoplasmic
granules. Photograph of a stained blood film from a 1989 ASVCP slide review case submitted by M.
Wellman and G. Kociba. Wright stain.
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(Figs. 21C, 22F, 23A).2%6 If it is unclear whether a cell is a lymphocyte or a
monocyte, it is classified as a lymphocyte, because this cell type is usually much
more numerous in blood than is the monocyte.

Marked lymphocytosis, involving normal-appearing small to medium-
sized lymphocytes, is present in the blood of animals with chronic lymphocytic
leukemia (CLL) (Figs. 23C, 23D).!191:207208 Although normal in appearance, these
cells have abnormal function. CLL is rare and is reported most often in older
dogs.2-211 A persistent lymphocytosis with some normal-appearing lympho-
cytes and some reactive lymphocytes (see subsequent discussion) may occur in
animals with chronic viremias,!! of which the persistent lymphocytosis found in
cattle with bovine leukemia virus (BLV) infection is most common (Fig.
23B).212

Granular Lymphocytes

A low percentage of lymphocytes in blood have red- or purple-staining (gener-
ally focal) granules within the cytoplasm (Figs. 22H-22K). These cells are
generally medium to large in size with more cytoplasm and lower N:C ratios
than small lymphocytes. Granular lymphocytes appear to be either natural killer
(NK) cells or cytotoxic T lymphocytes. A lymphocytosis consisting of granular
lymphocytes may occur in neoplastic and nonneoplastic inflammatory (e.g.,
canine ehrlichiosis) disorders.21%214

Leukemias involving granular lymphocytes have been reported in
dogs. 20211215 In most cases, the cells involved appear well-differentiated (Fig.
23E), and the disorder usually behaves as a form of CLL, being indolent and
slowly progressive. In other cases, the cells appear less well-differentiated, with
fine nuclear chromatin, and the disorder behaves more like acute lymphoblastic
leukemia, being fulminant and rapidly fatal (Fig. 23F).2!!24 A large granular
lymphocyte leukemia has been reported in a horse.?'¢

Neoplasms involving mononuclear cells with large cytoplasmic magenta
granules in cats have been termed large granular lymphomas, globule leukocyte
tumors, and granulated round cell tumors.2!42!7-21* Most of these large granular
lymphomas appear to originate as intestinal tumors composed of cytotoxic T
lymphocytes. As with other lymphomas, neoplastic cells may sometimes be
present in blood (Fig. 22L) and bone marrow.?'7-!*

Reactive Lymphocytes

Lymphocytes proliferate in response to antigenic stimulation. They increase in
size and exhibit increased cytoplasmic basophilia (Figs. 21B, 22M-22R, 23B).
Most of these antigenically stimulated cells remain in peripheral lymphoid
tissues, but some may enter the circulation, although usually in low numbers.
Various terms including reactive lymphocytes, transformed lymphocytes, and
immunocytes have been used to describe them. Some reactive lymphocytes are
large with convoluted nuclei (Figs. 21B, 220, 22P). They resemble monocytes,



FIGURE 24. Lymphocytes containing granules and vacuoles and blast cells of various types.
A. Lymphocyte containing basophilic granules in the blood of a 3-month-old German shepherd dog with
inherited mucopolysaccharidosis type VII. Photograph of a stained blood film from a 1997 ASVCP slide
review case submitted by D.I. Bounous, D.C. Silverstein, K.S. Latimer, and K.P. Carmichael. Wright stain.
B. One of many lymphocytes containing cytoplasmic vacuoles in blood from an 8-week-old foal with
Corynebacterium equi pneumonia. Lymphocytes appeared normal after treatment and recovery. Wright-
Giemsa stain. C. Lymphocytes with cytoplasmic vacuoles in the blood of a korat cat with inherited
GM,-gangliosidosis. Wright-Giemsa stain. ~ D. Lymphocytes with cytoplasmic vacuoles in the blood of a
goat with presumptive diagnosis of inherited S-mannosidosis. Photograph of a stained blood film from a

(Continued)
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except that their cytoplasm is more basophilic (navy blue color) than cytoplasm
seen in monocytes (Fig. 21B). These cells can also be difficult to differentiate
from some neoplastic lymphocytes. When it is not possible to decide whether a
basophilic lymphocyte is reactive or neoplastic, the term “atypical lymphocyte”
is sometimes used. Basophilic erythroid precursors may be confused with reac-
tive lymphocytes. Some reactive lymphocytes are plasmacytoid (plasma-cell-like)
in appearance (Figs. 22Q, 22R) and may rarely contain pinkish or bluish
globules (Russell bodies) within the cytoplasm (Fig. 22S). These inclusions are
composed of dilated endoplasmic reticulum — containing immunoglobulins. !

Plasma Cells

Plasma cells are present in lymphoid organs (except the thymus), but they are
rarely observed in blood even when plasma cell neoplasia (e.g., multiple mye-
loma) is present (Fig. 22T). Plasma cells have lower N:C ratios and greater
cytoplasmic basophilia than resting lymphocytes. The presence of prominent
Golgi may create a pale perinuclear area in the cytoplasm. Plasma cells typically
have eccentrically located nuclei with coarse chromatin clumping in a mosaic
pattern.

1990 ASVCP slide review case submitted by W. Vernau. Wright stain.  E. Lymphocytes with cytoplas-
mic vacuoles in the blood of a domestic shorthair cat with inherited Niemann-Pick disease type C.
Photograph of a stained blood film from a 1993 ASVCP slide review case submitted by D.E. Brown and
M.A. Thrall. Wright-Giemsa stain. F.  Lymphoblast in blood from a dog with ALL. Wright-Giemsa
stain.  G. Lymphoblast in blood from a cat with ALL. Wright-Giemsa stain.  H. Large lymphoblast
in blood from a dog with lymphoma. The basophilic cytoplasm is abundant and contains small discrete
vacuoles. Wright-Giemsa stain. L Large lymphoblast in blood from a dog with lymphoma. Wright-
Giemsa stain. ~ J. Large lymphoblast in blood from a cow with lymphoma. Wright-Giemsa stain. K.
Large lymphoblast in blood from a goat with lymphoma. Wright-Giemsa stain. L. Myeloblast in blood
from a cat with erythroleukemia (AML-M6). This neoplastic cell has a round nucleus and gray-blue
cytoplasm. A nucleolus is visible in the right side of the nucleus. Wright-Giemsa stain. M. Myeloblast
in blood from a dog with myeloblastic leukemia (AML-M2). This cell may be classified as a type 11
myeloblast because it contains a few small magenta-staining granules in the gray-blue cytoplasm near the
top of the cell. Wright-Giemsa stain. N. Monoblast in blood from a dog with acute myelomonocytic
leukemia (AML-M4). The nucleus is more irregular than typically seen in myeloblasts. 0. Monoblast
in blood from a dog with acute monocytic leukemia (AML-M5b). The nucleus is more irregular than
typically seen in myeloblasts. Wright-Giemsa stain.  P. Rubriblast in blood from a cat with erythroleu-
kemia (AML-M6Er). This neoplastic cell has a remarkably round nucleus with intensely basophilic cyto-
plasm. Wright-Giemsa stain. Q. Megakaryoblast in blood from a dog with megakaryoblastic leukemia
(AML-M7). The neoplastic cell has a remarkably round nucleus with cytoplasm that contains almost
imperceptible pink granules and vacuoles. Wright-Giemsa stain. R. Megakaryoblast in blood from a
dog with AML-M7. The neoplastic cell has a remarkably round nucleus with pinkish cytoplasm that
contains vacuoles and has surface projections. Wright-Giemsa stain. S. Unclassified neoplastic cell in
blood from a cat with acute unclassified leukemia (AUL). Pseudopod formation was commonly seen in
neoplastic cells in blood from this cat. Wright-Giemsa stain. T. Giant nonhematopoietic neoplastic cell
in blood from a dog with widespread metastasis. Although this tumor was highly anaplastic, a pancreatic
carcinoma was considered the likely tumor type based on necropsy findings. Wright-Giemsa stain.
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Cytoplasmic Granules, Vacuoles, and Inclusions

A low percentage of lymphocytes in blood from normal animals contain cyto-
plasmic granules (see previous discussion of granular lymphocytes). Basophilic
granules may be seen in the lymphocytes from animals with certain lysosomal
storage diseases (Fig. 24A), including mucopolysaccharidosis type VI'3*!% and
type VII42144 in dogs and cats and GM,-gangliosidosis in pigs.'*

Cytoplasmic vacuoles may be seen in lymphocytes from a variety of
neoplastic and nonneoplastic disorders (Fig. 24B). Discrete vacuoles may occur
in the cytoplasm of lymphocytes from animals with inherited lysosomal storage
diseases (Figs. 24C~24E), including mucopolysaccharidosis type VII in cats,'*®
GM,-gangliosidosis in cats,>?° GM,-gangliosidosis in cats and dogs,?"*? «a-
mannosidosis in cats,'* B-mannosidosis in goats,??> Niemann-Pick type C in
cats,?* and a-L-fucosidase in dogs.??® Basophilic granules and vacuoles may not
become apparent in some lysosomal disorders until the affected animal reaches
adulthood.

Lymphocytes may also contain distemper inclusions as in other blood cell

types.

B BLAST CELLS OR POORLY DIFFERENTIATED CELLS

Blast cells in blood generally have single round nuclei with finely stippled or
smooth chromatin containing one or more distinct or indistinct nucleoli. The
N:C ratio is generally high, and the cytoplasm varies from lightly to darkly
basophilic. The similarities in appearance of different types of blast cells can
make a specific diagnosis difficult or impossible based on routinely stained
blood and bone marrow smears. This problem not withstanding, the morpho-
logic appearance of the blast cells can be helpful in reaching a presumptive
diagnosis. Blast cells may also be tentatively identified by the company they
keep. Consequently, the type(s) of easily identifiable cells that are increased in
blood may be helpful in reaching a diagnosis (e.g., increased monocytes in
monocytic or myelomonocytic leukemias and increased nucleated erythrocytes
in erythroleukemia). Specific diagnosis often requires special histochemical
stains and/or immunophenotyping.262!1

Lymphoblasts

Lymphoblasts are larger than the normal small lymphocytes present in blood.
The nucleus is generally round but may be indented or convoluted. The chro-
matin is usually finely stippled but may be coarsely granular. One or more
nucleoli are present in the nucleus, but they are often difficult to see in
routinely stained blood films (Fig. 24F). The cytoplasm is more basophilic than
is seen in most blood lymphocytes and sometimes contains vacuoles. Rare
lymphoblasts may be observed in disorders with increased antigenic stimulation,
but when several of these cells are found during a differential count, lymphoid
neoplasia is suspected.
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FIGURE 25. Neoplastic lymphoid cells in acute lymphoblastic leukemia (ALL) and metastatic
lymphoma. A, Two lymphoblasts in blood from a dog with ALL. Wright-Giemsa stain. ~ B. Three
lymphoblasts in blood from a horse with a metastatic lymphoma. Wright-Giemsa stain. C. Five
lymphoblasts in blood from a goat with metastatic lymphoma. Wright-Giemsa stain. D. A small
normal-appearing lymphocyte and three large monocytoid neoplastic lymphocytes in blood from a cow with
metastatic lymphoma. Wright-Giemsa stain.

Acute lymphoblastic leukemia (ALL) originates from bone marrow and
lymphoblasts are generally, although not invariably, present in blood from
animals with ALL (Figs. 24F, 24G, 25A)208209226-228 Jymphoblasts are also
released into blood in some animals with a lymphoma (Figs. 24H-24K, 25B-
25D),11:2292%0 jn addition to ALL that originates from the bone marrow. When
present in blood this pattern is sometimes called leukemic lymphoma or lym-
phosarcoma cell leukemia. The morphology of the neoplastic lymphoid cells in
blood from animals with lymphoma is quite variable. One or more morpho-
logic features that may be present include exceptionally large size, abundant
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FIGURE 26. Leukemias including chronic myeloid leukemia (CML), myeloblastic leukemia
(AML-M2), acute myelomonocytic leukemia (AML-M4), and acute monocytic leukemia (AML-
M5). A, Blood from a cat with a presumptive diagnosis of chronic myeloid leukemia (CML) exhibit-
ing marked neutrophilia with a prominent left shift. A bone marrow biopsy was not done to confirm the
diagnosis. Rare myeloblasts (cell at top left) were seen in the blood film. Wright-Giemsa stain. ~ B. Type
II myeloblast (left) and a hypersegmented neutrophil (right) in blood from a dog with AML-M2. Wright-
Giemsa stain. C. Blood from a dog with AML-M4. A mixture of neutrophils, monocytes, and
precursors of both cell types are present. Wright-Giemsa stain, D. Blood from a dog with AML-MS5.
All cells present, except a neutrophil at bottom left, are monocyte precursors or mature monocytes. Wright-
Giemsa stain.

cytoplasm, heavily vacuolated cytoplasm, and monocytoid-appearing nuclei.
Cells present in leukemic lymphoma in cattle often appear monocytoid (Fig.
25D).2' Nuclei may be especially convoluted (cerebriform) in dogs and cats
with mycosis fungoides, 2 T-lymphocyte type lymphoma of the skin.?*> When
these neoplastic cells with convoluted nuclei are present in blood, they
have been referred to as Sézary cells, and this presentation of cutaneous T-
lymphocyte lymphoma with leukemia has been referred to as the Sézary syn-
drome.233—235
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Myeloblasts

Type I myeloblasts appear as large round cells with round to oval nuclei that
are generally centrally located in the cell. The N:C ratio is high (>1.5), and the
nuclear outline is usually regular and smooth (Figs. 24L, 24M). Nuclear chro-
matin is finely stippled, containing one or more nucleoli or nucleolar rings. The
cytoplasm is generally moderately basophilic but not as dark as rubriblasts.
Some myeloblasts may contain a few (<15) small, magenta-staining granules in
the cytoplasm and may be classified as type II myeloblasts (Fig. 24M).2*¢ Myelo-
blasts may be present in blood in low numbers in CML (Fig. 26A). They are
more often present in blood with various forms of acute myeloid leukemia
(AML), including myeloblastic leukemia (AML-M1 and AML-M2) (Fig. 26B),
myelomonocytic leukemia (AML-M4), and erythroleukemia (AML-M6) (Fig.
27B).183236237 Myeloblasts, promyelocytes, and myelocytes in blood all have
round nuclei and resemble lymphoid cells, but cytochemical stains or recogni-
tion of surface markers can help differentiate these cell types in leukemic
animals.26-2!1

Monoblasts

Monoblasts resemble myeloblasts except that their nuclear shape is irregularly
round or convoluted in appearance (Figs. 24N, 240). A clear area in the
cytoplasm, representing the Golgi zone, is often observed, especially near the
site of nuclear indentation. The N:C ratio is high but may be somewhat lower
than that in myeloblasts.?* Monoblasts may be present in blood in animals
with acute myelomonocytic leukemia (AML-M4) (Fig. 26C) and acute mono-
cytic leukemia (AML-MS5) (Fig. 26D).1#%237:2% Although rare, most horses re-
ported with AML have had either AML-M4 or AML-M5.2%%:2%

Rubriblasts

Rubriblasts have more basophilic cytoplasm than myeloblasts, monoblasts, and
most lymphoblasts (Fig. 24P). Although the other blasts mentioned have nuclei
that are generally round in shape, the nucleus of a rubriblast is usually nearly
perfectly round. The chromatin is generally finely granular, with one or more
nucleoli. Rubriblasts are not usually seen in the blood of animals with regenera-
tive anemia. They may be present in variable numbers in the blood of animals
with erythroleukemia (AML-M6 or AML-M6Er) (Figs. 27A, 27B).183.237

Megakaryoblasts

Megakaryoblasts occur in the blood of animals with megakaryoblastic leukemia
(AML-M7). Nuclei of megakaryoblasts are nearly as round as rubriblast nuclei,
but their cytoplasm is typically less basophilic and may contain magenta-stain-
ing granules (Figs. 24Q, 24R). Unique features present in some of these cells
include multiple discrete vacuoles (Fig. 27C)*!2% and cytoplasmic projections
(Fig. 24R), 183243244



FIGURE 27. Acute myeloid leukemia including erythroleukemia, megakaryoblastic leukemia
(AML-M?7), and acute unclassified leukemia (AUL).  A. Blood from a cat with erythroleukemia
(AML-MG6ETr). A neutrophil and two rubriblasts with basophilic cytoplasm are present. Wright-Giemsa stain.
B. Blood from a cat with erythroleukemia (AML-M6). The two largest cells with pale-blue cytoplasm are
myeloblasts. The smaller round cells are all erythroid precursors. Wright-Giemsa stain. ~ C. Blood from
a dog with AML-M?7. Four neoplastic megakaryoblasts with prominent cytoplasmic vacuoles are present.
Wright-Giemsa stain. D. Blood from a cat with AUL. Two unclassified neoplastic cells are present.
Wright-Giemsa stain.

Unclassified Blast Cells

Primitive cells that cannot be classified with certainty are listed as unclassified
during differential cell counts. When unclassified cells predominate in bone
marrow (and sometimes blood), a diagnosis of acute unclassified leukemia
(AUL) is made (Figs. 24S, 27D).2%

Metastatic Blast Cells

Although metastasis of tumors from nonhematopoietic organs is common, these
neoplastic cells are rarely recognized in blood (except for malignant mast cells).
When present, these blast cells are typically much larger than hematopoietic
blast cells (Fig. 24T).
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Platelets

B NORMAL PLATELET MORPHOLOGY

Blood platelets (thrombocytes) in mammals are small, round-to-oval anucleated
cell fragments (thin discs when unstimulated) that form from cylinders of
megakaryocyte cytoplasm. Platelet cytoplasm appears light blue with many small
reddish purple granules when visualized using routine blood stains (Figs. 28A,
28B). Equine platelets often stain poorly with Wright-Giemsa stain (Fig. 28C)
but generally stain well with Diff-Quik (Fig. 28D). Platelets typically stain
uniformly purple with the new methylene blue wet preparation (Fig. 29A).

The diameter of platelets varies depending on the species, with cats having
larger platelets than other domestic animals (Fig. 28E). Cat platelets appear
especially sensitive to activation during blood sample collection and handling,
resulting in degranulated platelet aggregates, which may be overlooked by an
inexperienced observer (Fig. 28F). Some of the precipitated cryoglobulin recog-
nized in blood from a cat with a monoclonal cryoglobulinemia (Fig. 28G) also
resembled aggregates of degranulated platelets.

Newly formed platelets have higher RNA content and have been termed
reticulated platelets. They cannot be quantified by morphology but can be
counted using flow cytometry following labeling of RNA with a fluorescent
dye.245,246

Platelet morphology is typically normal in animals with thrombocythemia,
a chronic myeloproliferative disorder in which platelet counts typically exceed
1 X 10%/uL (Fig. 29B). However, increased mean platelet volumes (MPV) have
been reported in two dogs believed to have thrombocythemia.?#’

B ABNORMAL PLATELET MORPHOLOGY

Macroplatelets

Platelets that are as large, or larger, in diameter as erythrocytes are called
macroplatelets, megaplatelets, or macrothrombocytes (Figs. 28H-28L). They
may be seen in low numbers in normal cats. The presence of frequent macro-
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FIGURE 28. Normal and abnormal morphology of platelets.  A. An aggregate of platelets in
blood from a dog. Wright-Giemsa stain. B. An aggregate of platelets in blood from a cow. Wright-
Giemsa stain. C. Three pale-staining platelets in blood from a horse. An erythrocyte contains a
Howell-Jolly body. Wright-Giemsa stain. D. Five platelets in blood from a horse. Diff-Quik stain.
E. An aggregate of platelets in blood from a cat, demonstrating the presence of large platelets characteristic
of this species. Wright-Giemsa stain. ~ F. An aggregate of activated and degranulated platelets in blood

(Continued)
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platelets in a thrombocytopenic animal suggests that enhanced thrombopoiesis
is present,! but macroplatelets may also be present in thrombocytopenic animals
with myelodysplastic or myeloproliferative disorders.!> Macroplatelets may be
present in nonthrombocytopenic animals that have recently recovered from
thrombocytopenia (Figs. 29C, 29D). A population of macroplatelets may be
seen in healthy King Charles spaniel dogs*® and in otter hound dogs with a
hereditary platelet function defect.

Activated Platelets

Partially activated platelets are no longer discs but have thin cytoplasmic pro-
cesses extending from a spherical cell body. When platelets are more fully
activated, their granules are crushed together by a surrounding web of microtu-
bules and microfilaments. This central aggregate of platelet granules may be
mistaken for a nucleus (Fig. 28]). Platelet aggregates form following platelet
activation in vitro. If degranulation occurs, aggregates may be difficult to recog-
nize, appearing as light-blue material on stained blood films (Figs. 28F, 29E).
The presence of platelet aggregates should be recorded because the platelet
count may be erroneously decreased.

Hypogranular Platelets

Hypogranular platelets may result from platelet activation and secretion, but
they have also been seen in animals with myeloproliferative disorders (Figs.

from a cat. Only a single platelet in the upper left of the aggregate still contains visible granules. Wright-
Giemsa stain. G. Blue-staining homogenous globules of cryoglobulin in blood from an American
domestic shorthair cat with multiple myeloma and an IgG monoclonal cryoglobulinemia. The precipitated
globules sometimes mimic the appearance of an aggregate of degranulated platelets. A single platelet is
present at the bottom between two erythrocytes. Photograph of a stained blood film from a 1999 ASVCP
slide review case submitted by T. Stokol, J. Blue, F. Hickford, Y. von Gessel, and J. Billings. Wright stain.
H. Macroplatelet in blood from a dog with immune-mediated thrombocytopenia. Wright-Giemsa stain.
I. Macroplatelet in blood from a dog with Ehrlichia platys infection and thrombocytopenia. Wright-Giemsa
stain. J. Macroplatelet with aggregated granules that may be mistaken for a nucleus in blood from a
cat with an abdominal abscess and toxic left shift in the blood. Wright-Giemsa stain. K. Macroplatelet
in blood from a dog with CML. Wright-Giemsa stain. L. Macroplatelet with centrally located granules
in blood from a cat with myelodysplastic syndrome. Wright-Giemsa stain. M. Platelet with granules
(top left) and a hypogranular platelet (right) in blood from a dog with CML. Both platelets exhibit thin
cytoplasmic processes. Wright-Giemsa stain. N. Hypogranular platelet in blood from a dog with CML,
exhibiting thin cytoplasmic processes. Wright-Giemsa stain. 0. Hypogranular platelet in blood from a
dog with erythroleukemia (AML-M6Er). Wright-Giemsa stain.  P. Hypogranular macroplatelet in blood
from a dog with CML. Wright-Giemsa stain. Q. Cytoplasmic fragment in blood from a cow with
leukemic lymphoma. The fragment might be confused with a hypogranular platelet. Wright-Giemsa stain.
R. Two platelets containing Ehrlichia platys morulae, which stain dark-blue in contrast to the normal
magenta-staining granules, in blood from a dog. Wright-Giemsa stain. S. Platelet containing an
Ehrlichia platys morula, which stains dark-blue in contrast to the normal magenta-staining granules, in
blood from a dog. Wright-Giemsa stain.  T. Large platelet containing what appears to be two Ehrlichia
platys morulae, each with multiple subunits, in blood from a dog. New methylene blue wet mount
preparation.
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FIGURE 29. See legend on opposite page.
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28M~28P).131:2%0 Hypogranular platelets must be differentiated from cytoplasmic
fragments from other cells, as has been reported in ruminants with leukemic
lymphomas (Fig. 28Q).%!

Ehrlichia Platys Infection

Ehrlichia platys is a rickettsial parasite that specifically infects platelets in dogs.
Morulae appear as tightly packed basophilic clusters of organisms within the
cytoplasm of platelets (Figs. 28R—28T).** Similar-appearing inclusions have
been seen in platelets from a cat.>**

FIGURE 29. Abnormalities of platelets and a dwarf megakaryocyte. ~ A. Mild thrombocytosis
following splenectomy in blood from a dog. Platelets appear as small purple cells and erythrocytes appear as
unstained “ghosts.” Single small Heinz bodies in many erythrocytes appear as basophilic “dots.” A reticulo-
cyte is present at center right. New methylene blue wet mount staining procedure. B. Markedly
increased platelet numbers in blood from a dog with thrombocythemia. A basophil (bottom) and neutrophil
(top right) are also present. Photograph of a stained blood film from a 1987 ASVCP slide review case
submitted by C.P. Mandell, N.C. Jain, J.G. Zinkl. Wright stain. C. Lack of platelets in blood from a
dog with immune-mediated thrombocytopenia (platelets = 20 X 10%/uL) and regenerative anemia. Poly-
chromatophilic erythrocytes, a metarubricyte (bottom), and two neutrophils are present. Wright-Giemsa
stain. D, Thrombocytosis (platelets = 950 X 10%/uL) with several macroplatelets in blood from the
same dog as shown in Figure 29C a week after beginning prednisone therapy. Wright-Giemsa stain.  E.
A large platelet aggregate in blood from a cat with thrombocytosis. The presence of many platelet aggregates
in the blood sample resulted in an erroneously high total leukocyte count measured electronically using
impedance technology. Wright-Giemsa stain. ~ F. Dwarf megakaryocyte and many platelets in the buffy
coat of a cat with myelodysplastic syndrome. Wright-Giemsa stain.



CHAPTER 5

Miscellaneous Cells and
Parasites

Bl PYKNOSIS AND KARYORRHEXIS

Cells that undergo programmed cell death (apoptosis) exhibit pyknosis and
karyorrhexis (Figs. 30A-30D). Pyknosis involves shrinkage or condensation of a
cell with increased nuclear compactness or density. Karyorrhexis refers to the
subsequent fragmentation. It may not be possible to determine the cell of
origin.

B MITOTIC CELLS

Mitotic cells may be present in the blood of animals with malignant neoplasia
(Fig. 30E), but they may also occur in nonneoplastic disorders, such as lympho-
cytes undergoing blast transformation (Fig. 30F), nucleated erythroid precursors
in regenerative anemia, and activated mononuclear phagocytes.

B FREE NUCLEI

When cells are lysed during blood film preparation, free nuclei (nuclei without
cytoplasm) may be seen (Fig. 30G). When a free nucleus is spread thin on the
blood film, it appears as a netlike pinkish structure that has been referred to as
a basket “cell” (Fig. 30H). This term is a misnomer, because a basket cell is not
truly a cell but only the distorted nucleus of a cell. Lymphocytes are the most
likely blood cell type to lyse during blood film preparation.

B ENDOTHELIAL CELLS

Spindle-shaped endothelial cells with elongated nuclei may sometimes be seen
in blood films (Fig. 30I). Endothelial cells line vessels and may become dis-
lodged as the needle enters the vein during blood sample collection.
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FIGURE 30. Miscellaneous cells and free infectious agents in blood.  A. Pyknotic cell with
condensed chromatin in blood from a dog with a toxic left shift. Wright-Giemsa stain. B. Pyknosis
and karyorrhexis of a cell in blood from a dog with dirofilariasis. Wright-Giemsa stain, C. Pyknosis
and karyorrhexis of a cell in blood from a dog with acute monocytic leukemia (AML-M5). Wright-Giemsa
stain.  D. Pyknosis and karyorrhexis of a cell in blood from a cow with leukemic lymphoma. Wright-
Giemsa stain. E. Mitotic cell in anaphase in blood from a cat with erythroleukemia (AML-M6).
Wright-Giemsa stain. F. Mitotic cell (presumably lymphoid) in prophase in blood from a horse with
equine infectious anemia. Wright-Giemsa stain. G. Free nucleus in blood from a dog with CLL.
Wright-Giemsa stain. H. Free nucleus with distorted netlike structure (basket cell) in blood from a cat.
Wright-Giemsa stain. I. Two spindle-shaped endothelial cells with elongated nuclei in blood from a
cow. These cells were likely dislodged from the vessel wall during blood sample collection. Wright-Giemsa
stain. J. Dwarf megakaryocyte with single nucleus in blood from a dog with CML. Wright-Giemsa
stain. K. Dwarf megakaryocyte with two nuclei in blood from a dog with CML. Wright-Giemsa stain.
L. Dwarf megakaryocyte in blood from a dog with AML-M7. Wright-Giemsa stain. M. Trypanosoma
theileri in blood from a three-day-old female Angus calf. Photograph of a stained blood film from a 1989
ASVCP slide review case submitted by H. Bender, A. Zajak, G. Moore, and G. Saunders. Wright stain.
N. Trypanosoma cruzi in blood from a dog. Photograph of a stained blood film provided by Dr. S.C. Barr.
Wright stain. 0. Trypanosoma cruzi in blood from a dog. Photograph of a stained blood film provided
by Dr. S.C. Barr. Wright stain. P. Spirochete in blood from a North-Central Florida dog that was
seronegative for Borrelia burgdorferi and five Leptospira spp. Wright-Giemsa stain.
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B MEGAKARYOCYTES

Megakaryocytes are multilobulated, platelet-producing giant cells that lie against
the outside of vascular sinuses in bone marrow (see the bone marrow section
for more details). Cytoplasmic processes of mature megakaryocytes extend into
the sinus lumen where they develop into proplatelets and, subsequently, indi-
vidual platelets. Sometimes whole megakaryocytes enter vascular sinuses, ac-
counting for the rare recognition of these cells in blood films from normal
animals.?** Megakaryocytes are more easily found by examination of blood
buffy coat smears. Megakaryocytes reaching blood are quickly trapped in lung
capillaries where continued platelet production may occur.

Dwarf megakaryocytes are smaller than normal mature megakaryocytes
and have decreased nuclear ploidy, but their cytoplasm generally contains gran-
ules and appears similar to that of blood platelets (Figs. 29F, 30J—30L). Dwarf
megakaryocytes are common in bone marrow of animals with myeloprolifera-
tive disorders but are only rarely seen in blood.

B PARASITES AND BACTERIA

Parasites and bacteria may be seen in blood which are not associated with
blood cells. However, bacterial rods and cocci between cells are usually the
result of contaminated stain.

Microfilaria

Potential microfilariae (nematode larvae) include Dirofilaria immitis in dogs,
cats, and wild canids (Fig. 5D); Dipetalonema reconditum in dogs; and Setaria
species in cattle and horses.!™

Trypanosoma Species

Bacteria

Various Trypanosoma species may be seen in blood (Figs. 30M-300). These
elongated, flagellated protozoa cause important diseases of livestock outside of
the United States,''* but the species seen in cattle (T. theileri) in the United
States is usually nonpathogenic.?*>?% Many dogs are infected with T. cruzi in
the United States, but organisms are rarely seen in blood and most cases are
subclinical. When present, clinical forms of disease have principally involved
heart or neural dysfunctions.?s’

Various bacterial species may be present in blood films. It is important to verify
that these are not contaminants, especially during the staining procedure. The
presence of phagocytized bacteria within neutrophils indicates that the bacteria
are likely of clinical significance. Spirochetes have been seen in blood from dogs
with Borrelia infections.'”> A species of Borrelia different from B. burgdorferi has
been recognized in the blood of dogs from Florida (Fig. 30P).%5#



CHAPTER 6

Hematopoiesis

Throughout the adult life of a mammal, all blood cell types are continuously
produced from primitive stem cells within extravascular spaces of bone mar-
row.2® A totipotent hematopoietic stem cell produces a pluripotent lymphoid
stem cell, as well as a pluripotent myeloid stem cell. The pluripotent myeloid
stem cell gives rise to a series of increasingly differentiated progenitor cells, with
limited self-renewal capabilities, which support the production of all nonlym-
phoid blood cells. Stem cells and progenitor cells are mononuclear cells that
cannot be distinguished morphologically from lymphocytes. When measured in
an in vitro cell culture assay, progenitor cells are referred to as colony-forming
units (CFUs) or burst-forming units (BFUs) if they form multiple subcolon-
ies.1:259260 The totipotent hematopoietic stem cell also gives rise to progenitor
cells for osteoclasts,’6!22 mast cells,> dendritic cells,* and Langerhans
Cells.265,266

Blood cell production occurs in the bone marrow of adult animals be-
cause of the unique microenvironment present there. The hematopoietic micro-
environment is a complex meshwork composed of various stromal cells; acces-
sory cells; glycoprotein growth factors; and extracellular matrix components that
profoundly affect hematopoietic stem cell and progenitor cell survival, prolifera-
tion, and differentiation. Stromal cells (endothelial cells, fibroblast-like reticular
cells, adipocytes, and macrophages) and accessory cells (subsets of lymphocytes
and natural killer cells) produce a variety of positive and negative growth
factors. Stromal cells also produce components of the extracellular matrix. In
addition to providing structural support, the extracellular matrix is important in
the binding of hematopoietic cells and soluble growth factors to stromal cells so
that optimal proliferation and differentiation can occur.267-27

With the exception of macrophages, stromal cells appear to be derived
from a common mesenchymal stem cell that is distinctly different from the
hematopoietic stem cell. In addition to reticular cells, adipocytes, and endothe-
lial cells, the mesenchymal stem cell also produces osteoblasts and muscle
Cells.27l—274

Proliferation of hematopoietic stem cells and progenitor cells cannot occur
spontaneously but requires the presence of specific hematopoietic growth factors
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(HGFs) that may be produced locally in the bone marrow or produced by
peripheral tissues and transported to the marrow through the blood (humoral
transport). Some HGFs have been called poietins (erythropoietin and thrombo-
poietin). Other growth factors have been classified as colony stimulating factors
(CSFs) based on in vitro culture studies. Finally, some HGFs have been de-
scribed as interleukins.?*%275

B ERYTHROPOIESIS

Rubriblasts are continuously generated from progenitor cells in the extravascu-
lar space of the bone marrow. The division of a rubriblast initiates a series of
approximately four divisions over a period of 3 or 4 days to produce about 16
metarubricytes, which are no longer capable of division (Fig. 31).27

FIGURE 31, A diagram of erythropoiesis showing the release of reticulocytes into blood
as it normally occurs in dogs. (Modified from Meyer DJ, Harvey JW: Veterinary Laboratory
Medicine. Interpretation and Diagnosis, 2" ed. WB Saunders, Philadelphia, PA, 1998, with
permission.)
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Early precursors have intensely blue cytoplasm when stained with Roma-
nowsky-type blood stains, owing to the presence of many basophilic ribosomes
and polyribosomes that are actively synthesizing globin chains and smaller
amounts of other proteins. As these cells divide and mature, overall cell size
decreases, N: C ratio decreases, nuclear chromatin condensation increases, cyto-
plasmic basophilia decreases, and hemoglobin progressively accumulates, im-
parting a red coloration to the cytoplasm. Cells with both red and blue color-
ation are described as having polychromatophilic cytoplasm. An immature
erythrocyte, termed a reticulocyte, is formed following extrusion of the metaru-
bricyte nucleus.

Reticulocyte maturation begins in the bone marrow and is completed in
the peripheral blood and spleen in dogs, cats, and pigs.!” Reticulocytes become
progressively more deformable as they mature, a characteristic that facilitates
their release from the marrow. Relatively immature aggregate-type reticulocytes
are released from dog and pig bone marrow.!” Reticulocytes are generally not
released from bone marrow of normal cats until reticulocytes mature to punc-
tate-type reticulocytes; consequently, few or no aggregate reticulocytes (<0.5%),
but up to 10% punctate reticulocytes, are found in blood from normal adult
cats.?* Reticulocytes normally undergo maturation to mature erythrocytes in the
bone marrow of horses and ruminants. Reticulocytes may be released into the
blood in ruminants in response to anemia, but this rarely occurs in anemic
horses.!!

@ LEUKOPOIESIS

Neutrophils

Neutrophilic cells within the bone marrow can be included in two pools. The
proliferation and maturation pool (mitotic pool) includes myeloblasts, promye-
locytes, and myelocytes. Approximately four or five divisions occur over several
days. During this time, primary (magenta-staining) cytoplasmic granules are
produced in late myeloblasts or early promyelocytes and specific (secondary)
granules are synthesized within myelocytes. These primary granules have been
referred to as azurophilic granules for many years, but they do not really appear
blue (azure); rather, they appear magenta (reddish purple) in color. Once
nuclear indentation and condensation become apparent, precursor cells are no
longer capable of division (Fig. 32). The maturation and storage pool (postmi-
totic pool) includes metamyelocytes, bands, and segmented neutrophils. Cells
within this pool normally undergo maturation and storage for several more
days prior to the migration of mature neutrophils through the vascular endo-
thelium and into the circulation.?””

Eosinophils and Basophils

Eosinophil production in marrow parallels that of neutrophils. The marrow
transit time is a week or less, with a significant storage pool of mature eosino-
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FIGURE 32. A diagram of granulopoiesis. (Modified from Meyer D], Harvey JW: Veteri-
nary Laboratory Medicine. Interpretation and Diagnosis, 2 ed. WB Saunders, Philadelphia,
PA, 1998, with permission.)

phils.?”® Basophils and eosinophils appear to share a common marrow progeni-
tor cell that gives rise to precursors specific for each lineage.?” Eosinophil and
basophil precursors become recognizable at the myelocyte stage when their
characteristic secondary granules appear. It is unclear whether basophils and
mast cells share a common progenitor cell. In contrast to basophils, which
mature in the bone marrow, maturation of mast cell progenitors into mast cells
occurs in the tissues.?%

Monocytes

Less time is required to produce monocytes than granulocytes, and there is little
marrow reserve of monocytes. Monocytes are not end-stage (finished) cells but
enter the tissues to become macrophages.?*®

Lymphocytes
The lymphoid stem cell gives rise to B-lymphocyte progenitor and T/NK pro-
genitor cells, and the T/NK progenitor cell gives rise to T-lymphocyte progeni-
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tor and natural killer (NK) progenitor cells. B-lymphocyte progenitors produce
B lymphocytes in the marrow in most mammals. B lymphocytes migrate to the
cortex in lymph nodes, into follicles in jejunal Peyer’s patches, and into follicles
of the spleen in mammals.28!

T-lymphocyte progenitors leave the marrow and migrate to the thymus,
where they develop into T lymphocytes under the influence of the thymic
microenvironment. After maturation in the thymus, T lymphocytes accumulate
within paracortical areas of lymph nodes, periarteriolar lymphoid sheaths of the
spleen, and the interfollicular areas of jejunal Peyer’s patches in mammals. NK
cells are primarily produced and undergo maturation in the bone marrow, but
NK progenitor cells are also present in the thymus.?2

B THROMBOPOIESIS

Blood platelets in mammals are produced from multinucleated giant cells in
bone marrow called megakaryocytes.?®* Beginning with the megakaryoblast, 3 to
5 nuclear reduplications occur without cell division, resulting in 8 to 32 sets of
chromosomes in mature megakaryocytes. Individual nuclei can be observed
following the first two reduplications (promegakaryocytes), but a large polylob-
ulated nucleus is seen when mature megakaryocytes are formed (Fig. 33). Cell
volume increases with each reduplication; consequently, megakaryocytes are
much larger than all other marrow cells, except osteoclasts. The cytoplasm in
promegakaryocytes is intensely basophilic. There is a progressive decrease in
basophilia and increase in granularity as megakaryocytes mature.

Megakaryocytes either lie just outside a vascular sinus or compose part of
the wall of a sinus. Cylinders of cytoplasm from megakaryocytes form and
extend into sinuses. These beaded-appearing proplatelets eventually fragment
into individual platelets within the sinuses and general circulation."

FIGURE 33. Stages of megakaryocyte development. BFU-Mega, burst-forming unit-mega-
karyocyte; CFU-Mega, colony-forming unit-megakaryocyte. (Modified from Meyer D], Har-
vey JW: Veterinary Laboratory Medicine. Interpretation and Diagnosis, 2™ ed. WB Saunders,
Philadelphia, PA, 1998, with permission.)



CHAPTER 7

Bone Marrow Examination

B REASONS TO EXAMINE BONE MARROW

Bone marrow evaluation is indicated when peripheral blood abnormalities are
detected. The most common indications are persistent neutropenia, unexplained
thrombocytopenia, poorly regenerative anemia, or a combination thereof. Ex-
amples of proliferative abnormalities in which bone marrow examination may
be indicated include persistent thrombocytosis or leukocytosis, abnormal blood
cell morphology, or the unexplained presence of immature cells in blood (e.g.,
nucleated erythroid cells in the absence of polychromasia or a neutrophilic left
shift in the absence of inflammation).

Bone marrow is sometimes examined to stage neoplastic conditions (lym-
phomas and mast cell tumors); estimate the adequacy of body iron stores;
evaluate lytic bone lesions; and search for occult disease in animals with fever
of unknown origin, unexplained weight loss, and unexplained malaise. Bone
marrow examination can also be useful in determining the cause of a hyperpro-
teinemia when it occurs secondarily to multiple myeloma, lymphoma, leishman-
iasis, and systemic fungal diseases. It may also reveal the cause of a hypercal-
cemia when associated with lymphoid neoplasms, multiple myeloma, or
metastatic neoplasms to bone.

Bone marrow aspirate biopsies are done more frequently than core biop-
sies in veterinary medicine. Aspirate biopsies are easier, faster, and less expen-
sive to perform than are core biopsies. Bone marrow core biopsies require
special needles that cut a solid core of material, which is then placed in fixative,
decalcified, embedded, sectioned, stained, and examined microscopically by a
pathologist. Core biopsy sections provide a more accurate way of evaluating
marrow cellularity and examining for metastatic neoplasia than do aspirate
smears, but cell morphology is more difficult to assess.

93



94 SECTION II / BONE MARROW

B BONE MARROW ASPIRATE TECHNIQUE

There are few contraindications for a bone marrow aspiration biopsy. Restraint,
sedation, and anesthesia (when used) generally provide more risks to the patient
than the biopsy procedure itself. Postbiopsy hemorrhage is a potential complica-
tion in patients with hemostatic diatheses, but it rarely occurs. Hemorrhage
may occur after the biopsy of animals with monoclonal hyperglobulinemias, but
it is easily controlled by placing a suture in the skin incision and applying
pressure over the biopsy site. Postbiopsy infection is also a potential complica-
tion, but it is highly unlikely if proper techniques are used.

The usefulness of bone marrow aspirate cytology as a diagnostic aid
depends on the proper collection of the bone marrow sample and preparation
of high-quality marrow smears. In most cases, only local anesthesia is needed
for needle biopsies. Tranquilization is sometimes used in patients that resist
positioning by manual restraint. Biopsy sites are prepared by clipping the hair
and scrubbing the skin with antiseptic soap preparations. A local anesthetic is
injected under the skin and down to the periosteum overlying the site to be
biopsied, and a small skin incision is made with a scalpel blade to facilitate
passing the needle through the skin. Sterile needles and gloves are always used.

FIGURE 34. Bone marrow biopsy site
for the iliac crest and proximal femur.
(From Grindem CB: Bone marrow biopsy
and evaluation. Vet Clin N Am Small
Anim Pract 19:669-696, 1989, with per-
mission.)
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FIGURE 35. Bone marrow biopsy
site for the wing of the ilium. (From
Grindem CB: Bone marrow biopsy
and evaluation. Vet Clin N Am
Small Anim Pract 19:669-696, 1989,
with permission.)

If general anesthesia is required for other procedures, bone marrow aspiration
may be scheduled at the same time to minimize the stress on the animal.

The biopsy needle used to aspirate marrow must have a removable stylet,
which remains in place until the marrow cavity is entered to prevent obstruc-
tion of the needle lumen with cortical bone. A 16- or 18-gauge needle (Rosen-
thal, Illinois sternal, or Jamshidi) that is between 1 and 1.5 inches long is
satisfactory (Fig. 37A).

Young animals have active (red) marrow throughout most skeletal bones.
Active marrow recedes from long bones as adulthood is reached, because the
bone marrow space expands faster than the blood volume as the animal
grows.? Once animals quit growing, blood cell numbers must be maintained,
but increased production to accommodate growth is no longer required. As
hematopoietic cells disappear, the marrow space is replaced by fat (yellow
marrow) and is in a resting state. Hematopoietic cells may expand back into
long bones if needed, such as might occur in response to anemia.

Active marrow remains in the flat bones (vertebrae, sternum, ribs, and
pelvis) and proximal ends of the humerus and femur in adults.”* The iliac crest
is often used as a site to biopsy marrow in dogs and cats.?®28 The biopsy
needle is positioned so that it enters the greatest prominence of the iliac crest
parallel to the long axis of the wing of the ileum (Fig. 34). The wing of the
ileum may also be aspirated at the central depression of the wing caudal and
ventral to the iliac crest (Fig. 35). For small cats and toy breeds of dogs, in
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FIGURE 36. Bone marrow
biopsy site for the proximal
humerus. (From Grindem CB:
Bone marrow biopsy and eval-
uation. Vet Clin N Am Small
Anim Pract 19:669-696, 1989,
with permission.)

which the ilium is especially thin, marrow may be aspirated from the head of
the proximal femur by way of the trochanteric fossa (Fig. 34).2842%5 Aspiration
of marrow from the anterior side of the proximal end of the humerus is
another popular site, especially in obese patients.> The greater tubercle is
palpated, and the needle is inserted into the flat area on the craniolateral
surface of the proximal humerus distal to the tubercle (Fig. 36). In large dogs,
the third, fourth, or fifth sternebra can be biopsied.?®* Biopsies of the sternum
have the risk of inadvertent penetration of the thorax and damage to structures
in the thoracic cavity. A short biopsy needle (preferably with an adjustable
guard) should be used, and care should be taken to remain in the center of
these bones to minimize the risk of pneumothorax, uncontrolled hemorrhage,
or cardiac laceration. Although there is also some risk to the person collecting
sternal biopsies from large animals, the sternum is the preferred site for collect-
ing high-quality biopsies from horses. The dorsal ends of the ribs may be used
for bone marrow aspirates in large animals, although the bone is generally
difficult to penetrate with the biopsy needle in adults.?%287 There is also a risk
of pneumothorax or uncontrolled hemorrhage when ribs are biopsied.?®® The
tuber coxae may be used as a site for bone marrow collection in young horses,
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but adequate marrow samples cannot usually be obtained from this site in adult
horses, because of a lack of active marrow.?®” Biopsies may be taken from other
sites if specific lesions are identified using diagnostic imaging.

To enter the marrow space, moderate pressure is applied to the needle
(with the stylet locked in place) as the needle is rotated in an alternating
clockwise-counterclockwise motion. Once the needle is firmly embedded into
the bone, it is usually within the marrow cavity. The stylet is then removed and
a 12-mL or 20-mL syringe is attached to the needle. Vigorous negative pressure
should be applied by rapidly pulling the plunger back as far as possible. As
soon as a few drops of blood appear in the syringe, the negative pressure is
released, and the complete assembly is rapidly removed for smear preparation.
If marrow does not appear in the syringe, the stylet is replaced, and the needle
is repositioned for another aspiration attempt.

If no anticoagulant is used in the syringe, smears must be prepared within
seconds after bone marrow collection, because bone marrow clots rapidly. We
prefer to collect bone marrow into a syringe that contains several drops of 5%
EDTA as an anticoagulant. Although smears need not be made immediately,
they should be prepared within minutes after collection, because bone marrow
cells (especially granulocytic cells) degenerate rapidly. After mixing the aspirated
marrow with the anticoagulant, it is expelled into a petri dish. It is important
for accurate bone marrow evaluation that smears contain marrow particles
(stroma and associated cells). Marrow particles appear as small white grains in
the blood-contaminated aspirate material. They are collected by pipette (Fig.
37B) and placed on one end of a glass slide, which is then held vertically (Fig.
37C). Particles tend to stick to the slide while blood runs off. A second glass
slide is placed across the area of particle adherence, perpendicular to the first
slide. After marrow spreads between the slides (Fig. 37D), they are pulled apart
in the horizontal plane. Resultant smears are rapidly air dried. The same
concentrating and smear techniques may be used in marrow that has been
collected without an anticoagulant.

Bone marrow aspirate preparations from dead animals are usually of poor
quality. Once clots have formed, cells will be lysed during aspiration and smear
preparation. If marrow is to be collected from an animal that is to be euthan-
ized, it is recommended that the animal is anesthetized with an intravenous
barbiturate for marrow collection and then given the euthanasia solution.

Smears are stained with a Romanowsky-type blood stain such as Wright,
Giemsa, or a combination thereof. Satisfactory results can usually be obtained
with the Diff-Quik stain, a rapid, modified Wright stain. The appropriate
staining time(s) for the stain(s) being used is determined with experience.
Thicker smears will require longer staining times. About twice the time is
required for staining bone marrow smears compared to blood films. Smears
containing marrow particles will have blue-staining material on them, which is
visible grossly (Fig. 37E). When examined microscopically, particles contain
blood cell precursors and stromal elements (Fig. 37F). Fat is dissolved away
during alcohol fixation, but it is represented in particles by the presence of
variably sized, unstained circular areas.
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FIGURE 37. See legend on opposite page.
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If adequate smears are available, one smear should be stained using the
Prussian blue procedure for iron. Additional special stains may be needed to
help differentiate the type of leukemia when present.

8 BONE MARROW CORE BIOPSY TECHNIQUE

Core biopsies are essential if there are repeated dry taps (e.g., failures to collect
marrow particles by aspiration). Dry taps may be the result of technical error,
but they sometimes occur when the marrow is packed with cells (as when a
leukemia is present), and they usually occur when myelofibrosis is present. Dry
taps, or poor-quality samples, are common when marrow aspirates are at-
tempted on very young animals, even though the marrow is generally highly
cellular. Core biopsy sections provide a more accurate way of evaluating mar-
row cellularity and examining for myelofibrosis, granulomatous diseases involv-
ing bone marrow, and metastatic neoplasia than do aspirate smears.?®

Preparation of the animal and the biopsy site for a bone marrow core
biopsy is the same as that described for an aspirate biopsy. Core biopsies
require the use of special needles, which are designed to cut a solid core of
material. Eleven- to thirteen-gauge Jamshidi bone marrow biopsy needles that
are three to four inches long are used in our veterinary hospital (Fig. 38A).
Depending on the species and size of the animal, core biopsies may be taken
from the wing of the ilium, head of the humerus, or sternum. Core and
aspirate biopsies should be taken from distantly located sites (preferably differ-
ent bones) to ensure that one biopsy does not result in disruption of the area
where the other biopsy.is being collected. The collection of two separate sites
should also increase the likelihood of identifying a tumor metastasis.?®®

With the stylet locked in place, moderate pressure is applied to the needie
as it is rotated in an alternating clockwise-counterclockwise motion. Once the
needle is firmly embedded into the bone, the stylet is removed and the needle is
advanced using the same clockwise-counterclockwise motion. If possible, the

FIGURE 37. Bone marrow aspiration needle, steps in preparing bone marrow aspirate smears,
and the gross and microscopic appearance of stained aspirate smears.  A. An 18-gauge Illinois
bone marrow aspiration needle with stylet in place and adjustable guard to limit the depth of penetration.
B. A bone marrow aspirate collected using EDTA as an anticoagulant was expelled into a petri dish. A
pipette was then used to collect particles to be used in preparing marrow smears. C. Bone marrow
particles collected from a petri dish were expelled onto one end of a glass slide that was then held vertically.
Particles tend to stick to the slide while contaminating blood runs off. =~ D. A second glass slide was
placed across the area of particle adherence, perpendicular to the first slide. The slides were held together,
causing bone marrow to spread between them, and then they were rapidly pulled apart in the horizontal
plane and air dried. ~ E. Two stained bone marrow smears are shown. The scant blue-staining material
in the top smear indicates that only a few small marrow particles are present. The abundant blue-staining
material in the bottom smear indicates that a large amount of particulate bone marrow is present. Wright-
Giemsa stain. F. Normal bone marrow aspirate smear from a dog. Variably sized unstained circular
areas indicate where fat was dissolved away during alcohol fixation. The large cells present are megakaryo-
cytes. Wright-Giemsa stain.
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FIGURE 38. See legend on opposite page.
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needle should be advanced one inch or more to get sufficient material for
evaluation. Once the needle has been advanced to its maximal depth, several
360-degree twists are made and it is withdrawn. The core within the needle is
pushed out using a wire that accompanies the needle. This is done by placing
the wire in the tip of the needle and forcing the core out of the handle end of
the needle. The tip of the needle is tapered, and pushing the core out through
the tip would add crush artifacts to the core.

Because core biopsy needles are larger than aspirate biopsy needles, the
wing of the ilium is generally too thin in cats to collect a core sample parallel
to its long axis, as is typically done in dogs. However, core biopsies may be
collected in cats by making two or three perpendicular punch biopsies com-
pletely through the most dorsal aspect of the wing of the ilium.

If bone marrow aspirate attempts have resulted in dry taps or poor-quality
smears, the core biopsy may be gently rolled across a glass slide using the tip of
the needle and stained in the same manner as aspirate smears. These roll
preparations are generally of lower quality than aspirate smears. In particular,
the number of megakaryocytes and amount of stainable iron present are gener-
ally under represented. After one or more roll preparations are made, the core
is placed in fixative and submitted to a surgical pathology service where it is
decalcified, embedded, sectioned, stained with hematoxylin and eosin (H&E),
and possibly other stains, and examined microscopically by a pathologist (Fig.
38B). Fixatives other than formalin are sometimes preferred; consequently, the
surgical pathology service should be consulted prior to sample collection. Un-
stained aspirate smears or other exfoliative cytology preparations should not be
mailed in the same package with formalin-fixed tissue, because the formalin
vapors will interfere with the staining quality of cells in the cytologic prepara-
tions.

FIGURE 38. Bone marrow core biopsy needle, low-power image of a normal bone marrow
core biopsy section, and various stages of megakaryocyte development in aspirate smears.  A.
An 11-gauge Jamshidi core bone marrow biopsy needle with stylet in place. ~ B. Low-power image of a
normal bone marrow core biopsy from a dog. The bone marrow core biopsy has been fixed, decalcified,
sectioned, and stained with hematoxylin and eosin (H&E). Pink-staining trabecular bone is present at the
bottom. Variably sized unstained circular areas indicate where fat was dissolved away during fixation. The
large cells present are megakaryocytes. ~ C. Megakaryoblast with single nucleus (bottom left), promegak-
aryocyte with two nuclei (bottom center), promegakaryocyte with four nuclei {top right), and a megakary-
ocytic cell with six nuclei that may be considered intermediate between a promegakaryocyte and a baso-
philic megakaryocyte in bone marrow from a dog. Wright-Giemsa stain. D. Promegakaryocyte with
four nuclei surrounded by smaller myeloid and erythroid precursors in bone marrow from a dog. Wright-
Giemsa stain. E. Basophilic megakaryocyte with blue cytoplasm and multiple fused nuclei in bone
marrow from a dog. Wright-Giemsa stain. F. Mature megakaryocyte with magenta granules in the
cytoplasm in bone marrow from a dog. Multiple fused nuclei are present. Figures 38C through 38F are
taken at the same magnification to demonstrate the enlargement that occurs as megakaryocytes develop.
Wright-Giemsa stain.
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N MORPHOLOGIC IDENTIFICATION OF CELLS

This discussion will primarily focus on the morphologic appearance of cells in
aspirate smears stained with Wright-Giemsa, but examples of core biopsy sec-
tions stained with H&E will also be presented. Marrow particles appear as blue-
staining areas in aspirate smears when viewed grossly (Fig. 37E). When exam-
ined microscopically, they contain blood cell precursors, vessels, reticular cells,
macrophages, and plasma cells (Fig. 37F). Fat is dissolved away during alcohol
fixation, but it is represented in particles by the presence of variably sized
unstained circular areas. Most particles in normal animals are composed of one
third to two thirds cells (Figs. 37F, 38B).

Megakaryocytic Series

Megakaryoblasts are the earliest recognizable cell in this series. They have a
single nucleus and deeply basophilic cytoplasm (Fig. 38C). This cell type is not
recognized in most normal aspirate smears, because it occurs in small numbers
and is difficult to differentiate from other blast cells. Promegakaryocytes, which
have two or four nuclei and deeply basophilic cytoplasm, are easily recognized
(Figs. 38C, 38D). These cells are much larger than leukocytes or nucleated
erythroid precursor cells. Subsequent nuclear reduplications result in progres-
sively larger basophilic megakaryocytes (Fig. 38E). Nuclei in basophilic mega-
karyocytes are joined into a lobulated mass, making it difficult to count the
number of nuclear reduplications that have occurred. The synthesis of magenta-
staining cytoplasmic granules imparts a pink color to the cytoplasm characteris-
tic of mature (granular) megakaryocytes (Fig. 38F). Megakaryocytes are gigantic
and vary from 50 to 200 um in diameter, with larger cells having greater
nuclear ploidy.

Erythrocytic Series

Morphologic changes that occur as cells of the erythroid series undergo matura-
tion include diminution in size, decrease in N:C ratio, progressive nuclear
condensation, and the appearance of red cytoplasmic color as hemoglobin is .
synthesized and accumulates within the cytoplasm (Fig. 39).

Rubriblasts. The earliest recognizable cell type in the erythroid series is the
rubriblast. They are relatively large cells with high N:C ratios and intensely
basophilic cytoplasm, resulting from the presence of many polyribosomes. The
nucleus of the rubriblast is usually nearly perfectly round and the chromatin is
finely granular, containing one or two pale-blue to medium-blue nucleoli (Fig.
40A).

Prorubricytes. 'When nucleoli are no longer visible and slightly coarser chro-
matin clumping is present, the cell is classified as a prorubricyte (Fig. 40B). The
N:C ratio is generally slightly less than in rubriblasts.

(text continued on page 105)
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FIGURE 40. See legend on opposite page.
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Basophilic Rubricytes. The next cell type in the erythroid series is the baso-
philic rubricytes. These cells still have blue cytoplasm, but they are smaller than
prorubricytes, have lower N:C ratios, and have nuclear condensation into light
and dark areas, giving the nucleus a cartwheel appearance (Fig. 40C).

Polychromatophilic Rubricytes. The combined presence of hemoglobin (red)
and ribosomes (blue) account for the reddish blue cytoplasm characteristic of
polychromatophilic rubricytes. They also tend to be smaller than basophilic
rubricytes and have more nuclear condensation (Fig. 40D). A low number of
rubricytes in horses and cats may have red cytoplasm (normochromic rubri-
cytes) similar to mature cells.

Metarubricytes. The most mature nucleated erythroid cell type is the small
metarubricyte (Fig. 40E). Its nucleus is dark (pyknotic), with few or no clear
areas, and its cytoplasm is usually polychromatophilic but may be normo-
chromic.

FIGURE 40. Erythroid, granulocytic, and monocytic precursor cells from bone marrow aspi-
rate smears stained with Wright-Giemsa, =~ A. Rubriblast with intensely basophilic cytoplasm in
bone marrow from a dog. The nucleus has finely clumped chromatin and contains at least two circular
nucleoli.  B. Prorubricyte with intensely basophilic cytoplasm and finely clumped nuclear chromatin in
bone marrow from a cat. Nucleoli are not seen. ~ C. Basophilic rubricyte with blue-staining cytoplasm
and coarsely clumped nuclear chromatin in bone marrow from a dog. D. Three polychromatophilic
rubricytes with bluish red (polychromatophilic) cytoplasm and coarsely clumped nuclear chromatin in bone
marrow from a dog. E. Metarubricyte with polychromatophilic cytoplasm and a pyknotic nucleus (left)
and a polychromatophilic erythrocyte (reticulocyte) formed after nuclear extrusion (right) in bone marrow
from a dog. F. Myeloblast with blue cytoplasm lacking visible granules in bone marrow from a dog.
The nucleus has finely clumped chromatin and contains three circular nucleoli. =~ G. Promyelocyte with
blue cytoplasm containing many magenta-staining granules in bone marrow from a dog. The nucleus has
finely clumped chromatin and contains three nucleoli or nuclear rings. H. Promyelocyte with blue
cytoplasm containing many magenta-staining granules in bone marrow from a dog. The nucleus has finely
clumped chromatin with no nucleoli or nuclear rings visible. I. Neutrophilic myelocyte with blue
cytoplasm and a round nucleus exhibiting moderately clumped chromatin in bone marrow from a dog.
Neutrophilic granules do not stain. J. Eosinophilic myelocyte with a round nucleus and large numbers
of eosinophilic granules in the cytoplasm in bone marrow from a dog. K. Eosinophilic myelocyte from
a horse with a round nucleus and many large round granules in the cytoplasm. L. Basophilic
myelocyte with a round nucleus and a few purple granules in the cytoplasm in bone marrow from a dog.
M. Basophilic myelocyte with a round nucleus and a mixture of purple and light-lavender granules in the
cytoplasm in bone marrow from a cat. The light lavender granules overlying the nucleus give it a “moth-
eaten” appearance. N. Neutrophilic metamyelocyte with blue cytoplasm and a kidney-shaped nucleus
in bone marrow from a dog. Neutrophilic granules do not stain. 0. Eosinophilic metamyelocyte with a
kidney-shaped nucleus and eosinophilic granules in the cytoplasm in bone marrow from a dog. P,
Band neutrophil with light-blue cytoplasm in bone marrow from a dog. Neutrophilic granules do not stain.
Q. Band eosinophil with eosinophilic granules in the cytoplasm in bone marrow from a dog. R.
Band basophil with purple granules in the cytoplasm in bone marrow from a dog. §. Mature
neutrophil with light-pink granules in bone marrow from a dog. T. Mature eosinophil in bone
marrow from a dog. U. Monoblast with basophilic cytoplasm and kidney-shaped nucleus containing
nucleoli in bone marrow from a dog. V. Presumptive promonocyte with convoluted nucleus and
basophilic cytoplasm in bone marrow from a dog. W. Monocyte with convoluted nucleus in bone
marrow from a dog.  X. Monocyte (bottom) and band neutrophil (top) in bone marrow from a dog,
This image is of lower magnification than the other images in this figure.
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Polychromatophilic Erythrocytes (Reticulocytes). When the metarubricyte nu-
cleus is lost, a reticulocyte is formed. Those formed from polychromatophilic
metarubricytes will appear as polychromatophilic erythrocytes (Fig. 40E). Con-
tinued hemoglobin synthesis and loss of ribosomes result in the formation of
mature erythrocytes with red-staining cytoplasm.

Granulocytic Series

Morphologic changes that occur as cells of the granulocytic series undergo
maturation include slight diminution in size, decrease in N: C ratio, progressive
nuclear condensation, changes in nuclear shape, and the appearance of cytoplas-
mic granules. The background (i.e., nongranular) cytoplasm color changes from
gray-blue to light blue to nearly colorless in the progression from myeloblasts
to mature granulocytes (Fig. 39).

Myeloblasts. The first recognizable cells in the granulocytic series are called
myeloblasts. Type I myeloblasts appear as large round cells with round to oval
nuclei, which are generally centrally located in the cell. The N:C ratio is high
(>1.5) and the nuclear outline is usually regular and smooth (Fig. 40F). Nu-
clear chromatin is finely stippled, containing one or more nucleoli or nucleolar
rings. The cytoplasm is generally moderately basophilic (gray-blue in color) and
not as dark as that in rubriblasts. Primary granules begin to form in late
myeloblasts; consequently, some of these cells may contain a few (<15) small,
magenta-staining granules in the cytoplasm. Such cells may be classified as type
II myeloblasts.?%

Promyelocytes (Progranulocytes). Once large numbers of magenta-staining,
primary granules are visible within the cytoplasm, the cell is classified as a

promyelocyte or progranulocyte. Although nucleoli or nucleolar rings may be
seen in some promyelocytes (Fig. 40G), others exhibit no evidence of nucleolar
structures (Fig. 40H). Promyelocytes may be somewhat larger than myeloblasts
because of their more abundant cytoplasm.

Myelocytes. Primary, magenta-staining granules characteristic of promyelocytes
are no longer visualized in myelocytes, and secondary granules that characterize
neutrophils, eosinophils, and basophils appear at this stage. Myelocytes still have
round nuclei, but they are generally smaller with more nuclear condensation
and have lighter-blue cytoplasm than promyelocytes. It is difficult to visualize
the secondary granules within neutrophilic myelocytes because of their neutral
staining characteristics (Fig. 40I). Eosinophilic myelocytes and basophilic myelo-
cytes are identified by their characteristic granules (Figs. 40J-40M). Eosinophil
granules are generally round, except in the cat, where they are rod-shaped. Cat
basophilic myelocytes are also distinctive, having a mixture of dark-purple and
light-lavender round to oval granules that typically fill the cytoplasm (Fig
40M).

Metamyelocytes. Once nuclear indentation and condensation become readily
apparent, precursor cells are no longer capable of division. Precursors with
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kidney-shaped nuclei are called metamyelocytes (Figs. 40N, 400). Nuclei with
slight indentations extending less than 25% into the nucleus are still classified as
myelocytes. Like myelocytes, the granules may be neutrophilic, eosinophilic, or
basophilic in staining characteristics.

Band Cells. Cells with thinner rod-shaped nuclei with parallel sides are called
bands (Figs. 40P—40R). No area of the nucleus has a diameter less than two-
thirds the diameter of any other area of the nucleus. Band cell nuclei twist to
conform to the space within the cytoplasm, and horseshoe or s-shaped nuclei
are common.

Segmented Granulocytes. The final stage in granulocyte development is the

segmented or mature granulocyte. The nuclear membrane is no longer smooth
and the nuclear width becomes irregular and segments into two or more lobes
in these cells (Fig. 40S). The nuclear chromatin is moderately to densely
clumped and the background cytoplasm is often colorless but may appear
faintly blue or faintly pink in neutrophils. Nuclei of eosinophils and basophils
are generally less segmented than are the nuclei of neutrophils, and specific
granules can be identified in their cytoplasm (Fig. 40T).

Monocytic Series

The monocytic series consists of monoblasts, promonocytes, and monocytes.
They account for a small percentage of total marrow cells and cannot be
reliably differentiated from early granulocytic cells, except for promyelocytes,
which have numerous magenta-staining granules. Monoblasts resemble myelo-
blasts, except that their nuclear shape is irregularly round to convoluted in
appearance (Fig. 40U). Promonocytes are similar in appearance to myelocytes
and metamyelocytes (Fig. 40V). Monocytes in bone marrow are identical to
those seen in peripheral blood (Figs. 40W, 40X).

Macrophages

Macrophages are large cells with abundant cytoplasm and nuclei that are round
to oval in shape with finely clumped chromatin (Fig. 42A). The cytoplasm of
macrophages generally contains vacuoles and phagocytized material such as
pyknotic nuclear debris, hemosiderin, and, rarely, erythrocytes and leukocytes.
Hemosiderin in macrophages appears gray to black when stained with routine
blood stains. Although nucleated erythrocyte precursors develop around central
macrophages in the marrow, these erythroblastic islets are rarely seen in aspirate
smears (Figs. 42B, 42C) because they are easily disrupted during aspiration and
smear preparation.

Lymphocytes
Lymphopoiesis normally occurs in bone marrow; consequently, low numbers of
lymphoblasts and prolymphocytes may be present, but they are difficult to
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FIGURE 41. Lymphocytes, plasma cells, mitotic cells, free nuclei, and a mast cell from bone
marrow aspirate smears stained with Wright-Giemsa.  A. A small lymphocyte (top) and a
polychromatophilic rubricyte (bottom) in bone marrow from a horse. ~ B. A small lymphocyte (top left)
and metarubricyte (bottom right) in bone marrow from a dog. C. A prolymphocyte or reactive
lymphocyte in bone marrow from a dog. D. Three plasma cells with voluminous deeply basophilic
cytoplasm, eccentric nuclei, and pale Golgi zones in their cytoplasm in bone marrow from a dog. The
nuclei exhibit coarse chromatin clumping in a mosaic pattern. This image is of lower magnification than the
other images in this figure. E. A plasma cell (top) and basophilic rubricyte (bottom) in bone marrow
from a dog. F. A plasma cell containing large numbers of small bluish inclusions (Russell bodies)
within the cytoplasm in bone marrow from a dog. G. A plasma cell containing large bluish inclusions
(Russell bodies) within the cytoplasm in bone marrow from a dog.  H. A plasma cell with cytoplasm
filled with turquoise-staining material in bone marrow from a dog. I. A plasma cell with cytoplasm
filled with blue-staining needlelike inclusions in bone marrow from a dog. J. A plasma cell with
reddish cytoplasm in bone marrow from a dog with multiple myeloma. Many plasma cells stained similarly
in the bone marrow of this animal. K. Large mitotic cell in the bone marrow of a dog. L.
Mitotic cell in the bone marrow of a dog. Based on size and cytoplasmic color, this is probably a

(Continued)
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differentiate from rubriblasts and prorubricytes. Most marrow lymphocytes are
small, with morphology identical to that seen in blood (Figs. 41A, 41B), al-
though reactive lymphocytes may also be present (Fig. 41C).

Plasma Cells

Plasma cells are larger, have a lower N:C ratio, and have greater cytoplasmic
basophilia than resting lymphocytes (Figs. 41D, 41E). The presence of a promi-
nent Golgi apparatus may create a pale perinuclear area (Golgi zone) in the
cytoplasm. They typically have eccentrically located nuclei with coarse chroma-
tin clumping in a mosaic pattern. Plasma cells may rarely contain pinkish or
bluish inclusions (Russell bodies) within the cytoplasm (Figs. 41F—41I). These
inclusions are composed of dilated rough endoplasmic reticulum containing
immunoglobulin and other glycoproteins.!*® This appears to result from a
defect in processing or transport of these proteins.? Plasma cells filled with
Russell bodies have been called Mott’s cells. The cytoplasm of some plasma cells
stains reddish, especially at the periphery of the cell. These plasma cells have
been called flame cells (Fig. 41]).21:%2

Osteoclasts

Osteoclasts are multinucleated giant cells that phagocytize bone. When observed
in histologic sections, they lie next to bony surfaces (Fig. 42D). Osteoclasts may
be confused with megakaryocytes; however, the nuclei present in osteoclasts are
clearly separate (Fig. 42E), in contrast to the fused nuclear material present in
megakaryocytes. The cytoplasm stains blue and often contains variably sized
magenta-staining granular material associated with the removal and digestion of
bone (Fig. 42F). Osteoclasts are rarely seen in marrow aspirates from adult
animals, but they may be present in disorders in which lysis of bone is in-
creased, such as the hypercalcemia of malignancy.?®® Osteoclasts are consistently
found in aspirates from young growing animals in which bone remodeling is
active.

Osteoblasts

Osteoblasts are relatively large cells with eccentric nuclei and foamy basophilic
cytoplasm (Figs. 43A, 43B). A clear area (Golgi zone) may be visible in the
central part of the cytoplasm. Superficially, osteoblasts appear similar to plasma
cells, but they are larger and have less-condensed nuclear chromatin. Osteoblast
nuclei are round to oval in shape, have reticular chromatin, and may have one

polychromatophilic rubricyte. M. Reddish staining material is a free nucleus. The blue inclusions are
nucleoli. ~ N. Reddish staining material is a free nucleus with some open spaces. The blue inclusions are
nucleoli. O. Reddish staining material is a free nucleus in which the chromatin is dispersed in a
lacelike manner. This appearance has been called a basket cell even though it has no cytoplasm. P.
Mast cell with round eccentric nucleus (left part of cell) and purple granules in the cytoplasm in bone
marrow from a dog.



110 SECTION II / BONE MARROW

FIGURE 42. See legend on opposite page.
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or two nucleoli. Osteoblasts generally occur in groups lining trabecular surfaces
(Fig. 42D) and tend to remain in small groups when present in aspirate smears
(Figs. 43A, 43B).

Mitotic Figures

The bone marrow is actively producing new blood cells at all times, but mitosis
itself is a brief part of the cell cycle. Consequently, mitotic cells normally
account for less than 2% of all nucleated cells in bone marrow (Figs. 41K, 41L).
The origin of some mitotic cells may be identified by the characteristics of the
cytoplasm, for example, presence of granules or hemoglobin (Figs. 411, 43C).

Miscellaneous Cells and Free Nuclei

Vascular and connective tissue cells are usually ruptured during aspiration and
smear preparation, although low numbers of intact cells may occasionally be
seen (Figs. 43D, 43E). Stromal cells are more obvious in aplastic bone marrow
aspirates in which normal blood cell precursors are markedly reduced or absent
(Fig. 43F). Ruptured stromal cells account for some of the free nuclei found in
bone marrow smears (Figs. 41M—410). Free nuclei also come from various
other bone marrow cells, especially in smears made from clotted marrow, in
thin smears, or in thin areas of smears where excess forces have destroyed the
cells. Free nuclei from metarubricytes have been called hematogones. The term
“basket cell” has been used to refer to free nuclei in which the chromatin is
dispersed in a lacelike manner (Fig. 410).

Adipocytes vary in size and number in bone marrow. Although normal
marrow contains many adipocytes, these cells readily rupture during sample
collection and smear preparation. Adipocytes appear as large vacuoles in mar-
row particles after the fat has been removed during smear fixation (Figs. 38F,
43F).

FIGURE 42. Bone marrow macrophages with phagocytized material surrounded by developing
erythroid cells (erythroblastic islets) and osteoclasts. ~ A. Macrophage with erythrophagocytosis in
bone marrow from a dog. The cytoplasm also contains nuclear debris and gray-staining material consistent
with hemosiderin. Wright-Giemsa stain. ~ B. Erythroblastic island in bone marrow aspirate from a cat. A
central macrophage with phagocytized material is surrounded by developing nucleated erythroid cells. Pale
spots in some erythrocytes are Heinz bodies. Wright-Giemsa stain. C. Erythroblastic island in bone
marrow aspirate from a dog. A central macrophage with phagocytized red-staining nuclear material is
surrounded by developing nucleated erythroid cells. The cytoplasm of the macrophage stains dark blue,
indicating the presence of large amounts of hemosiderin. Prussian blue stain. ~ D. Osteoclast (multinu-
cleated cell on left) and osteoblasts (line of adjacent cells on right) along trabecular bone in a core bone
marrow biopsy from a dog with generalized marrow hypoplasia secondary to severe chronic ehrlichiosis.
H&E stain. E. Multinucleated osteoclast in bone marrow aspirate from a dog. Wright-Giemsa stain,
F. Multinucleated osteoclast in bone marrow aspirate from a dog. The magenta-staining granular material
in the cytoplasm results from the phagocytosis and digestion of bone. Wright-Giemsa stain.
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FIGURE 43. See legend on opposite page.
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Mast cell precursors are produced in the bone marrow, but mature mast
cells are rarely seen in normal bone marrow.'?¢ Mast cells are round cells with
round nuclei. They typically have large numbers of purple granules in the
cytoplasm (Fig. 41P).

@ ORGANIZED APPROACH TO BONE MARROW
EVALUATION

Smears and core biopsy sections should be scanned with low-power objectives
to gain an appreciation of the overall cellularity and determine the adequacy of
megakaryocyte numbers. Normal marrow appears heterogenous. If some or all
of the marrow smear or core section appears homogenous, an abnormal popu-
lation of cells is probably present. Regional infiltrates of neoplastic cells are
more easily appreciated in core sections than in aspirate smears.

As a general rule, erythroid precursors are smaller, have more nearly
spherical nuclei with more condensed nuclear chromatin, and have darker
cytoplasm than do granulocyte precursors at similar maturation stages. Conse-
quently, smaller and darker cells, observed by scanning marrow smears at low
power, are usually e oid precursors (unless lymphocytes are increased in
numbers), and the larger, paler cells are usually granulocyte precursors. Identifi-
cation of specific cell types is more difficult in core biopsy sections compared to
aspirate smears; consequently, sections may be stained with Giemsa and PAS, in
addition to H&E, in an attempt to identify cell types present.

Complete 500 cell differential cell counts from several normal domestic
animal species are given (Table 3) to provide information concerning the
normal distribution of cells. The time required to perform such counts (up to 1
hour) precludes their use in clinical practice. Either a modified differential
count may be performed or mental estimates concerning the distribution of
cells may be done. Because veterinary students and residents are trained in our
laboratory and information from our cases may be published, we routinely
perform a modified differential as shown in Appendix 1. Others may categorize
cells into groups and use the values to calculate an erythroid maturation index
(EMI) and myeloid maturation index (MMI).?' Trained professionals, who
regularly examine bone marrow aspirate smears, typically examine the bone

FIGURE 43. Osteoblasts, mitotic rubricytes, and stromal cells in bone marrow aspirate smears
stained with Wright-Giemsa. = A. Large clump of osteoblasts with eccentric nuclei and voluminous
cytoplasm in bone marrow from a dog. B. Five osteoblasts with eccentric nuclei and voluminous
cytoplasm in bone marrow from a dog. C. Four mitotic polychromatophilic erythroid cells are present
in bone marrow from a dog 6 hours after an intravenous vincristine treatment. The largest cell in the center
is an eosinophilic metamyelocyte. D. Spindle-shaped stromal cells with “wispy” cytoplasm in bone
marrow from a dog. E. Four spindle-shaped stromal cells with elongated nuclei and cytoplasmic
granules in bone marrow from a dog. F. Residual stroma with three plasma cells (below and left of
center) in bone marrow from a dog with aplastic anemia secondary to severe chronic ehrlichiosis. Variably
sized unstained circular areas indicate where fat was dissolved away during alcohol fixation. The black-
staining material is hemosiderin.
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TABLE 3 Bone Marrow Differential Cell Counts in Some Domestic

Animal Species
DoOGs CATS HORSES CATTLE
CELL TYPE (n=6) (n=7)° (n=4) (n=3)4

Myeloblast 0.4-1.1 0-0.4 0.3-1.5 0-0.2
Promyelocyte 1.1-2.3 0-3.0 1.0-1.9 0-14
Neutrophilic myelocyte 3.1-6.1 0.6-8.0 1.9-3.2 2.8-34
Neutrophilic metamyelocyte 5.3-838 4.4-13.2 2.1-7.3 2.8-6.2
Neutrophilic band 12.7-17.2 12.8~16.6 6.8-14.7 4.6-8.4
Neutrophil 13.8-24.2 6.8-22.0 9.6-21.0 11.2-22.6
Total eosinophilic cells 1.8-5.6 0.8-3.2 2.8-6.8 2.8-3.8
Total basophilic cells 0-0.8 0-0.4 0-15 0-1.0
Rubriblast 0.2-1.1 0-0.8 0.6~-1.1 0-0.2
Prorubricyte 0.9-2.2 0-1.6 1.0-2.0 0.4-1.2
Basophilic rubricyte 3.7-10.0 1.6-6.2 45-11.1 48-8.4
Polychromatophilic rubricyte 15.5-25.1 8.6-23.2 14.7-26.0 23.0-36.4
Metarubricyte 9.2-16.4 1.0-10.4 11.4-19.7 9.2-16.8
M:E ratio 0.9~1.76 1.21-2.16 0.52-1.45 0.61-0.97
Lymphocytes 1.7-49  11.6-216 1.8-6.7 3.6-6.0
Plasma cells 0.6-2.4 0.2-1.8 0.2-1.8 0.2-1.2
Monocytes 0.4-2.0 0.2-1.6 0-1.0 0.4-2.2
Macrophages 0-0.4 0-0.2 0 0-0.8

aValues for cats, horses, and cattle from Jain 1993, n = number of animals evaluated.

marrow in a systematic manner, make a number of judgments based on their
knowledge of the normal appearance of bone marrow, and record their finding
in narrative form as presented here.

Cellularity

The cellularity of bone marrow is estimated by examining the proportion of
cells versus fat present in particles (Figs. 44A, 44B). If the particles are com-
posed of more than 75% cells, the marrow is interpreted as hypercellular (Figs.
44C, 44D), and if the particles are composed of more than 75% fat, the
marrow is interpreted as hypocellular (Figs. 44E, 44F). Unfortunately, the cellu-
larity of the marrow is not uniform. Some marrow particles may have normal
or high cellularity and others may have low cellularity on the same smear,
because of patchy differences in cellularity (Figs. 45A—45C). Obviously, the
more particles one can evaluate, the more likely it will be that the estimate of
the overall marrow cellularity will be accurate. If few or no particles are present
on smears, it is not possible to accurately estimate the marrow cellularity.
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The overall cellularity of bone marrow decreases with age.*42% The mar-
row is highly cellular in young growing animals where cells must be produced
not only to compensate for normal cell turnover but also in response to growth
of the cardiovascular system. Marrow cellularity decreases with age, because the
ratio of bone marrow space to blood volume increases.

Marrow can become hypercellular when one or more cell types exhibit
increased proliferation in response to peripheral needs, such as occurs in re-
sponse to anemia (erythroid hyperplasia) or purulent inflammation (granulo-
cytic hyperplasia). The marrow may also become hypercellular secondary to
dysplastic or neoplastic proliferations of marrow cells or from infiltration of
neoplastic cells from peripheral tissues (e.g., a metastatic lymphoma). Defects in
either progenitor cells or the bone marrow microenvironment necessary for
their survival and proliferation can result in hypocellular marrow, as will be
presented in a subsequent section.

Megakaryocytes

The frequency and morphology of megakaryocytes should be evaluated by
scanning the preparation at low power. Most large particles should have several
associated megakaryocytes (Fig. 45D), and normally a majority of megakaryo-
cytes are of the granular, mature type. Megakaryocytes are not evenly distrib-
uted in bone marrow; consequently, it is not possible to have definitive guide-
lines for estimates of megakaryocyte numbers in bone marrow aspirate smears.
If only a few megakaryocytes are seen examining several particles, the numbers
are probably low. If 10 to 20 are seen per field using the 10x objective, the
numbers are likely increased.?®> Abnormal megakaryocyte morphology (e.g.,
increased numbers of promegakaryocytes or the presence of dwarf megakaryo-
cytes) should be noted when present.

Erythroid Cells

The maturation and morphology of the erythroid series should be evaluated to
determine if it is complete (frequent polychromatophilic erythrocytes should be
present) and .orderly. There is generally a progressive increase in numbers with
each stage of development, from low numbers of rubriblasts (generally less than
1%) to high numbers of polychromatophilic rubricytes, which may account for
one quarter of all nucleated cells in the bone marrow.!! Metarubricytes are
numerous but generally not as numerous as polychromatophilic rubricytes.

Rubriblasts and prorubricytes usually do not exceed 5% of all nucleated
cells. If the proportion of these immature cells is increased, this finding should
be noted. An increase in mature as well as immature cells of the erythroid
series is expected in response to anemia. If immature erythroid cells are in-
creased and later stages are not, it suggests a proliferative abnormality is
present. Additional abnormal morphologic findings that should be recorded
when present include megaloblastic célls, frequent binucleated cells, and pleo-
morphic nuclei.
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FIGURE 44. See legend on opposite page.
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Because reticulocytes are rarely released into blood in response to anemia
in horses, reticulocyte counts can be done in bone marrow aspirates from
horses to assist in the differential diagnosis of anemia. Greater than 5% reticu-
locytes suggests a regenerative response to anemia.?’

Granulocytic Cells

The distribution of granulocytic cells should be evaluated to determine whether
the series is complete (i.e, a normal number of mature granulocytes are
present) and orderly. There is generally a progressive increase in numbers with
each stage of development, from low numbers of myeloblasts {often less than
1%) to high numbers of mature neutrophils, which may account for nearly one
quarter of all nucleated cells in the bone marrow."" Myeloblasts and promyelo-
cytes generally do not exceed 5% of all nucleated cells. If the proportion of
these immature cells is increased, this finding should be noted. An increase in
mature as well as immature cells of the myeloid series is expected in inflamma-
tory disorders resulting in granulocytic hyperplasia. If immature granulocytic
cells are increased and later stages are not, it indicates either that more mature
cells have been depleted in the marrow granulocyte pool, as occurs in acute
inflammation, or that a proliferative abnormality is present.?®® Morphologic
abnormalities such as large cell size and vacuolated cytoplasm should be re-
ported when present.

Total eosinophilic cells generally account for less than 6% of all nucleated
cells in the marrow, with basophilic precursors usually accounting for less than
1% of all nucleated cells. Increased representation of eosinophilic or basophilic
series should be recorded. An increase in one or both of these cell lines is
usually associated with inflammatory conditions that result in increased num-
bers of eosinophils or basophils in blood and/or tissues. They may also be
increased in association with some myeloproliferative disorders.

FIGURE 44. Normal, increased, and decreased overall cellularity in bone marrow aspirate
smears and core biopsy sections.  A. Normal overall cellularity in a bone marrow aspirate smear
from a horse; however, no megakaryocytes are visible in this field. The unstained circular areas represent
adipocytes dissolved away during alcohol fixation. Wright-Giemsa stain.  B. Normal overall cellularity
in a bone marrow section from a core biopsy collected from the same horse as the aspirate shown in Figure
44A, The unstained circular areas represent adipocytes dissolved away during fixation. Low magnification
with H&E stain. C. Increased cellularity, primarily resulting from erythroid hyperplasia, in a bone
marrow aspirate smear from a horse with hemolytic anemia that may have been secondary to a lymphoid
neoplasm. The M:E ratio was 0.16. Wright-Giemsa stain. D. Increased cellularity in a bone marrow
section from a core biopsy collected from the same horse as the aspirate shown in Figure 44C. The large
cell near the center is a megakaryocyte. Clear areas indicate a small amount of fat was present. Low

magnification with H&E stain. E. Low cellularity in a bone marrow aspirate smear, consisting primar-
ily of stromal cells and fat, from a cat with an aplastic anemia following chemotherapy for an ocular
lymphoma. Wright-Giemsa stain. F. Low cellularity in a bone marrow core biopsy section collected

from the same cat as the aspirate shown in Figure 44E. The red-staining material is trabecular bone. Low
magnification with H&E stain.
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FIGURE 45. See legend on opposite page.
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TABLE 4 Normal Myeloid to Erythroid Ratios in Some Domestic

Animal Species
SPECIES RANGE MEAN
Dog 0.75-2.53 1.25
Cat 1.21-2.16 1.63
Horse 0.50-1.50 0.93
Cattle 0.31-1.85 0.71
Sheep 0.77-1.68 1.09
Pig 0.73-2.81 1.77

Values from Jain 1993.!

Myeloid to Erythroid Ratio

A myeloid to erythroid (M:E) ratio (also referred to as a granulocytic to
erythroid ratio) is calculated by examining 500 cells and dividing the number of
granulocytic cells, including mature granulocytes, by the number of nucleated
erythroid cells. Alternately, this ratio may be estimated by experienced profes-
sionals. Normal M:E ratios in some domestic animals are given in Table 4.
Dilution of a bone marrow aspirate with blood can result in a falsely high M:E
ratio, especially if a substantial neutrophilia is present in blood.

Lymphocytes
Specific comments should be made about the number and morphology of
lymphocytes. Small lymphocytes generally account for less than 10% of all
nucleated cells in normal animals, but they may reach 14% in some healthy
dogs®% and 20% in some healthy cats.'"?*> Low numbers of lymphoblasts and
prolymphocytes may be present, but they are difficult to differentiate from
rubriblasts and prorubricytes. Increased numbers of mature lymphocytes may
be seen in animals with chronic lymphocytic leukemias and in disorders with
cell-mediated immune responses.?”” Although highly unlikely, increased num-

FIGURE 45. Variable cellularity in bone marrow and the appearance of megakaryocytes and
hemosiderin in marrow particles.  A. High cellularity of a particle present in a bone marrow
aspirate smear from dog with ehrlichiosis. Wright-Giemsa stain. B. Low cellularity in a different
particle present in the same bone marrow aspirate smear as shown in Figure 45A. Wright-Giemsa stain.
C. Variable cellularity in a section from a bone marrow core biopsy collected from the same dog as the
aspirate particles shown in Figures 45A and 45B. H&E stain. D. Five megakaryocytes are visible in a
bone marrow aspirate particle from a dog. Wright-Giemsa stain. E. Bone marrow from a dog with
hemosiderin visible as black globules in the bottom right. A mature megakaryocyte is present at the left
edge. Wright-Giemsa stain. ~ F. Bone marrow aspirate from a dog with hemosiderin visible as blue-
staining material. A mature megakaryocyte is present at the left edge. Prussian blue stain.
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bers of small lymphocytes may also be present in a smear if a bone marrow
lymphoid follicle is aspirated. Lymphoid follicles occur in both normal and
diseased animals.2%82%%

Increased numbers of prolymphocytes and/or lymphoblasts suggest the
presence of either acute lymphoblastic leukemia or a metastatic lymphoma.
Glucocorticoid treatment results in the movement of recirculating lymphocytes
from blood to bone marrow,>®*! but the percentage of lymphocytes in the
marrow does not appear to increase,*®*? possibly because glucocorticoids can
concomitantly decrease the population of proliferating lymphocytes normally
present within the marrow.3®

Plasma Cells

Plasma cells tend to be concentrated within particles on bone marrow smears.
This uneven distribution prevents accurate counting. They are generally present
in low numbers (<2% of all nucleated cells). When plasma cells exceed 3% of
total nucleated cells, they are considered to be increased. In addition to multiple
myeloma, increased numbers of plasma cells can occur in bone marrow in
disorders in which immune stimulation is present (e.g., ehrlichiosis or leish-
maniasis) and is associated with myelodysplasia in dogs.***

Mononuclear Phagocytes

Monocytes and their precursors comprise a small portion (<3%) of bone
marrow cells. They are difficult to differentiate from early granulocytic cells.
Increased numbers of monocyte precursors may be present in response to
inflammatory conditions, but the occurrence of high numbers of monoblasts
indicates that a myeloproliferative disorder is present.

Macrophages generally do not exceed 1% of total nucleated cells present
in the bone marrow of normal animals. Prominent phagocytosis of nucleated
and/or anucleated erythrocytes by macrophages may occur in association with
primary or secondary immune-mediated anemias,** malignant histiocytosis, the
hemophagocytic syndrome,** and acquired and congenital dyserythro-
poiesis.#>3%:307 Prominent leukophagocytosis is rare but may be seen in associa-
tion with immune-mediated neutropenia®® and when increased marrow apop-
tosis is present, as occurs in myeloproliferative disorders.>*® Macrophages may
contain phagocytized cellular debris in response to marrow necrosis.*'*!' Mac-
rophages can phagocytize damaged or dead cells not coated with antibody or
complement because of the presence of scavenger receptors on their surfaces
that are capable of recognizing altered carbohydrate and/or phospholipid moie-
ties 12

Macrophages may be increased in the bone marrow in both inflammatory
and neoplastic (malignant histiocytosis) conditions. Infectious agents may be
present within macrophages in conditions such as leishmaniasis, histoplasmosis,
cytauxzoonosis, and ehrlichiosis.
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Other Cells Types

Comments should always be made concerning the cell types listed above, if only
to report that they are present in normal numbers with normal morphology.
Comments are generally only made concerning cell types listed below when
they are present in increased numbers.

Mitotic figures are increased when the proportion of cells undergoing
replication in the bone marrow is increased. Mitotic figures may be somewhat
increased in myeloid or erythroid hyperplasia, but they are more consistently
increased in acute myelocytic and acute lymphoblastic leukemias. Dramatically
increased numbers of mitotic erythroid cells occur within the first few hours
after the administration of vincristine (Fig. 43C)*"* and increased numbers of
mitotic figures have been reported in animals with congenital dyserythro-
poiesis. #3100

Osteoclasts and osteoblasts are commonly seen in bone marrow aspirates
of young growing animals but rarely seen in normal adult animals. Increased
numbers of osteoclasts and osteoblasts may be seen in adult animals when bone
remodeling is increased, such as in disorders of calcium metabolism and in
association with osteogenic sarcoma.

Mast cells are rarely seen in bone marrow from normal domestic ani-
mals'% but may occur in dogs with aplastic anemia of various etiologies.?!¢
They may also be present in some inflammatory conditions. The administration
of interleukin-3 and interleukin-6 together, but neither factor alone, results in
marrow mast cell development in rats!> Mast cells may occur in the marrow
of animals with metastatic mast cell tumors. Bone marrow involvement is
especially likely in noncutaneous systemic mastocytosis.?'6-319

Increased numbers of reticular stromal cells suggests that stromal hyper-
plasia and/or myelofibrosis is present. A core biopsy is essential to confirm
these suspicions.

Metastatic cells from nonhematopoietic sarcomas or carcinomas are rarely
recognized in bone marrow biopsies but should be reported when present.

Stainable Iron

Hemosiderin appears gray to black when stained with routine blood stains. It
may be seen within macrophages or as free material from ruptured macro-
phages (Fig. 45E). The amount of hemosiderin present is routinely evaluated as
the amount of stainable iron observed using the Prussian blue reaction. Stain-
able iron is easily found in normal marrow aspirates from most domestic
mammals, as long as particles are present (Fig. 45F). It is decreased or absent in
iron-deficient animals (Fig. 46A), including dogs with polycythemia,”® and may
be increased in association with all anemias (Fig. 46B), except those resulting
from hemorrhage. Bone marrow iron increases in horses with age; conse-
quently, normal old horses can have marked amounts of stainable iron present
in the marrow (Fig. 46C). Likewise, the amount of stainable iron tends to
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FIGURE 46. See legend on opposite page.
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increase in canine bone marrow with age.®* Normal cat bone marrow does not
exhibit stainable iron, so its absence cannot be used to confirm a diagnosis of
iron deficiency. The presence of stainable iron is considered an abnormal
finding in cats and may be detected in some animals with myeloproliferative
disorders (Figs. 46D-46F) or hemolytic anemias, or after blood transfu-
Sions.131’297

Interpretation

The final step in evaluating a bone marrow aspirate is to provide an interpreta-
tion of the cytologic findings in light of the history, clinical findings, CBC, and
results from other diagnostic tests and procedures. For example, a high M:E
ratio could indicate the presence of either increased granulocytic cells or de-
creased erythroid cells. Examination of CBC results from blood collected at the
same time, as well as an estimate of the overall cellularity, usually allows the
correct interpretation to be made. Bone marrow examination generally provides
information concerning the pathogenesis of abnormalities recognized in blood
and sometimes a specific diagnosis can be made.

FIGURE 46. Lack of stainable iron in bone marrow from a dog with iron-deficiency anemia
and increased stainable iron in bone marrow from a dog with hemolytic anemia, an aged horse,
and a cat with myelodysplastic syndrome (MDS).  A. Lack of stainable iron (hemosiderin) in a
bone marrow aspirate from a dog with chronic iron-deficiency anemia. Two megakaryocytes are visible in
the upper portion of the image. Prussian blue stain. ~ B. Increased stainable iron (blue-staining material)
in a bone marrow aspirate from a dog with a hemolytic anemia. Prussian blue stain. C. A large
amount of stainable iron (blue-staining material) is present in a bone marrow aspirate from a normal aged
horse. Prussian blue stain. D. Prominent stainable iron (blue-staining material) in a hypercellular
postmortem bone marrow section collected from a cat with MDS. Several megakaryocytes are present along
the edge of the image. Prussian blue stain. E. Generalized hypercellularity in an aspirate smear of bone
marrow from the same cat with MDS as presented in Figure 46D. A left shift in both granulocytic and
erythroid series is present. Wright-Giemsa stain. F. Generalized hypercellularity in a postmortem bone
marrow section from the same cat with MDS as presented in Figures 46D and 46E. Several megakaryocytes
are present in the left corner and central area of the image. H&E stain.
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Disorders of Bone Marrow

# GENERALIZED INCREASES IN HEMATOPOIETIC CELLS

The marrow is highly cellular in young growing animals where cells must be
produced not only to compensate for normal cell turnover but also in response
to growth of the cardiovascular system. Marrow cellularity decreases with -age,
because the ratio of bone marrow space to blood volume increases.

Marrow can become hypercellular when one or more cells exhibit in-
creased proliferation in response to peripheral needs or demands. For example,
both erythrocytic and granulocytic cell lines may be increased in autoimmune
hemolytic anemia in dogs in which animals often exhibit a regenerative anemia,
with accompanying leukocytosis and left shift.320 Megakaryocytic hyperplasia can
also occur if immune-mediated thrombocytopenia is present. Although rare,
generalized marrow hyperplasia may occur in response to cytopenias in blood
resulting from hypersplenism.®*32! Generalized hypercellular marrow may be
present in some animals with myelodysplastic disorders, but abnormalities in
cell morphology and/or distributions are present (Figs. 46E, 46F). Primary
erythrocytosis (polycythemia vera) may sometimes exhibit a generalized marrow
hyperplasia.2%8-322

# GENERALIZED DECREASES IN HEMATOPOIETIC CELLS

Hypocellular/Aplastic Bone Marrow

When more than 75% of the marrow sample from an adult animal is com-
posed of fat, it is considered to be hypocellular. When all hematopoietic cell
types, erythrocytic, granulocytic, and megakaryocytic, are markedly reduced or
absent, the marrow is said to be aplastic and anemic animals with generalized
marrow aplasia are reported to have aplastic anemia (Figs. 47A, 47B). Stromal
cells (adipocytes, reticular cells, endothelial cells, and macrophages), plasma
cells, and some lymphocytes are still present in aplastic bone marrow samples
(Fig. 47C). Macrophages typically contain increased amounts of hemosiderin,
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FIGURE 47. See legend on opposite page.
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because storage iron is not utilized for erythrocyte production (Figs. 47C, 47D).
Mast cells may also be present in moderate numbers in aplastic bone marrow
samples in dogs (Fig 47C).>** The peripheral blood is characterized by nonre-
generative anemia, neutropenia, and thrombocytopenia.

When only one cell line is reduced or absent, more restrictive terms, such
as granulocytic hypoplasia or erythroid aplasia are used to describe the abnor-
malities present. Hypocellular or aplastic bone marrow may result from insuffi-
cient numbers of stem cells, abnormalities in the hematopoietic microenviron-
ment, or abnormal humoral or cellular control of hematopoiesis. These factors
are interrelated, and the exact defect in a given disorder is usually unknown.

Many drugs have been incriminated in the production of aplastic anemia
in humans.??® Drug-induced causes of aplastic anemia or generalized marrow
hypoplasia in animals include estrogen toxicity in dogs,’*~*2* phenylbutazone
toxicity in dogs***? and possibly a horse,* trimethoprim-sulfadiazine adminis-
tration in dogs,’2%? bracken fern poisoning in cattle and sheep,”*! trichloro-
ethylene-extracted soybean meal in cattle,”®? albendazole toxicity in dogs and
cats,® griseofulvin toxicity in cats,***> various cancer chemotherapeutic
agents,1%%-3% and radiation.®->! Thiacetarsamide,**? meclofenamic acid,’?¢
and quinidine’?s have also been incriminated as potential causes of aplastic
anemia in dogs.

Exogenous estrogen injections can result in aplastic anemia in dogs, as can
high levels of endogenous estrogens produced by Sertoli cell, interstitial cell, and
granulosa cell tumors.*-% Functional cystic ovaries also have the potential of
inducing myelotoxicity in dogs.*’ Ferrets have induced ovulations and may
remain in estrus for long periods of time when not bred. This prolonged
exposure to high endogenous estrogen concentrations can result in aplastic
anemia.348-34

Parvovirus infections can cause erythroid hypoplasia, as well as myeloid
hypoplasia in canine pups,***! but animals may not become anemic because of
the long life spans of erythrocytes. Thrombocytopenia is mild or absent, be-
cause megakaryocytes are still present in the bone marrow (Figs. 47E, 47F).
Either affected pups die acutely or the bone marrow returns rapidly to normal

FIGURE 47. Hypocellular bone marrow aspirate smears and core biopsy sections from dogs.
A. Generalized hypocellularity in an aspirate smear of bone marrow from a dog with estrogen-induced
aplastic anemia. Stromal cells and fat predominate. The circular purple objects are mast cells and the black
globular material is hemosiderin. Wright-Giemsa stain. ~ B. Generalized hypocellularity in a section from
a bone marrow core biopsy collected from a dog with an idiopathic aplastic anemia. H&E stain. C.
Purple-staining mast cells (top) and brown to black-staining hemosiderin in the same aspirate smear of
bone marrow collected from a dog with estrogen-induced aplastic anemia as presented in Figure 47A.
Wright-Giemsa stain. D. Blue-staining hemosiderin in an aspirate smear of bone marrow from the
same dog with estrogen-induced aplastic anemia as presented in Figures 47A and 47C. Prussian blue stain.
E. Hypocellular bone marrow aspirate smear from a leukopenic dog with acute parvovirus infection.
Stromal cells and fat predominate, but a megakaryocyte is present (upper left). Wright-Giemsa stain. ~ F.
Hypocellular section from a bone marrow core biopsy collected from the same leukopenic dog with acute
parvovirus infection as presented in Figure 47E. Although granulocytic and erythroid precursors are mark-
edly reduced, normal numbers of megakaryocytes remain. H&E stain.
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before anemia can develop. In contrast to its effects in pups, parvovirus is
reported to have a minimal effect on erythroid progenitors in adult dogs.>*?
Only myeloid hypoplasia was reported during histologic examination of bone
marrow from parvovirus infected viremic cats.?354

Although some degree of marrow hypoplasia and/or dysplasia often occurs
in cats with feline leukemia virus (FeLV) infections,*>> true aplastic anemia is
not a well-documented sequela.>*® Hypocellular bone marrow has been reported
in experimental cats co-infected with FeLV and feline parvovirus.**’

Dogs with acute Ehrlichia canis infections may spontaneously recover or
develop chronic disease that generally exhibits some degree of marrow hypopla-
sia. Although rare, aplastic anemia may develop in association with severe
chronic ehrlichiosis in dogs. 3535

Hypocellular bone marrow has been reported in a dog with splenomegaly
and marked extramedullary hematopoiesis, which returned to normal after
splenectomy.® It was speculated that the spleen might have produced cellular or
humoral inhibitors of hematopoiesis in bone marrow.

Congenital aplastic anemia, renal abnormalities, and skin lesions have
been reported in newborn foals whose mothers were treated for equine proto-
zoal myeloencephalitis with sulfonamides, pyrimethamine, folic acid, and vita-
min E during pregnancy.’® Aplastic anemia in a 14-day-old Holstein calf may
have also developed in utero, although the calf was treated for diarrhea with
sulfamethazine 5 days before examination.’s! An in utero toxic insult was sus-
pected in a 9-week-old Clydesdale foal with aplastic anemia.>*? Generalized bone
marrow hypoplasia, with myeloid and megakaryocytic hypoplasia more promi-
nent than erythroid hypoplasia, has been reported in eight young standardbred
horses sired by the same stallion.’® Genetic defects involving the marrow
microenvironment, one or more growth factors, or pluripotent stem cells were
suggested as possible causes.

Idiopathic aplastic anemia has also been reported in dogs®!421:%4365 and
horses.288.%62366 One case of erythroid and myeloid aplasia, with normal mega-
karyocyte numbers, has been reported in a horse, the etiology of which was
unknown 3¢

A primary immune-mediated reaction directed against hematopoietic pre-
cursor cells has been proposed as a cause of aplastic anemia in dogs.>** This
possibility is supported by evidence that some cases of aplastic anemia in
humans are mediated by a T-lymphocyte immune reaction against hematopoi-
etic stem cells.?2>368 Interferons (especially interferon-y) have antiproliferative
effects on hematopoietic progenitor cells and have been postulated to be media-
tors of hematopoietic suppression in people with aplastic anemia.*!®

Two forms of cell death, necrosis and apoptosis, are recognized. Necrosis refers
to a form of cell death and degeneration secondary to the inability of mito-
chondria to generate sufficient energy in the form of ATP. Cells swell and burst
after losing their ability to regulate osmotic balance. A variable inflammatory
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response occurs secondary to the release of intracellular contents. In contrast,
mitochondria function normally in cells undergoing apoptosis (physiologic cell
death). The nuclear chromatin condenses, the nucleus rounds up into a single
dense sphere (pyknosis) or fragments into multiple dense spheres (karyor-
rhexis), and the cell shrinks by as much as 30%. Soon after the process is
begun, the cell is recognized and phagocytized by macrophages, probably while
still alive. Cytoplasmic contents are not shed externally; therefore, there is no
spillage of proinflammatory mediators.*?

Necrosis may be caused by direct damage to the hematopoietic cells or by
ischemia that results from injury or disruption of the microcirculation. Necrosis
may be recognized antemortem (Fig. 48A), but it is most often recognized
when histologic samples are examined postmortem (Figs. 48B, 48C), because it
is a transient event that often has a focal distribution.

The appearance of necrosis varies depending on the time course and
cause.”” When histologic sections are examined, initial lesions exhibit altered
staining of hematopoietic cells with indistinct cellular outlines.”® Hemorrhage
may also be present if vessels are injured.’”® Later, the areas of necrosis become
hypocellular as the cells lyse and are replaced by amorphous granular eosino-
philic debris. This stage of necrosis must be differentiated from fibrin, edema,
and collection artifact. A Fraser-Lendrum stain for fibrin can be helpful in this
regard.® Macrophages, many of which contain phagocytized cellular debris,
occur in increased numbers. Myelofibrosis occurs subsequently to necrosis,
similar to the healing process that occurs in other damaged tissues.?’%*”!

Aspirate smears from necrotic marrow may be confused with smears
resulting from poor-quality sample collection and staining techniques. Marrow
particles may appear elongated and “stringy.” *'° The background appears gran-
ular and is bluish to purple in color. Cells remaining are difficult to classify
because of morphologic changes caused by degeneration (Fig. 48A). Nuclei
appear smudged and cytoplasmic margins are usually ill defined. When visible,
the cytoplasm is basophilic and sometimes vacuolated.?”*”2 Often only free
nuclei or nuclear fragments are seen. Macrophages with phagocytized debris are
commonly observed.>1¢3!!

Disorders that have been reported in association with marrow necrosis
in animals include septicemia and/or endotoxemia;*'®*! neoplasia (Fig. 48C);
68298373 dissemninated intravascular coagulation;$*32:3* experimental drug admin-
istration;*!%> and bovine viral diarrhea®’¢ and estrogen toxicity,'**”! acute
parvovirus infection,””” systemic lupus erythematosus,’'! and ehrlichiosis>® in
dogs. The cause of bone marrow necrosis may not be identified.?”7837°

Myelofibrosis

Mpyelofibrosis is suspected when repeated marrow aspiration attempts are un-
successful or a poor-quality aspirate sample is obtained that contains some
spindle-shaped cells (Fig. 48D). A definitive diagnosis can only be made by the
examination of histologic sections of bone marrow.

Fibrous tissue consists of variable amounts of actively proliferating fibro-
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FIGURE 48. See legend on opposite page.
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blasts, reticulin fibers, and dense collagenous connective tissue.®® The term
myelofibrosis is used when there is an apparent excess of collagen and/or
reticulin in bone marrow that is produced by activated and/or proliferating
marrow reticular cells.’® When myelofibrosis is extensive, it is recognized in
sections stained with H&E (Figs. 48E, 48F, 49A). In these instances, marrow
sections contain little or no fat. Low levels of myelofibrosis may only be
recognized using special stains, such as Masson’s trichrome stain for collagen
(Fig. 49B) and Gomori’s stain or Manuel’s stain for reticulin.2?®38 Hematopoi-
etic cells may be present in linear arrangements, separated by palely eosinophilic
extracellular collagenous material (Fig. 48F). Areas of marked myelofibrosis
consist of fibroblasts and extracellular matrix, with no remaining hematopoietic
cells (Fig. 49C).

Myelofibrosis appears to be a sequela to marrow injury, including necro-
sis, vascular damage, inflammation, and neoplasia. It is postulated that these
disorders result in the direct or indirect production of growth factors capable of
stimulating fibroblasts.%

Prominent myelofibrosis has been documented in animals with marrow
necrosis,””* myeloproliferative disorders,!?12%38.382 lymphoproliferative disor-
ders,?”* and nonmarrow origin neoplasia,’”* and in dogs with inherited pyruvate
kinase deficiency.”>*6 It has also been recorded as a result of unknown
causes.83374380383-385 Muyelofibrosis has been described in a family of poodles
with laboratory and clinical findings similar to pyruvate kinase deficiency,*” and
definitive studies were not performed to eliminate the possibility that these
animals had this deficiency as well. Extremely high-pharmacologic doses of
recombinant human erythropoietin elicited both marked erythropoiesis and
myelofibrosis in experimental dogs, suggesting a possible explanation for the
myelofibrosis that accompanies pyruvate kinase deficiency in dogs.*®

FIGURE 48. Necrosis and fibrosis in bone marrow.  A. Necrosis in an antemortem bone
marrow aspirate smear from a FeLV-negative, pancytopenic cat. The background appears granular and
bluish to purple in color and the remaining cells are impossible to classify, because of degenerative changes.
Wright-Giemsa stain. ~ B. Necrosis in a postmortem bone marrow section from the same cat presented
in Figure 48A. The circular pink areas represent necrotic cells in which the nucleus is no longer visible.
Most remaining cells with visible nuclei appear to be granulocytic cells. H&E stain. C. Low-power
image of necrosis in a postmortem bone marrow section from a dog with ALL. An area of necrosis (dark
pink), containing iatrogenic trabecular bone fragments (light pink), is located at the left and an infiltrate of
leukemic cells is located at the right. H&E stain. D. A cluster of stromal cells is present in a smear
prepared from a bone marrow aspirate attempt from a dog with a nonregenerative anemia. The presence of
a few stromal cells in an unsuccessful attempt to collect bone marrow particles by aspiration suggested the
possibility of fibrosis, which was confirmed by core biopsy and histopathology. Wright-Giemsa stain. ~ E.
Myelofibrosis in a bone marrow section from a core biopsy collected from a dog with MDS. Reticular cells
and collagen are readily visible at the top and to the right next to the darker pink trabecular bone.
Hematopoietic cells (primarily erythroid precursors) are concentrated to the left. H&E stain.  F. Myelo-
fibrosis in a bone marrow section from a core biopsy collected from a dog with a poorly regenerative
anemia. Hematopoietic cells are present in linear arrangements, separated by pale eosinophilic extracellular
collagenous material, at the bottom of the field. H&E stain.
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FIGURE 49. Fibrosis and osteosclerosis in bone marrow.  A. Myelofibrosis in a postmortem
bone marrow section from a cat with chronic lymphocytic leukemia (CLL). Trabecular bone is located at
the left edge. Reticular cells and collagen dominate the field although some hematopoietic precursors are
present. The orange globular material is hemosiderin. H&E stain.  B. Myelofibrosis in a postmortem
bone marrow section from the same cat as presented in Figure 48A. Reticular cells and collagen (turquoise
fibers) dominate the field although some hematopoietic precursors are present. The orange globular material
is hemosiderin. Masson’s trichrome stain. C. Marked myelofibrosis, consisting of fibroblasts and
extracellular matrix with no remaining hematopoietic cells, in a bone marrow section from a core biopsy
collected from a dog with a metastatic carcinoma. Trabecular bone is located at bottom right. Tumor cells
are not present in this field. H&E stain. D. Low-power image of fibrosis and osteosclerosis in a bone
marrow core biopsy section from a cat with CLL. The cat was FeLV-negative and FIV-negative. Thickened
trabecular bone is located at the right edge of the field. H&E stain.

With the exception of the dogs with inherited hemolytic anemias, animals
with myelofibrosis typically have nonregenerative anemia. Blood leukocyte
counts and platelet counts are often normal or increased in idiopathic cases of
myelofibrosis, but may be decreased.’*> Multiple cytopenias are more likely to
occur in animals with concomitant myeloproliferative disorders.
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Generalized Osteosclerosis/Hyperostosis

Osteosclerosis refers to a thickening of trabecular (spongy) bone (Fig. 49D) and
hyperostosis refers to a widening of cortical (compact) bone from apposition of
osseous tissue at endosteal and/or periosteal surfaces. Osteopetrosis is a form of
osteosclerosis resulting from decreased bone resorption secondary to decreased
numbers and/or abnormal function of osteoclasts.®®® As a result of osteoscle-
rosis, and sometimes hyperostosis, the space available for hematopoiesis de-
creases. The remaining marrow space may appear hypocellular or exhibit fibro-
sis. Anemia occurs more often than thrombocytopenia or leukopenia. A variety
of inherited, metabolic, inflammatory, and neoplastic disorders have been re-
ported to cause generalized osteosclerosis in humans.?®

Generalized osteosclerosis/hyperostosis is suspected when increased diffi-
culty is encountered in the manual advancement of biopsy needles into bone,
and marrow aspirates cannot be obtained. Osteosclerosis can potentially be
recognized using core biopsies, but the presence of increased bone relative to
marrow space may simply be reflective of the area of bone the needle has
entered. Antemortem diagnosis of generalized osteosclerosis and/or hyperostosis
is usually made using diagnostic imaging.

Osteopetrosis has been described in dogs, cats, and horses with mild to
severe nonregenerative anemia.’®-3** Thrombocytopenia and neutropenia are
less likely to be present.?! Osteopetrosis has been described as a congenital
disorder in calves, but hematologic findings were not given.**

Osteosclerosis and myelofibrosis have been described in a dog with ery-
throid hypoplasia.*®> Osteosclerosis and nonregenerative anemia have been re-
ported in cats infected with FeLV, although it was suggested that these disorders
occurred independently.?® Osteosclerosis and myelofibrosis occur in dogs with
erythrocyte pyruvate kinase deficiency and in poodles with clinical and labora-
tory findings similar to those in documented cases of pyruvate kinase defi-
ciency.’2386387 The anemia in dogs with pyruvate kinase deficiency is regenera-
tive, although the magnitude of the reticulocyte count may be lower as the
marrow pathology becomes more severe.?23%

B ABNORMALITIES OF THE ERYTHROID SERIES

Erythroid Hyperplasia

Erythroid hyperplasia is reported when the bone marrow cellularity is normal
or increased, the absolute neutrophil count is normal or increased, and the
M:E ratio is low (Figs. 50A—-50C). If the marrow is hypocellular and/or the
absolute neutrophil count is low, a low M:E ratio indicates granulocytic hypo-
plasia is present.

Approximately 4 days are required from the time an experimental animal
is made anemic by phlebotomy and a peak reticulocyte response occurs in
blood, because this is the time required for reticulocytes to be produced follow-
ing stimulation of erythroid progenitor cells by erythropoietin.?2397:3% Early
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FIGURE 50. See legend on apposite page.
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erythroid precursors can increase in bone marrow within 12 hours after eryth-
ropoietin stimulation,> but several days are probably required after hemor-
rhage or hemolysis has occurred before erythroid hyperplasia is prominent
enough to result in a low M:E ratio. Bone marrow examination is generally not
needed in anemic animals with an absolute reticulocytosis unless other cytope-
nias are also present.

Horses rarely release reticulocytes from the bone marrow even when an
increased production of erythrocytes occurs. Consequently, bone marrow evalu-
ation is often needed to determine whether an appropriate response to anemia
is present in a horse. If the marrow cellularity is normal or increased and the
neutrophil count is normal or increased, an M:E ratio below 0.5 suggests a
regenerative response to anemia is present (Figs. 50A-50C).%’

Erythroid hyperplasia may be effective (increasing hematocrit and/or reti-
culocytosis) or ineffective. Effective erythroid hyperplasia occurs in response to
hemolytic or blood-loss anemia. It also occurs in response to primary or
secondary erythrocytosis (polycythemia),?224%-403 g]though the M:E ratio is of-
ten within the reference range. Rubriblasts and prorubricytes are usually in-
creased slightly in animals with effective erythroid hyperplasia; however, the
predominant nucleated erythroid cells remain rubricytes and metarubricytes.®!
Many polychromatophilic erythrocytes (reticulocytes) should be present in bone
marrow aspirates when the erythroid hyperplasia is effective (Fig. 50B). A
reticulocyte count may be done in the bone marrow aspirate to assist in this
assessment. Bone marrow reticulocyte counts above 5% provide evidence for an
effective regenerative response in horses.2” :

Ineffective erythroid hyperplasia may occur in severe iron deficiency, folate
deficiency, certain myeloproliferative and myelodysplastic disorders,!7:101:102.404
congenital dyserythropoiesis,*»!® and in dogs with nonregenerative immune-
mediated hemolytic anemia in which the immune response is directed at meta-
rubricytes and/or reticulocytes.>44% Erythroid hypoplasia occurs when the im-
mune response is directed at earlier stages of erythroid development. 05406

FIGURE 50. Erythroid hyperplasia and erythroid hypoplasia in bone marrow aspirate smears
and core biopsy sections.  A. Erythroid hyperplasia in an aspirate smear of bone marrow from a
horse with immune-mediated hemolytic anemia. The large cells with dark-blue cytoplasm are early erythroid
precursors. Wright-Giemsa stain. B, Higher magnification showing erythroid hyperplasia in an aspirate
smear of bone marrow from the same horse as presented in Figure 50A. Increased numbers of polychro-
matophilic erythrocytes (reticulocytes) indicate that the erythroid response is effective. Wright-Giemsa stain.
C. Erythroid hyperplasia in a bone marrow section from a core biopsy collected from the same horse as
presented in Figures 50A and 50B. A large mature megakaryocyte is present near the center of the image.

H&E stain. D. Selective erythroid aplasia in an aspirate smear of bone marrow from a Coombs’-
positive, 8-month-old Maltese dog. Small lymphocytes accounted for 15% of all nucleated cells. Wright-
Giemsa stain. E. Selective erythroid aplasia in an aspirate smear of bone marrow from a cat given

chloramphenicol at a high therapeutic dosage for 9 days. Wright-Giemsa stain. ~ F. Moderate erythroid
hypoplasia in a bone marrow section from a core biopsy collected from a horse with a chronic polyarthritis.
Nucleated erythroid precursors have round nuclei and appear darker than granulocytic precursors. H&E
stain,
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FIGURE 51. See legend on opposite page.
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Selective Erythroid Hypoplasia or Aplasia

Erythroid hypoplasia is reported when the bone marrow cellularity is normal or
decreased, the absolute neutrophil count is normal or decreased, and the M:E
ratio is high (Figs. 50D~50F). If the marrow is hypercellular and/or the abso-
lute neutrophil count is high, a high M:E ratio indicates granulocytic hyperpla-
sia is present.

Selective erythroid aplasia (pure red cell aplasia) occurs as either a con-
genital or acquired disorder in people.*’ Acquired erythroid aplasia is often
associated with abnormalities of the immune system. Erythroid aplasia may also
occur secondary to disorders such as B-19 parvovirus infection, lymphoid ma-
lignancies, and drug or chemical toxicities.*®

Acquired erythroid hypoplasia or aplasia occurs in dogs (Fig. 50D).409410
Some cases have immune-mediated etiologies based on positive responses to
immunosuppressive therapy and the presence of antibodies that inhibit CFU-E
development in marrow cultures.*® Acquired, immune-mediated erythroid apla-
sia has also been reported in FeLV-negative cats®’ In addition to a lack of
erythroid precursors, a mature lymphocytosis (up to 45% of all nucleated cells)
was present in most of the marrow samples.

Erythroid hypoplasia or dysplasia is reported to be a rare sequela to
vaccination against parvovirus in dogs.*!! High doses of chloramphenicol cause
reversible erythroid hypoplasia in some dogs*'? and erythroid aplasia in cats
(Pig. 50E).*3 Erythroid aplasia together with megakaryocytic aplasia and neutro-
philic hyperplasia is present in early estrogen toxicity in dogs.®*33 A dog has
been reported to have congenital erythroid aplasia based on histopathologic
examination of bone marrow at necropsy, but the M:E ratio was normal when
aspirate smears were examined several days prior to euthanasia.*'* Transient
erythroid hypoplasia apparently occurs at regular intervals in gray collie dogs
with inherited cyclic hematopoiesis, but it does not cause anemia because it is
of short duration, followed by a period of erythroid hyperplasia.*!5-417

Selective erythroid hypoplasia or aplasia occurs in cats infected with FeLV
subgroup C but not in cats infected only with subgroups A or B (Figs. 51A,

FIGURE 51. Erythroid hypoplasia, erythroid dysplasia, and maturation arrest of erythroid
cells in bone marrow.  A. Marked erythroid hypoplasia in an aspirate smear of bone marrow from a
FeLV-positive cat. There was also a left shift in granulocytic cells with some giantism noted. Wright-Giemsa
stain. B, Erythroid and megakaryocytic hypoplasia in a bone marrow biopsy section collected from the
same cat as presented in Figure 51A. H&E stain. C. Mild erythroid hypoplasia and granulocytic
hyperplasia in an aspirate smear of bone marrow from a dog with the anemia of inflammatory disease.
Black-staining material near the center of the image is hemosiderin. Wright-Giemsa stain. ~ D. Erythroid
hypoplasia and increased hemosiderin (orange-staining material) in a bone marrow section from a core
biopsy collected from a dog with the anemia of inflammatory disease. Two mature megakaryocytes are
present. H&E stain. E. Dyserythropoiesis in an aspirate smear of bone marrow from a horse with
MDS. A megaloblastic rubricyte is present at the far left, and a macrocytic metarubricyte with peanut-
shaped nucleus is present at the right center. A mitotic figure is present near the bottom right. Wright-
Giemsa stain. F. Erythroid maturation arrest in an aspirate smear of bone marrow from a dog with
systemnic lupus erythematosus that included a Coombs’-positive nonregenerative anemia. Most erythroid cells
present were rubriblasts or prorubricytes. Wright-Giemsa stain.
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FIGURE 52. Dysplastic erythroid and neutrophilic cells in bone marrow aspirate smears
Wright-Giemsa stain except as indicated. A. Megaloblastic erythroid precursor in an aspirate
smear of bone marrow from a cat with erythroleukemia (AML-MS6). B. Megaloblastic erythroid
precursor in an aspirate smear of bone marrow from a cat with AML-M2.  C. Megaloblastic erythroid
precursor in an aspirate smear of bone marrow from a FeLV-positive cat with MDS. D. Megaloblastic
erythroid precursor in an aspirate smear of bone marrow from the same cat with AML-M2 as presented in
Figure 52B. E. Macrocytic polychromatophilic rubricyte in an aspirate smear of bone marrow from a
cat with MDS. F. Macrocytic polychromatophilic rubricyte (top left) in an aspirate smear of bone
marrow from a horse with MDS. G. Macrocytic orthochromatic metarubricyte (left) in an aspirate
smear of bone marrow from the same horse with MDS as presented in Figure 52F.  H. Trinucleated
polychromatophilic rubricyte in an aspirate smear of bone marrow from a dog with lymphoma and mild
dyserythropoiesis. Prior chemotherapy was not listed in the medical record. 1. Lobulated polychromat-
ophilic rubricyte in an aspirate smear of bone marrow from the same dog with mild dyserythropoiesis as
presented in Figure 52H. J. Lobulated polychromatophilic metarubricyte in an aspirate smear of bone
marrow from a dog 1 day after treatment with vincristine. K. Lobulated polychromatophilic metaru-
bricyte in an aspirate smear of bone marrow from the same vincristine-treated dog as presented in Figure
52]. L. Iron-positive metarubricyte (sideroblast) in an aspirate smear of bone marrow from a dog

(Continued)
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51B).#® When some erythroid cells remain, an apparent maturation arrest may
be present with an increased ratio of rubriblasts and prorubricytes relative to
rubricytes and metarubricytes. Although both myeloid and erythroid progenitor
cells are infected with the virus, only erythroid progenitor cell numbers are
decreased in cat marrow. Studies suggest that CFU-E numbers are markedly
decreased because the virus results in an impairment of the differentiation of
BFU-E into CFU-E.*1®

Marked erythroid hypoplasia has been reported in dogs, cats, and horses
given recombinant human erythropoietin.#!*-42! Antibodies made against this
human recombinant glycoprotein apparently cross-react with the animals’ en-
dogenous erythropoietin.

Erythroid production is reduced in chronic renal disease®! and endocrine
deficiencies (hypopituitarism, hypoadrenocorticism, hypothyroidism, and hy-
poandrogenism) but often not enough to result in an M:E ratio in the marrow
that is increased above the reference range. Dogs with idiopathic myelofibrosis
often have an associated erythroid hypoplasia.®!

A mild to moderate nonregenerative anemia often accompanies chronic
inflammatory and neoplastic disorders. The cause of this anemia of inflamma-
tory disease (anemia of chronic disease) is multifactorial and only partially
understood. Abnormalities that can contribute to the anemia include the pro-
duction of inflammatory mediators that directly or indirectly inhibit erythropoi-
esis, decreased serum iron, shortened erythrocyte life spans, and blunted eryth-
ropoietin response to the anemia.*?>4?* The M:E ratio is typically high in
clinical cases of the anemia of inflammatory disease in dogs (Figs. 51C, 51D),®
not only because of deficient erythropoiesis but also because of concomitant
granulocytic hyperplasia.??

Dyserythropoiesis

The term “dyserythropoiesis” is used to refer to various disorders in which
abnormal erythrocyte maturation and/or morphology is associated with ineffec-
tive erythropoiesis. Erythroid abnormalities that may be present include megalo-
blastic cells, abnormal nuclear shapes, premature nuclear pyknosis, nuclear
fragmentation, multinucleated cells, internuclear chromatin bridging, nuclear
and cytoplasmic asynchrony, maturation arrest, and siderotic inclusions.
Megaloblastic erythroid cells are larger than normal with a more stranded
arrangement of chromatin and abundant parachromatin, giving a pronounced
light and dark pattern to the nucleus (Figs. 51E, 52A-52D). The cytoplasm is

receiving chloramphenicol therapy. Blue granules in the cytoplasm indicate the presence of iron. Prussian
blue stain. M. Iron positive metarubricyte (upper left) in an aspirate smear of bone marrow from a
dog receiving chloramphenicol therapy. Because the iron-positive granules circle the nucleus, it may be
called a ringed sideroblast. Prussian blue stain. N. Giant band neutrophil (left) in an aspirate smear of
bone marrow from the same cat with MDS as presented in Figure 52N. Two normal-sized band neutrophils
(right) are also present. ~ O. Giant binucleated granulocytic precursor in bone marrow from a cat with
MDS.  P. Doughnut-shaped neutrophil precursor in an aspirate smear of bone marrow from an FIV-
infected leukopenic cat.
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generally abundant and hemoglobin synthesis may be present at earlier stages of
development than is typically seen (e.g., nuclear and cytoplasmic asynchrony).5?
Rubricytes and metarubricytes may be macrocytic without prominent nuclear
abnormalities (Figs. 52E—52G). These morphologic abnormalities are most of-
ten seen in animals with myeloproliferative disorders,!:101:102404424425 Megalo-
blastic erythropoiesis occurs most commonly in ill cats with FeLV infections but
has also been reported in cats with feline immunodeficiency virus (FIV) infec-
tions.*?6 Megaloblastic erythroid cells have been reported in the marrow of cats
with natural and experimentally induced folate deficiency'®?” and in dogs with
prolonged anticonvulsant drug therapy.>? Finally, some miniature and toy poo-
dles exhibit macrocytosis without anemia and variable megaloblastic abnormali-
ties in the bone marrow with normal serum folate and B,, values.4%42°

Multinucleated erythroid cells (Fig. 52H) have been reported in animals
with myeloproliferative disorders!!:303:404425430 and in animals with acquired and
congenital dyserythropoiesis.!®*? Nuclear lobulations, pyknosis, and/or frag-
mentation may occur in animals with myeloproliferative disorders and!0!426
acquired and congenital dyserythropoiesis*>!%37 and following treatment with
certain chemotherapeutic drugs such as vincristine (Figs. 521-52K).3** Internu-
clear chromatin bridging has been reported in cattle with congenital dyserythro-
poiesis.!%

Maturation arrests at various stages of erythroid development, with a
resultant lack of polychromatophilic erythrocytes, may occur in acquired myelo-
proliferative disorders**' and in congenital dyserythropoiesis,'® as well as in
some immune-mediated disorders (Fig. 51F).4%54% Asynchrony of nuclear and
cytoplasmic maturation in which hemoglobinization precedes nuclear matura-
tion may occur in acquired myeloproliferative disorders as well as in congenital
dyserythropoiesis.!”!® Iron-positive basophilic stippling has been reported in
rubricytes and metarubricytes (sideroblasts) from animals with myeloprolifera-
tive disorders,’8101:303:432 3 dog with idiopathic dyserythropoiesis,® and a dog
given chloramphenicol therapy (Figs. 52L, 52M).#33

B ABNORMALITIES OF THE GRANULOCYTIC SERIES

Granulocytic Hyperplasia

Granulocytic hyperplasia is reported when the bone marrow cellularity is nor-
mal or increased, the hematocrit is normal or increased, and the M:E ratio is
high. If the marrow is hypocellular and/or the hematocrit is low, a high M:E
ratio suggests that erythroid hypoplasia is present. Because neutrophilic cells are
usually much more numerous than eosinophilic or basophilic cells in bone
marrow, the term “granulocytic hyperplasia” generally indicates the presence of
neutrophilic hyperplasia. Eosinophilic and/or basophilic hyperplasia may accom-
pany neutrophilic hyperplasia, but they rarely account for increased M:E ratios
on their own.
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Neutrophilic Hyperplasia

Neutrophilic hyperplasia may be effective or ineffective. Effective neutrophilic
hyperplasia results in neutrophilia, with or without a left shift. It occurs in
response to various hematopoietic growth factors, with granulocyte-colony stim-
ulating factor (G-CSF) being most important.*?* Several days are required from
the time of growth factor stimulation until hyperplasia is prominent enough to
increase the M:E ratio outside the reference range.*”> The proportions of
myeloblasts and promyelocytes are generally not increased out of proportion to
more mature neutrophilic cells in animals with neutrophilic hyperplasia, but
they may sometimes be increased with early and/or intense stimulation with
growth factors,81215406423.43¢ Myeloblasts did not exceed 6% of all nucleated cells
in cats with myeloid hyperplasia.’® The proportion of mature granulocytes in
marrow may be decreased, because cytokines such as G-CSF, interleukin-1, and
tumor necrosis factor (either directly or indirectly) result in increased release of
neutrophils from the marrow.>!542

Neutrophilic hyperplasia occurs most frequently in response to bacterial
infections, but may also occur in response to immune-mediated inflammatory
disorders, necrosis, chemical and drug toxicities, and malignancy (Figs. 53A,
53B).117435 The natural release or injection of recombinant G-CSF or granulo-
cyte/macrophage-colony stimulating factor (GM-CSF) result in neutrophilia in
blood and neutrophilic hyperplasia in the bone marrow.**¢-* Extreme neutro-
philic hyperplasia in bone marrow and neutrophilia in blood has been reported
as a paraneoplastic syndrome in dogs and cats with tumors that produce
hematopoietic growth factors, 34439440

Neutrophilic hyperplasia may be present in animals with inherited hema-
tologic disorders.*41442 Marked neutrophilia with or without a modest left shift
is usually present in dogs and cattle with deficiencies in 8, integrin adhesion
molecules.#*# Granulocyte hyperplasia also follows cyclic episodes of neutro-
philic hypoplasia in gray collie dogs with cyclic hematopoiesis.*544¢

Marked neutrophilic hyperplasia and concomitant erythroid and megakar-
yocytic aplasia occur during the first 3 weeks after the injection of a toxic dose
of estrogen in dogs (Fig. 53C).>* This is followed by generalized hypoplasia or
aplasia and death or slow recovery.

Neutrophilic hyperplasia is present in animals with chronic myelocytic
leukemia. The percentage of immature neutrophilic cells is increased, but the
percentage of myeloblasts does not exceed 30% of all nucleated cells. Dysplastic
changes are also typically present in one or more marrow cell lines.!3!:132:447-449

Ineffective neutrophilic hyperplasia refers to the occurrence of a persistent
neutropenia with neutrophilic hyperplasia in the bone marrow (Fig. 53D).
Increased numbers of immature granulocyte precursors and decreased numbers
of mature neutrophils are typically present within the marrow. Ineffective neu-
trophilic hyperplasia frequently occurs in myelodysplastic disorders and acute
myelocytic leukemias.!*#*! It is especially common in neutropenic cats with
FeLV and/or FIV infections,?26:431:450451
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FIGURE 53. See legend on opposite page.
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Neutropenia has been reported in dogs treated with anticonvulsants that
had neutrophilic hyperplasia and orderly maturation in the marrow, suggesting
a peripheral destruction of neutrophils.*s

Immune-mediated neutropenia may result in secondary neutrophilic hy-
perplasia in response to the premature removal of blood neutrophils. A dog
with neutropenia, thrombocytopenia, and neutrophilic and megakaryocytic hy-
perplasia in the bone marrow, which rapidly responded to glucocorticoid ther-
apy, appeared to have been an immune-mediated disorder.*>

Eosinophilic Hyperplasia

Eosinophilic hyperplasia is generally present in bone marrow when eosinophilia
is present in blood (Figs. 53E, 53F, 54A)"* Eosinophilia may accompany para-
sitic diseases, especially those caused by nematodes and flukes. It is more likely
to be present when intestinal nematodes are migrating within the body than
when they are only located within the intestine. Eosinophilia may occur in
association with inflammatory conditions of organs that normally contain nu-
merous mast cells, such as the skin, lung, intestine, and uterus. It may be
present in animals with IgE-mediated allergic hypersensitivity reactions such as
fleabite allergies and feline asthma. Although not usually present, eosinophilia
may occur in animals with mast cell tumors and, rarely, in animals with other
tumor types.454-4%6

Eosinophilia occurs in some animals with eosinophilic granulomas, and it
is consistently present in animals with the hypereosinophilic syndrome, a heter-
ogenous group of disorders that can be difficult to differentiate from eosino-
philic leukemia.!#6457-460 The maturation is orderly in hypereosinophilic syn-
drome. Prominent eosinophilic left shifts in bone marrow, blood, and organ
infiltrates are more likely to occur in animals with eosinophilic leukemia.!®4-18¢
Eosinophilia has been reported in animals with CML,130.131:184:449461

Increased numbers of eosinophils may be present in bone marrow samples
from animals with myelodysplastic disorders and acute myeloid leukemia
(AML), even in the absence of peripheral eosinophilia.?*6-2%

FIGURE 53. Neutrophilic and eosinophilic hyperplasia in bone marrow aspirate smears and
core bone marrow biopsy sections. A. Neutrophilic hyperplasia in an aspirate smear of bone
marrow from a dog with neutrophilia and nonregenerative anemia secondary to a bacterial endocarditis.
The black globular material near the bottom right is hemosiderin. Wright-Giemsa stain. . B. Neutro-
philic hyperplasia and erythroid hypoplasia in a bone marrow section from a core biopsy collected from a
cat with marked mature neutrophilia and nonregenerative anemia, for which a cause was not determined.
H&E stain. C. Neutrophilic hyperplasia and erythroid hypoplasia in an aspirate smear of bone marrow
from a dog 13 days after an estradiol cypionate (ECP) injection for mismating. Wright-Giemsa stain.  D.
Ineffective neutrophilic hyperplasia and erythroid hypoplasia in an aspirate smear of bone marrow from a
persistently leukopenic, FIV-infected cat. Fewer band and mature neutrophils were present than normal.
Wright-Giemsa stain. ~ E. Eosinophilic hyperplasia in an aspirate smear of bone marrow from a cat with
marked eosinophilia, probably associated with a hypereosinophilic syndrome. Wright-Giemsa stain.  F.
Eosinophilic hyperplasia in a bone marrow core biopsy section collected from a cat with lymphocytic-
plasmacytic gastritis and eosinophilia in the peripheral blood. H&E stain.
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FIGURE 54. See legend on opposite page.
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Basophilic Hyperplasia

Basophilic hyperplasia is generally present in bone marrow when basophilia is
present in blood.!#2 Basophilia is usually associated with the same types of
disorders that result in eosinophilia. It is most commonly seen in dogs and cats
with dirofilariasis.#6346¢ Basophilia may occur in some dogs and cats with sys-
temic mastocytosis.?18319455.46546 Basophilia has been reported in dogs with
lymphomatoid granulomatosis*’ and in a dog with thrombocythemia. 4745 A
marked basophilic left shift is present in blood and bone marrow of dogs with
basophilic leukemia,!8%1946® and increased numbers of basophilic precursors
may rarely be present in the bone marrow of cats with myeloproliferative
disorders (Fig. 54B).2%6238

Granulocytic Hypoplasia

Granulocytic hypoplasia is reported when the bone marrow cellularity is normal
or decreased, the hematocrit is normal or increased, and the M:E ratio is low.
If the marrow is hypercellular and/or the hematocrit is low, a low M:E ratio
indicates erythroid hyperplasia is present. Because neutrophilic cells are nor-
mally much more numerous than eosinophilic or basophilic cells in bone
marrow, the term “granulocytic hypoplasia” indicates that neutrophilic hypopla-
sia is present (Figs. 54C—54E). Eosinophilic hypoplasia and/or basophilic hypo-
plasia may accompany neutrophilic hypoplasia, but few basophil precursors are
normally present in bone marrow, making an interpretation of basophilic hypo-
plasia difficult.

FIGURE 54. Eosinophilic and basophilic hyperplasia, granulocytic hypoplasia, and granulocyte
maturation arrest in bone marrow. A. Eosinophilic hyperplasia in an aspirate smear of bone
marrow from a horse with an abdominal mast cell tumor and marked eosinophilia in peripheral blood.
Some of the granules in the eosinophilic myelocytes stain bluish red. Wright-Giemsa stain. B. Baso-
philic hyperplasia in an aspirate smear of bone marrow from a cat with AML-M2. Four basophilic
myelocytes (one upper left, three right center) are present. A type II myeloblast is present at bottom center
and a promyelocyte is present at bottom left. Wright-Giemsa stain. C. Granulocytic hypoplasia of
unknown etiology in an aspirate smear of bone marrow from a FeLV-negative, FIV-negative, neutropenic
cat with normal hematocrit and platelet count. Wright-Giemsa stain. ~ D. Granulocytic hypoplasia in a
bone marrow section from a core biopsy collected from a dog 6 days after therapy with vincristine,
L-asparaginase, and prednisone was begun for a mediastinal tumor. Two megakaryocytes and many erythroid
precursors are present. The orange-staining globular material is hemosiderin. H&E stain. E. Granulo-
cytic hypoplasia of unknown etiology in an aspirate smear of bone marrow from a FeLV-negative cat with
severe neutropenia. The hematocrit and platelet counts were normal. Most cells present are nucleated
erythrocyte precursors. Wright-Giemsa stain. ~ F.  Maturation arrest of granulocytes in an aspirate smear
of bone marrow from a severely neutropenic cat that had been treated with griseofulvin and prednisone for
skin lesions. Increased numbers of small lymphocytes are also present. Slight neutrophilia and normal bone
marrow cytology were present 3 days later, following cessation of drug treatments. Wright-Giemsa stain.
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Selective Neutrophilic Hypoplasia or Aplasia

Selective neutrophilic hypoplasia may be immune mediated, drug induced
(which may be secondary immune-mediated disorder), inherited, or idiopathic
in people.??6470-472 Cytotoxic drugs used to treat immune-mediated diseases and
cancer typically result in generalized marrow injury, but in some cases, injury to
the neutrophilic series is more severe than injury to the erythroid or megakary-
ocytic series. Azathioprine can produce neutropenia resulting from selective
neutrophilic hypoplasia in some cats.*”> Experimental studies in cats have also
demonstrated that doxorubicin can produce neutropenia without anemia or
thrombocytopenia at times, but the investigators did not examine bone marrow
to determine whether selective neutrophilic hypoplasia was present.*?

Many drugs have been reported to cause neutropenia in people, and
neutrophilic hypoplasia is commonly present in bone marrow.*”*4”! Griseofulvin
is a fungistatic antibiotic that has been reported to cause neutropenia in cats
with dermatophyte infections but not in experimental cats without dermato-
phyte infections (Fig. 54F).3*47* FIV-infected cats appear to have an increased
risk of developing griseofulvin-induced toxicity.*’* In these cases, bone marrow
evaluation has revealed evidence of neutrophilic hypoplasia. Methimazole treat-
ment has been reported to cause neutropenia in hyperthyroid cats, but bone
marrow findings were not given.#’¢ Transient methimazole-induced generalized
marrow aplasia has been reported in humans.*”’

Neutropenia has been reported in animals given recombinant G-CSF from
another species.””® This phenomenon apparently occurs because the recipient
develops antibodies that react not only against the foreign recombinant protein
but also against the recipient’s endogenous G-CSF. Marked neutrophilic hypo-
plasia occurred when canine recombinant G-CSF was injected into rabbits*®
but not when recombinant human G-CSF was injected into dogs.*’”® In the
latter instance, the authors speculated that the antibody was bound to G-CSF
on the surface of circulating neutrophils, resulting in an immune-mediated
premature destruction of these cells.

Neutrophilic hypoplasia occurs in the bone marrow of neutropenic cats
and dogs with parvovirus infections.’s!*$3354377 Parvovirus infections in pups
can also cause a severe erythroid hypoplasia, but animals usually do not become
anemic because of the long life spans of erythrocytes.>*

Transient neutrophilic hypoplasia in the marrow and resultant transient
neutropenia in blood occurs at 12- to 14-day intervals in gray collie dogs with
inherited cyclic hematopoiesis.*!7:4464% When examined early in the neutropenic
phase, myeloblasts and promyelocytes are present, but later stages of neutrophil
development are absent and the M:E ratio is low.#” Over the next few days,
later maturation stages increase until the neutrophilic series is complete, the
M:E ratio is high, and the number of neutrophils in blood is normal or
increased.#78 QOverall marrow cellularity is fairly constant, because the oscilla-
tions of granulopoiesis and erythropoiesis occur in a reciprocal manner.* A
similar repetitive pattern of neutrophilic hypoplasia, followed by neutrophilic
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hyperplasia, has been described in cats with FeLV-induced cyclic hematopoie-
sis.#*! Cyclic neutropenia has been produced experimentally in dogs using con-
tinuous low-dose cyclophosphamide treatment, but bone marrow was not ex-
amined. 4

Familial neutropenia and thrombocytopenia have been reported in eight
horses with severe neutrophilic hypoplasia/aplasia and megakaryocytic hypopla-
sia. 3 Erythroid maturation was orderly, but some degree of erythroid hypopla-
sia was believed to be present in half of the horses.

Dysgranulopoiesis

The term “dysgranulopoiesis” is used to refer to various disorders in which
abnormal granulocyte maturation and/or morphology is present (Figs. 52N-
52P, 54F, 55A—55F). Dysgranulopoiesis is often associated with ineffective gran-
ulopoiesis, resulting in a neutropenia in peripheral blood. Neutrophilic abnor-
malities that may be present in bone marrow include increased numbers (5% to
29%) of myeloblasts, maturation arrest in the neutrophilic series at the myelo-
cyte-metamyelocyte stage, giant metamyelocytes, band and mature neutrophils,
multinucleated cells, abnormal granulation such as large primary granules or
granules surrounded by vacuoles, hyposegmented neutrophils (pseudo-Pelger-
Huet), hypersegmented neutrophils, and neutrophils with bizarre nuclear
shapes, s8101.131:303404430431. Dysgranulopoiesis frequently occurs in myelodysplastic
disorders and acute myelocytic leukemias. It is especially common in cats with
FeLV and/or FIV infections.126431450451 Dysgranulopoiesis in the form of occa-
sional giant metamyelocytes and band neutrophils may be seen in cats with
myeloid hyperplasia unrelated to myeloproliferative disorders.**

Experimental studies have shown that lithium treatment causes a neutro-
penia in cats as a result of a neutrophilic maturation arrest in the bone
marrow.*®3 Unfortunately, investigators did not provide an M:E ratio or com-
ment on marrow cellularity. Maturation arrests in both neutrophilic and ery-
throid series have been reported in bone marrow of neutropenic, anemic dogs
treated with a cephalosporin antibiotic.®® Dysgranulopoiesis and mild erythroid
hypoplasia have been reported in the marrow of cats given valacyclovir, an
antiviral drug designed for the treatment of herpes virus infections.**

Giant schnauzer dogs with an inherited malabsorption of cobalamin may
have neutropenia with hypersegmented neutrophils in blood and megaloblastic
changes in the bone marrow neutrophilic cell line, 180483

The early recovery stage from neutrophilic hypoplasia can exhibit some of
the morphologic abnormalities reported in animals with dysgranulopoiesis.'
When neutrophils begin to proliferate after a period of neutrophilic aplasia,
myeloblasts and promyelocytes are predominant early, followed progressively by
the appearance of the later stages of development 4746481 When examined prior
to the production of mature neutrophils, the appearance of a maturation arrest
is present. Overwhelming sepsis with a compensatory premature release of
mature neutrophils can also give the impression of a maturation arrest.
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FIGURE 55. See legend on opposite page.
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B ABNORMALITIES OF MEGAKARYOCYTES

Megakaryocytic Hyperplasia

Megakaryocyte number, ploidy, and size increase in bone marrow within a few
days following thrombocytopenia that results from premature destruction or
utilization of platelets in blood (Figs. 56A, 56B).46487 Although other growth
factors have synergistic effects, these changes are largely the result of increased
thrombopoietin, which also accelerates the rate of megakaryocyte maturation.
Most megakaryocytes are mature in animals with megakaryocytic hyperplasia,
but increased numbers of promegakaryocytes and basophilic megakaryocytes are
often recognized. Thrombocytopenic disorders in which megakaryocytic hyper-
plasia is expected include primary and secondary immune-mediated thrombocy-
topenia, ongoing intravascular coagulation, hypersplenism, and vascular in-
jury.#88-492 Varjous viral, rickettsial, bacterial, protozoal, and fungal agents*%3-4%
and therapeutic drugs®®452497-4% result in platelet destruction (often immune
mediated) or utilization and subsequent megakaryocytic hyperplasia (Fig. 56E).
Ehrlichia canis infection is a common cause of thrombocytopenia in dogs.
Although generalized marrow hypoplasia occurs in severe chronic ehrlichiosis,
megakaryocytic hyperplasia is present early in the disease when immune-medi-
ated platelet destruction largely accounts for the thrombocytopenia. 4%

Megakaryocytic hyperplasia also occurs in association with thrombocythe-
mia, a myeloproliferative disorder that is characterized by persistent, markedly
increased (>1 X 105/uL) platelet counts in the absence of iron deficiency, an
underlying inflammatory condition, or another myeloproliferative disorder that
might account for the high platelet count.247:468501-505 Megakaryocyte morphol-
ogy generally appears normal when examined by light microscopy (Figs. 56C,
56D), but dwarf megakaryocytes (small mature megakaryocytes with decreased
ploidy) may be present.?*’

FIGURE 55. Dysgranulopoiesis with maturation arrest and giant precursors cells. ~ A. Matu-
ration arrest in neutrophil development at the myelocyte-metamyelocyte stage in an aspirate smear of bone
marrow from a neutropenic dog with MDS. No mature neutrophils and only one band neutrophil are
present. Erythroid precursors are absent in this field. The M:E ratio was 19. Wright-Giemsa stain. B.
Maturation arrest in neutrophil development at the myelocyte-metamyelocyte stage in a bone marrow
section from a core biopsy collected from the same neutropenic dog as presented in Figure 55A. H&E stain.
C. Maturation arrest in neutrophil development at the myelocyte-metamyelocyte stage in an aspirate smear
of bone marrow from a FeLV-negative, neutropenic cat with MDS. Erythroid precursors are absent in this
field. Wright-Giemsa stain.  D. Increased numbers of myeloblasts (six largest cells) in an aspirate smear
of bone marrow from a horse with MDS. Myeloblasts accounted for 9% of all nucleated cells and 28% of
granulocytic cells in the bone marrow. Wright-Giemsa stain.  E. Giant band neutrophils in an aspirate
smear of bone marrow from a cat with MDS. Wright-Giemsa stain. F. Giant band neutrophils in an
aspirate smear of bone marrow from the same cat with MDS as presented in Figure 55E. Wright-Giemsa
stain.
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FIGURR 56. See legend on opposite page.
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Selective Megakaryocytic Hypoplasia or Aplasia

Selective amegakaryocytic thrombocytopenia is a rare syndrome in people, in
which it occurs as a congenital defect or an acquired defect in adults.5 Idio-
pathic amegakaryocytic thrombocytopenia is also rare in adult dogs and cats, in
which it is presumed to be immune mediated (Fig. 56F).4%%507-5% [t has been
reported in a quarter-horse foal with associated immune-mediated hemolytic
anemia.”'® Familial neutropenia and thrombocytopenia have been reported in
eight horses with severe neutrophilic hypoplasia/aplasia and megakaryocytic hy-
poplasia.63

Various drugs may induce thrombocytopenia as result of marrow suppres-
sion. Usually, marrow suppression is generalized, but megakaryocytes may be
specifically decreased.*” For example, dapsone treatment has been associated
with amegakaryocytic thrombocytopenia in a dog®!! and megakaryocytic and/or
erythroid hypoplasia were reported to occur in cats treated with ribavirin, a
broad-spectrum antiviral agent.>'?

Dysmegakaryocytopoiesis

Dysmegakaryocytopoiesis refers to the presence of maturation and/or morpho-
logic abnormalities in megakaryocytic cells. Apparent maturation arrests with
early stages (e.g., promegakaryocytes) predominating may not be reflective of a
dysplastic process but rather may result from immune-mediated reactions
against megakaryocyte antigens (Fig. 56A).°"> Dysplastic abnormalities that may
be present in bone marrow include asynchronous maturation resulting in the
formation of dwarf granular megakaryocytes with single or multiple nuclei and
large megakaryocytes with nuclear abnormalities including hypolobulation, hy-
perlobulation, or multiple round nuclei (Figs. 57A-57C).#*! Megakaryocytic
dysplasia may occur following drug administrations®? but most frequently oc-
curs in myelodysplastic disorders and acute myelocytic leukemias, 3303425431514

FIGURE 56. Variations in megakaryocyte numbers and morphology in bone marrow.  A.
Lack of mature megakaryocytes in an aspirate smear of bone marrow from a dog with immune-mediated
thrombocytopenia. Most megakaryocyte precursors present were promegakaryocytes (binucleated cell at left),
but some basophilic megakaryocytes (large cell at right) were observed. Wright-Giemsa stain. B.
Marked megakaryocytic hyperplasia in an aspirate smear of bone marrow from the same dog with immune-
mediated thrombocytopenia as presented in Figure 56A. This aspirate was taken 1 week after prednisone
therapy was begun and photographed at lower magnification. Wright-Giemsa stain.  C. Megakaryocytic
hyperplasia in an aspirate smear of bone marrow from a cat with thrombocythemia and a platelet count of
1.4 X 10%uL. Wright-Giemsa stain.  D. Megakaryocytic hyperplasia in a bone marrow section from the
same cat with thrombocythemia as presented in Figure 56C. H&E stain.  E. Megakaryocytic hyperplasia
in a bone marrow section from a core biopsy collected from a thrombocytopenic dog with disseminated
intravascular coagulation that developed 1.5 weeks after treatment for occult heartworm disease, H&E stain.
F. Megakaryocyte aplasia in a hypercellular aspirate smear of bone marrow from a thrombocytopenic cat
with associated immune-mediated hemolytic anemia. Only one megakaryocyte was seen when multiple
smears were scanned. Megakaryocytes were not seen in sections of bone marrow collected at necropsy.
Wright-Giemsa stain.
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FIGURE 57. Dwarf megakaryocytes and megakaryocytic emperipolesis in bone marrow aspi-
rate smears, Wright-Giemsa stain.  A. Binucleated dwarf megakaryocyte in an aspirate smear of
bone marrow from a dog with CML. Magenta-staining granules in the cytoplasm and lack of intense
basophilia indicate that it is not a promegakaryocyte. ~ B. Dwarf megakaryocyte in an aspirate smear of
bone marrow from a FeLV-positive, thrombocytopenic cat with MDS. Large numbers of magenta-staining
granules are present in the cytoplasm as is expected for mature megakaryocytes, but the cell has a single
nucleus and is much smaller than normal.  C. Binucleated dwarf megakaryocyte in an aspirate smear of
bone marrow from a dog with AML-M?7. D. Megakaryocytic emperipolesis in an aspirate smear of
bone marrow from the same cat with thrombocythemia as presented in Figures 56C and 56D.

Emperipolesis

Megakaryocytic emperipolesis refers to the movement of blood cells (neutro- -
phils, erythrocytes, and lymphocytes) within megakaryocytes (Fig. 57D). Emper-
ipolesis differs from phagocytosis in that entering cells temporarily exist within
the cell. The mechanism and significance of this finding remain to be defined.
Increased emperipolesis has been reported in humans with various conditions
including active blood loss, carcinomas, myeloproliferative disorders, and reac-
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tive thrombocytosis.’'*5!¢ Emperipolesis occurs at low levels in young rats but is
common in aged rats, and the incidence is markedly increased in animals with
hyperplastic bone marrow secondary to chronic suppurative or neoplastic le-
sions.’” Increased emperipolesis has been produced experimentally in animals
in which thrombopoiesis is increased by phlebotomy,”® interleukin-6 injec-
tions,*® vincristine treatment,’® and lipopolysaccharide (LPS) injections.®?!
Studies with LPS indicate that emperipolesis is at least partly dependent on
interactions between adhesion molecules on leukocytes and megakaryocytes.?!
Internalization of Histoplasma capsulatum organisms within megakaryocytes has
also been reported.>? :

B ABNORMALITIES OF MONONUCLEAR PHAGOCYTES

Monocytic Hyperplasia

Monocyte precursors are normally present in low numbers in the bone marrow,
and they are difficult to differentiate from neutrophilic precursors based on
morphology alone. Consequently, mild monocytic hyperplasia is difficult to
recognize, and monocytic hypoplasia is not recognized at all. Monocytic hyper-
plasia may be appreciated in inflammatory conditions with increased monocyte
production and in certain myelodysplastic and myeloproliferative disorders.'®*
Monocyte precursors are markedly increased in two forms of AML. When
myeloblasts as well as monoblasts are increased, the term “acute myelomonocy-
tic leukemia” (AML-M4) may be used. When only monoblasts are increased,
the disorder is classified as acute monocytic leukemia (AML-M5).2%

Reactive Macrophage Hyperplasia

Macrophage hyperplasia occurs in the bone marrow in response to a variety of
systemic viral, bacterial, fungal, and protozoal infectious agents (Fig. 58A).
Organisms that may be visualized in bone marrow macrophages include Myco-
bacterium spp.,’"* Histoplasma capsulatum (Fig. 58B),22°23-527 Leishmania
donovani, (Figs. 58C, 58D),528-5% Cytauxzoon felis (Figs. 59A—59D),"1¢**! and
Phialemonium obovatum.>*

Macrophages may be increased in marrow and contain phagocytized cellu-
lar debris in response to marrow necrosis’”®*’2 or increased apoptosis, as may
occur in dyserythropoiesis®” or myeloproliferative disorders (Figs. 60A,
60B).30339 Increased numbers of vacuolated macrophages may be seen in some
inherited lipid storage diseases (Fig. 60C).224333334

Phagocytosis of Blood Cells and Their Precursors

Phagocytosis of blood cells is rare in bone marrow of normal animals and
generally only involves mature erythrocytes. Phagocytosis of blood precursor
cells is considered abnormal and implies increased cell destruction or death
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FIGURE 58. Macrophage hyperplasia, histoplasmosis, and leishmaniasis in bone marrow.
A. Increased numbers of vacuolated macrophages in bone marrow from an anemic cat with erythroid
hyperplasia but minimal increase in blood reticulocyte numbers. Wright-Giemsa stain. ~ B. Macrophage
(right) containing many Histoplasma capsulatum organisms in an aspirate smear of bone marrow from a cat
with disseminated histoplasmosis. Free organisms (left bottom) may have come from damage to this cell or
other macrophages present. Wright-Giemsa stain. C. Macrophage containing many Leishmania dono-
vani organisms in an aspirate smear of bone marrow from a dog with disseminated leishmaniasis. These
protozoal organisms are identified by a distinctive bar-shaped kinetoplast in the cytoplasm which stains
similar to the nucleus. Wright-Giemsa stain, D. Macrophages containing Leishmania donovani orga-
nisms (dark dots) in a bone marrow section from a core biopsy collected from a dog with disseminated
leishmaniasis. A megakaryocyte is present at the right side. H&E stain.

within the marrow (Figs. 60D—60F). Increased phagocytosis of blood cells and/
or their precursors—primarily erythroid cells—may be observed in primary or
secondary immune-mediated disorders.” However, increased phagocytosis of
blood cells and/or their precursors may also be observed secondary to various
infectious and neoplastic diseases.?0>377:53536 This finding apparently results
from the production of inflammatory cytokines such as vy-interferon, tumor

(text continued on page 157)
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FIGURE 59. Stages of schizont development in Cytauxzoon felis infection in feline bone
marrow aspirate smears. Wright-Giemsa stain.  A. Early Cytauxzoon felis schizont development
within a macrophage in an aspirate smear of bone marrow from a cat with cytauxzoonosis. The “ribbons”
of darker blue material with reddish inclusions represent protoplasm of the infectious agent. The macro-
phage nucleus is eccentrically located on the right side of the cell. B. Intermediate Cytauxzoon felis
schizont development within a macrophage in an aspirate smear of bone marrow from a cat with cyta-
uxzoonosis shown at a much lower magnification than in Figure 59A. Separation of nuclear and cytoplasmic
material has occurred. The nucleus of the macrophage is eccentrically located at the bottom edge of the cell.
C. Mature Cytauxzoon felis schizont within a macrophage in an aspirate smear of bone marrow from a cat
with cytauxzoonosis shown at the same magnification as in Figure 59B. Nuclei of hundreds of individual
merozoites appear as small dots. The nucleus of the macrophage is eccentrically located at the bottom left
edge of the cell. ~ D. Free Cytauxzoon felis merozoites (elongated magenta-staining nuclei with wisps of
pale-blue cytoplasm) in an aspirate smear of bone marrow from a cat with cytauxzoonosis shown at
considerably higher magnification than in Figure 59C. The nucleus of a ruptured macrophage that likely
released the merozoites is located at the left of the field.
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FIGURE 60. See legend on opposite page.
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necrosis factor-a, and/or interleukin-1 which, either directly, or indirectly through
the production of growth factors such as macrophage-CSF (M-CSF) and GM-CSF,
stimulate the production and phagocytic activity of macrophages.*523537

A hemophagocytic syndrome (hematophagic histiocytosis) has been char-
acterized in humans and animals in which there are cytopenias in blood associ-
ated with an increased number of benign-appearing macrophages in bone mar-
row (a minimum of 2% of all nucleated cells), spleen, lymph nodes, and/or
liver that have phagocytized blood cells and/or their precursors. Schistocytes
and activated monocytes may also be present in blood 305535538-540

Malignant Histiocytosis

The term “histiocyte” is used to describe cells of both the monocyte/macro-
phage series and the Langerhans cell/dendritic cell series.* The term “malig-
nant histiocytosis” refers to a malignant neoplasm of macrophages (Figs. 61A—
61F). A more descriptive term would be “malignant macrophage histiocyto-
sis.”**® Macrophages present in this disorder exhibit criteria of malignancy not
seen in reactive histiocytic disorders. Malignant histiocytes exhibit moderate to
marked anisocytosis and anisokaryosis, with moderate to abundant lightly baso-
philic vacuolated cytoplasm. Nuclei are round, oval, or reniform with promi-
nent nucleoli. Bizarre mitotic figures and multinucleated giant cells may be
present. Phagocytosis of blood cells, especially erythrocytes, is common with
resultant presence of hemosiderin (Fig. 61B).321541-54

Bernese mountain dogs have a predilection for malignant histiocytosis.
Infiltrates are generally prominent in the lungs and hilar lymph nodes, but
other lymph nodes, spleen, liver, bone marrow, and central nervous system may
be involved.>#:54 In other breeds of dogs and other species of animals, neoplas-
tic infiltrates are most commonly found in spleen, liver, bone marrow, and
lyrnph nodes.542,544.545,547,548

In Bernese mountain dogs, malignant histiocytosis must be differentiated
from a nonneoplastic disorder termed “systemic histiocytosis,” which primarily
involves skin and peripheral lymph nodes.>® Lesions consist of perivascular
infiltrates of large histiocytes, as well as minor populations of lymphocytes,
neutrophils, and eosinophils. Infiltrates may occur in other organs, including

FIGURE 60. Vacuolated macrophages and phagocytosis of erythrocytes, leukocytes, and plate-
lets in bone marrow aspirate smears. Wright-Giemsa stain. A, Two large macrophages filled
with phagocytized cellular material and vacuoles in an aspirate smear of bone marrow from the same cat as
presented in Figure 58A.  B. Two macrophages with phagocytized cellular material (primarily nuclei) in
an aspirate smear of bone marrow from a dog with mild nonregenerative anemia and erythroid hyperplasia
in the bone marrow.  C. Two vacuolated macrophages in an aspirate smear of bone marrow from a cat
with inherited Niemann-Pick type C disease. Photograph of a stained bone marrow smear from a 1993
ASVCP slide review case submitted by Drs. D.E. Brown and M.A. Thrall D. Macrophage with
phagocytized erythrocytes (left) and a nucleus in an aspirate smear of bone marrow from the same cat
presented in Figures 58A and 60A. E. Macrophage with phagocytized erythrocytes and platelets in an
aspirate smear of bone marrow from a cat with cytauxzoonosis. F. Macrophage with phagocytized
leukocytes in an aspirate smear of bone marrow from a leukopenic cat with MDS.
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FIGURE 61. See legend on opposite page.
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bone marrow, in which infiltration is typically sparse, blending almost imper-
ceptibly into surrounding hematopoietic tissue in histologic sections.>

B INFLAMMATORY DISORDERS OF BONE MARROW

Inflammatory disorders of bone marrow are seldom recognized, because inflam-
matory cells, including neutrophils, eosinophils, monocytes, macrophages, lym-
phocytes, and plasma cells, are normally present in bone marrow, making
recognition of inflammation difficult in aspirate smears. Increased numbers of
neutrophils, eosinophils, and monocytes in bone marrow usually represent in-
creased production to meet peripheral demands, rather than inflammation
within the marrow. Core biopsies are generally needed to make a diagnosis of
inflammation in the bone marrow, but it is rarely diagnosed because the multi-
focal distributions of the lesions are easily missed using a small biopsy needle.
Recognition of inflammation within the marrow is increased if biopsies are
collected from lesions identified using diagnostic imaging techniques. Inflamma-
tion in bone marrow has been classified into the various categories discussed
below.>*

Acute Inflammation

Lesions are characterized by circumscribed infiltrates of mature neutrophils (Fig.
62A). Some of these microabscesses have necrotic material in their centers.
Vascular dilatation, fibrin exudate, and hemorrhage may also be present. Acute
inflammation is generally associated with bacterial infection.550-552

FIGURE 61. Malignant histiocytosis in canine bone marrow aspirate smears and core biopsy
sections. A. Macrophage proliferation with moderate anisocytosis and anisokaryosis in an aspirate
smear of bone marrow from a dog with malignant histiocytosis. Phagocytized erythrocytes are present in
two cells at top left. The cytoplasm contains some gray-black material consistent with hemosiderin. Wright-
Giemsa stain.  B. Macrophage proliferation with cells containing large amounts of hemosiderin (diffuse
and granular blue-staining cytoplasm) in an aspirate smear of bone marrow from the same dog with
malignant histiocytosis as presented in Figure 61A. Prussian blue stain. C. Macrophage proliferation
with moderate anisocytosis and anisokaryosis (center of the image) in a bone marrow section from a core
biopsy collected from the same dog with malignant histiocytosis as presented in Figures 61A and 61B.
Erythroid precursors predominate in the top left corner and along the bottom of the image. H&E stain.
D. Macrophage proliferation with marked anisocytosis and anisokaryosis in an aspirate smear of bone
marrow from a dog with malignant histiocytosis. The cytoplasm of each cell contains prominent vacuola-
tion. Cell at left center contains a phagocytized erythrocyte. Wright-Giemsa stain. ~ E. A large trinu-
cleated macrophage with prominent cytoplasmic vacuolation in an aspirate smear of bone marrow from the
same dog with malignant histiocytosis as presented in Figure 61D. Wright-Giemsa stain. F. Macro-
phage proliferation with marked anisocytosis and anisokaryosis in a bone marrow section from a core
biopsy collected from the same dog with malignant histiocytosis as presented in Figures. 61D and 61E. The
cytoplasm of each cell contains prominent vacuolation. A cluster of erythroid precursors is located in the
upper right corner. H&E stain.
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FIGURE 62. Granulomatous and pyogranulomatous inflammation in bone marrow core bi-
opsy sections. A. Focal area of neutrophilic inflammation (microabscess) in a postmortem bone
marrow section from a dog with pyogranulomatous inflammation of unknown etiology. Trabecular bone is
located at the right edge of the image. H&E stain.  B. Pyogranulomatous inflammation in a postmor-
tem bone marrow section from the same dog as presented in Figure 62A. Macrophages and neutrophils are
distributed throughout the image. H&E stain. C. Granulomatous inflammation in a postmortem bone
marrow section from a horse with widely disseminated granulomatous inflammation. A herpesvirus of
unknown classification was observed by electron microscopy. The area to the right of the trabecular bone
contains primarily macrophages, and the area to the left contains primarily normal marrow elements. H&E
stain.  D. Granulomatous inflammation in a postmortem bone marrow section from the same horse as
presented in Figure 62C. Macrophages, neutrophils, and several multinucleated giant cells are distributed
throughout the image. H&E stain.
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Fibrinous Inflammation

Fibrin exudation without accompanying inflammatory cells has been called
fibrinous inflammation. Fibrin, which typically appears as small tangled pink
fibrils in bone marrow sections stained with H&E, must be differentiated from
edema and necrotic debris, which appear as pink homogenous material. Special
stains may be used to identify fibrin. Fibrinous inflammation has been recog-
nized in animals with disseminated intravascular coagulation and systemic vas-
culitis.>>°

Chronic Inflammation/Hyperplasia

Chronic inflammation consists of proliferations or infiltrations of plasma cells,
lymphocytes, and/or mast cells. Proliferations of plasma cells and/or lympho-
cytes have been reported in the bone marrow of dogs with chronic renal disease
and in dogs with myelofibrosis.>®

Chronic Granulomatous Inflammation

Macrophage infiltrates characterize chronic granulomatous inflammation (Figs.
62B, 62C). Both diffuse macrophage infiltrates and focal granulomas have been
described.>® Diffuse infiltrates are included in the section on macrophage hy-
perplasia in this text. A granuloma is a site of chronic inflammation character-
ized by the presence of various monocytic cells (monocytes, macrophages,
epithelioid cells, and multinucleated giant cells) arranged in compact masses
(Fig. 62D). Fibrosis and variable numbers of neutrophils and eosinophils may
also be present. When neutrophilic inflammation is also prominent, the term
pyogranulomatous inflammation is used (Figs. 62A, 62B). Multifocal granulo-
matous or pyogranulomatous inflammation involving bone marrow occurs in
animals, especially in association with mycobacteriosis and fungal infections
such as coccidiomycosis, aspergillosis, blastomycosis, cryptococcosis, histoplas-
mosis, and Phialemonium obovatum infections.’?25515535% German shepherd
dogs appear to be more susceptible to systemic Aspergillus and Phialemonium
infections than other dog breeds.? The specific etiology cannot always be
determined.>®



CHAPTER 9

HEMATOPOIETIC
NEOPLASMS

Hematopoietic neoplasms arise from bone marrow, lymph nodes, spleen, or
thymus. They are classified as either lymphoproliferative disorders or myelopro-
liferative disorders. The term “leukemia” is used when neoplastic cells are seen
in blood and/or bone marrow. An exception is the neoplastic proliferation of
plasma cells in bone marrow (multiple myeloma), which is not referred to as a
leukemia. Leukocyte counts may be low, normal, or high in animals with
leukemias. The term “acute” is used to describe leukemias in which a predomi-
nance of blast cells occurs in the bone marrow, and the term “chronic” is used
for leukemias in which there is a predominance of well-differentiated cells in
blood and bone marrow. The progression of disease is usually rapid (weeks to
months) in acute leukemias and slow (months to years) in chronic leukemias.

Precursor cells for mast cell tumors and malignant histiocytosis arise from
bone marrow,2*%%%¢ but these neoplasms usually develop from more mature cells
in the peripheral tissues. Consequently, they are typically not included with
myeloproliferative disorders, even though it is possible that some cases of
noncutaneous systemic mastocytosis and some cases of malignant histiocytosis
might qualify as hematopoietic neoplasms.

B LYMPHOPROLIFERATIVE DISORDERS

The term “lymphoma” denotes a solid tumor(s) of neoplastic lymphocytes
located outside the bone marrow. The term “lymphoid leukemia” indicates a
neoplastic condition of lymphocytes present in bone marrow and/or blood that
is not associated with a solid tumor(s). Lymphoid leukemias are further classi-
fied as acute or chronic depending on the maturity of the cells involved. When
neoplastic cells are present in the blood of an animal with a lymphoma, the
terms “lymphoma with leukemia” or “lymphosarcoma cell leukemia” have been
used, but the former term is preferred. A metastasis from bone marrow to
lymphoid tissues and from lymphoid tissues to bone marrow is common.
Consequently, it may be difficult to differentiate a true leukemia from a lym-
phoma with leukemia in animals with advanced stages of disease.

163
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FIGURE 63. See legend on opposite page.
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Acute Lymphoblastic Leukemia

Neoplastic lymphoblasts and/or prolymphocytes are present in bone marrow of
animals with acute lymphoblastic leukemia (ALL) (Figs. 63A—63F). Neoplastic
cells are also usually present in blood (Figs. 24F, 24G, 25A), with or without an
absolute lymphocytosis. Pancytopenia, with ALL diagnosed by bone marrow
biopsy, has been reported in horses.??® Neoplastic lymphocytes present in ALL
exhibit decreased nuclear chromatin condensation and increased cytoplasmic
basophilia compared to normal blood lymphocytes.?2655 Nucleoli may or may
not be seen in these neoplastic cells and, when present, may be difficult to
visualize. Other abnormalities, including increased anisocytosis, anisokaryosis,
and nuclear pleomorphism, may also be present. Lymphoblasts are generally
difficult to differentiate from blast cells of other hematopoietic lineages without
the use of special stains and/or surface markers. Compared to myeloblasts,
lymphoblasts tend to exhibit more-condensed chromatin and less-prominent
nucleoli.>*

Most cases of ALL in cats have the T-lymphocyte phenotype, and most
are FeLV positive,’” but FIV positive, FeLV negative cats with ALL have been
reported.#2655950 Dogs with ALL may be of the T-lymphocyte, B-lymphocyte,
NK-cell, or null-cell phenotypes.z1:5!

Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) is reported most often in old animals.
The nuclear chromatin is more condensed in CLL than in ALL. Lymphocytosis,
involving normal-appearing lymphocytes, is consistently present in blood (Figs.
23C, 23D).207:557.562 In contrast with ALL, most cats with CLL are FeLV nega-
tive.>’

T-lymphocyte, B-lymphocyte, and large granular lymphocyte (LGL) types
of CLL have been identified.207:208.210.211,215.561,562 T l[ymphocyte and B-lymphocyte
types of CLL have normal-appearing, small to medium-sized lymphocytes with
scant amounts of light-blue cytoplasm. Dogs with B-lymphocyte type CLL often
have an accompanying monoclonal gammopathy that is most often of the IgM

FIGURE 63. Acute lymphoblastic leukemia (ALL) in bone marrow aspirate smears and core
biopsy sections. A. Lymphoblasts with dark-blue cytoplasm and indistinct nucleoli in an aspirate
smear of bone marrow from a dog with ALL. Wright-Giemsa stain. B. Lymphoblasts in a bone
marrow section from a core biopsy collected from the same dog with ALL as presented in Figure 63A. The
orange material present is hemosiderin. H&E stain. C. Lymphoblasts with dark-blue cytoplasm and
indistinct nucleoli in an aspirate smear of bone marrow from a different dog with ALL from the one shown
in Figures 63A and 63B. Lymphoblasts were not visible in blood from this animal. Wright-Giemsa stain.
D. Lymphoblasts in a bone marrow section from a core biopsy collected from the same dog with ALL as
presented in Figure 63C. The orange material present is hemosiderin. H&E stain.  E. Lymphoblasts with
dark-blue cytoplasm and indistinct nucleoli in an aspirate smear of bone marrow from a cat with ALL. A
minority of neoplastic cells had cytoplasmic vacuoles. Wright-Giemsa stain. E. Lymphoblasts, often
with visible nucleoli, in a roll preparation from a core biopsy from a horse with ALL. Wright-Giemsa stain.
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FIGURE 64. See legend on opposite page.
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type.#3¢258 An IgG monoclonal gammopathy has also been reported in a
horse with CLL.2%7

Lymphocytes present in the LGL type of CLL have red- or purple-staining
(generally focal) granules within light-blue cytoplasm (Fig. 23E). These cells also
have condensed nuclear chromatin, but they are generally larger, with more
cytoplasm and lower N:C ratios, than cells present in non-LGL types of
CLL.208210215 Although most dogs with LGL leukemia behave like CLL and
progress slowly over several years, some dogs with LGL leukemia behave like an
aggressive form of ALL (Fig. 23F).2'%?¢ Nearly all dogs with the LGL form of
CLL have neoplastic T lymphocytes, but dogs with the LGL form of ALL may
be of either the T-lymphocyte or the NK-cell types.2!!

Bone marrow examination of animals with CLL often reveals increased
numbers of normal-appearing lymphocytes (Figs. 64A—64E); however, the ex-
tent of infiltration is generally less than that seen in ALL. Bone marrow may
contain some normal lymphoid follicles, consisting primarily of normal-appear-
ing lymphocytes (Fig. 64F), which must be differentiated from a neoplastic
lymphoid infiltrate. B-lymphocyte type CLL appears to originate in the bone
marrow. In contrast, T-lymphocyte development requires processing by the
thymus and T-lymphocyte CLL appears to develop outside the marrow (e.g.,
the spleen) with secondary marrow infiltration.?!! Special surface marker tests
are usually needed to identify the cell type involved, although the coexistence of
a monoclonal gammopathy with CLL indicates B-lymphocyte type neopla-

Sia 211,561

Lymphomas

Lymphomas are solid tumors of neoplastic lymphocytes that develop outside the
bone marrow. They may be classified by the anatomic site involved (e.g.,
alimentary, thymic, cutaneous, multicentric), by cell morphology in lymph
nodes (e.g., centroblastic, lymphoblastic, immunoblastic), and by cell type (e.g.,
B-lymphocyte, T-lymphocyte, LGL),191:557,558,564-567

FIGURE 64. Chronic lymphocytic leukemia (CLL) in bone marrow aspirate smears and core
biopsy sections compared to a lymphoid follicle. A, Infiltrate of small lymphocytes with con-
densed nuclear chromatin and minimal cytoplasm in an aspirate smear of bone marrow from a dog with
CLL. Wright-Giemsa stain. B, Infiltrate of small lymphocytes (especially in the left half of the image)
in a bone marrow section from a core biopsy collected from the same dog with CLL as presented in Figure
64A. Two megakaryocytes are present in the upper right corner. H&E stain, C. Infiltrate of small
lymphocytes with condensed nuclear chromatin and minimal cytoplasm in an aspirate smear of bone
marrow from a dog with CLL. A monoclonal hyperglobulinemia also present in this dog indicated that
these cells are B lymphocytes. Wright-Giemsa stain. D. Marked infiltrate of small lymphocytes in a
bone marrow section from a core biopsy collected from the same dog with CLL as presented in Figure 64C.
Cortical bone is located at lower left and a megakaryocyte is present at upper right. H&E stain. E.
Infiltrate of normal-appearing small lymphocytes in an aspirate smear of bone marrow from a cat with CLL.
Wright-Giemsa stain, F. A small lymphoid follicle around a longitudinal section of a vessel (left of
center) in a bone marrow section from a core biopsy collected from a dog. H&E stain.
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FIGURE 65. See legend on opposite page.
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Based on abnormal morphology, neoplastic cells are recognized in the
blood of about one quarter to one half of the animals presenting with a
lymphoma.220557-5683¢9 In the remaining cases, neoplastic lymphocytes may be
absent from blood or may not have sufficiently abnormal morphology to be
recognized. Bone marrow infiltrates may sometimes be recognized in animals
even when neoplastic cells are not appreciated in blood (Figs. 65A-
65E).230569570 Core biopsies offer the advantage that small aggregates of lym-
phoid cells that would be dispersed during bone marrow aspiration and smear
preparation can be recognized (Figs. 65D, 65E). Lymphoid infiltrates in the
bone marrow of dogs with lymphomas are most often paratrabecular in loca-
tion.5® Focal infiltrates must be differentiated from benign lymphoid follicles,
which have well-defined borders and are composed primarily of small mature
lymphocytes (Fig. 64F). Neoplastic aggregates are generally larger, with poorly
defined borders, and cells within these aggregates are often large and immature
in appearance.’”

Lymphomas involving LGLs have been primarily reported in cats, where
they generally occur as intestinal lymphomas that metastasize to various other
organs including the spleen, liver, lymph nodes, blood, and bone marrow (Fig.
65F).217-219571 Some authors have classified these neoplasms as globule leukocyte
tumors or granulated round cell tumors.”>57? Their granules are generally much
larger than those seen in normal LGLs in blood. They appear blue, red, or
purple with Wright-Giemsa stain but may not stain well with Diff-Quik stain.?"?
In some cases, the granules appear eosinophilic in H&E-stained sections, but in
other cases, they are difficult to identify with H&E. The neoplastic cells may
originate from intraepithelial lymphocytes and most, but not all, of these tu-
mors appear to be composed of cytotoxic T lymphocytes.2!®

Two cases of LGL lymphoma have been reported in horses.2!®57* Neoplas-
tic cells were recognized in the blood of one case and in the bone marrow of
the other case.

FIGURE 65. Metastatic lymphoma in bone marrow aspirate smears and core biopsy sections.
A. Infiltrate of variably sized lymphoblasts in an aspirate smear of bone marrow from a dog with
metastatic lymphoma. A mitotic cell is present at bottom center. Wright-Giemsa stain. B. Diffuse
infiltrate of variably sized lymphoblasts in a bone marrow section from a core biopsy from the same dog
with metastatic lymphoma as presented in Figure 65A. Cortical bone is located along the left edge of the
image. H&E stain. C. Infiltrate of variably sized lymphoblasts in an aspirate smear of bone marrow
from a dog with metastatic lymphoma. The lymphoblasts have round nuclei and scant amounts of
cytoplasm. Wright-Giemsa stain. D. Focal infiltrate of lymphoblasts near cortical bone (lower left) in a
bone marrow section from a core biopsy from the same dog with metastatic lymphoma as presented in
Figure 65C. H&E stain. E. Focal infiltrate of lymphocytes near cortical bone (left) in a bone marrow
section from a core biopsy from a dog with metastatic lymphoma. H&E stain. F. Infiltrate of large
granular lymphocytes in an aspirate smear of bone marrow from a cat with metastatic lymphoma involving
large granular lymphocytes. The granules in these cells are larger than those seen in the granular lympho-
cytes that normally circulate in blood. Wright-Giemsa stain.
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FIGURE 66. See legend on opposite page.
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Multiple Myeloma and Other Immunoproliferative Neoplasms

Any cell type in the normal B-lymphocyte maturation pathway may become
neoplastic and produce an immunoglobulin. The nature of a lymphoprolifera-
tive disorder is determined by the stage at which B-lymphocyte maturation is
arrested.

Multiple Myeloma. Multiple myeloma (plasma cell myeloma) is a B-lympho-
cyte tumor of bone marrow that is manifested as a proliferation of plasma
cells.5s7.575-582. A monoclonal IgG or IgA immunoglobulin is usually secreted by
the tumor, resulting in a monoclonal hyperglobulinemia, which is recognized
using serum protein electrophoresis.”” The type of immunoglobulin produced
can be identified using immunoelectrophoresis and quantified using methods
such as single radial immunodiffusion. Rarely, multiple myeloma secretes no
measurable monoclonal protein,*®**¢ produces biclonal proteins,***** or pro-
duces only a component of an immunoglobulin molecule (light chains or heavy
chains).5#5% Focal lytic or diffuse osteoporotic bone lesions are often recog-
nized using survey radiography, and a Bence-Jones proteinuria (immunoglobu-
lin light chains in urine) may be present. Plasma cell infiltrates may be found
in other tissues including the spleen, liver, lymph nodes, and kidneys.

Increased numbers of plasma cells are usually identified in routine bone
marrow biopsies of animals with multiple myeloma (Figs. 66A—66F, 67A-67C).
In some cases, it is necessary to biopsy lytic bone lesions to demonstrate the
plasma cell infiltrates. The morphology of the neoplastic cells present can vary
from normal-appearing mature plasma cells to large immature pleomorphic
plasma cells with diffuse chromatin, abundant cytoplasm, and increased mitotic
index. Multiple nuclei may be present. The cytoplasm generally appears light
blue to dark blue when Romanowsky-type blood stains are used, but in rare
instances, the cytoplasm of the neoplastic cells is filled with Russell bodies
(Mott’s cells), or the cytoplasm stains red (flame cells), especially at the periph-
ery of the cell /22 The appearance of the flame cells may depend on the blood
stain used (Figs. 67A, 67B).

FIGURE 66. Multiple myeloma in bone marrow aspirate smears and core biopsy sections.
A. Infiltrate of plasma cells with basophilic cytoplasm and eccentric nuclei in an aspirate smear of bone
marrow from a dog with multiple myeloma. Wright-Giemsa stain. B. Infiltrate of plasma cells with
eccentric nuclei, exhibiting coarsely clumped chromatin in a characteristic mosaic pattern, in a section of
bone marrow collected as a core biopsy from the same dog with multiple myeloma as shown in Figure 41].
H&E stain. C. Infiltrate of plasma cells with eccentric nuclei and basophilic cytoplasm containing pale
Golgi zones in an aspirate smear of bone marrow from a cat with multiple myeloma. Nuclear chromatin is
coarsely c{umped in a characteristic mosaic pattern. Two binucleated plasma cells are present. Wright-
Giemsa sigin. ~ D. Infiltrate of plasmacytoblasts with intensely basophilic cytoplasm and eccentric nuclei
in an aspirate smear of bone marrow from a dog with multiple myeloma. Wright-Giemsa stain.  E.
Infiltrate pf plasma cells with eccentric nuclei and abundant basophilic cytoplasm containing pale Golgi
zones in an aspirate smear of bone marrow from a dog with multiple myeloma. Wright-Giemsa stain. ~ F.
Infiltrate of plasma cells with abundant cytoplasm near trabecular bone in a section of bone marrow
collected as a core biopsy from the same dog with multiple myeloma as presented in Figure 66E. H&E stain.
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FIGURE 67. See legend on opposite page.
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Plasmacytoma. In addition to the metastasis of multiple myeloma from bone
marrow, extramedullary plasma cell tumors (plasmacytomas) may arise as pri-
mary tumors of soft tissues. They occur most frequently as solitary tumors in
the skin or mouth of dogs and cats but have also been reported in various
gastrointestinal sites.’®®-%> They rarely have an associated monoclonal or bi-
clonal hyperglobulinemia®*5%-5%7 and rarely metastasize to distant sites,5%

Other B-Lymphocyte Neoplasms. Other B-lymphocyte neoplasms, including
multicentric lymphomas (Figs. 67E, 67F), B-lymphocyte CLL (discussed previ-
ously), and primary macroglobulinemia may produce monoclonal hyperglobuli-
nemias.”’¢ Lytic bone lesions are generally absent in these disorders, even when
bone marrow infiltrates are present. In humans, primary (Waldenstrom) macro-
globulinemia is characterized as a lymphoplasmacytic neoplasm that produces
an IgM monoclonal protein. The marrow aspirate is often of low cellularity, but
the core biopsy is generally hypercellular and diffusely infiltrated with lympho-
cytes, plasmacytoid lymphocytes, and some plasma cells.® This syndrome is
rarely reported in animals (Fig. 67D).5766%0601 The spleen, liver, and lymphoid
tissues may have neoplastic infiltrates rather than bone marrow.%!

I MYELOPROLIFERATIVE DISORDERS

Myeloproliferative disorders are characterized by the purposeless proliferation of
one or more of the nonlymphoid marrow cell lines (granulocytic, monocytic,
erythrocytic, or megakaryocytic).!31:183.236.238431.602 Myeloproliferative disorders are
generally considered to be benign or malignant neoplastic diseases, but many
hematologists also consider the hypercellular myelodysplastic syndrome (MDS)
to be a myeloproliferative disorder because MDS has been shown to be clonal
and may precede the development of AML in humans and ani-

FIGURE 67. Immunoglobulin-secreting tumors in bone marrow aspirate smears and core
biopsy sections.  A. Infiltrate of plasma cells with eccentric nuclei and abundant basophilic cytoplasm
containing pale Golgi zones in an aspirate smear of bone marrow from a dog with multiple myeloma and a
biclonal hyperglobulinemia migrating in the gamma region on serum protein electrophoresis. A binucleated
plasma cell is present near the center. Wright-Giemsa stain.  B. Infiltrate of plasma cells with eccentric
nuclei and abundant cytoplasm in an aspirate smear of bone marrow from the same dog with multiple
myeloma as presented in Figure 67A. These cells have been called flame cells because of their red-staining
cytoplasm. A binucleated plasma cell is present near the bottom left corner. Diff-Quik stain. C.
Infiltrate of plasma cells with eccentric nuclei and abundant cytoplasm in a section of bone marrow
collected as a core biopsy from the same dog with multiple myeloma as presented in Figures 67A and 67B.
H&E stain.  D. Infiltrate of basophilic lymphoid cells in an aspirate smear of bone marrow from a dog
with macroglobulinemia (IgM hyperglobulinemia). Neoplastic cells were also present in the spleen but not
in lymph nodes. Wright-Giemsa stain. E. Basophilic plasmacytoid blast cell infiltrate in an aspirate
smear of bone marrow from a cat. Similar blast cells were present in blood, skin, lungs, and liver. A
monoclonal IgA hyperglobulinemia was present. Wright-Giemsa stain. ~ F. Marked infiltrate of plasma-
cytoid blast cells in a postmortem bone marrow section from the same cat as presented in Figure 67E. H&E
stain.
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mals,101:303,309,425,514,603-606 The unitary concept of myeloproliferative disorders was
developed because all nonlymphoid blood cells are derived from a common
myeloid stem cell and neoplastic transformations in these disorders usually
occur in pluripotent progenitor cells.®? Although the proliferation of one cell
type may predominate, a marrow cell line is seldom singly affected. Morpho-
logic or functional disorders of other cell lines can usually be detected. In
addition, some of these disorders appear to evolve into one another. For
example, MDS with excessive proliferation of nucleated erythrocytes (MDS-Er)
in cats may evolve into erythroleukemia and eventually myeloblastic leuke-
mia.17,603

Cats with myeloproliferative disorders are generally infected with FeLV
and/or FIV viruses.!7-59560.606608 [rradiation has been experimentally shown to
cause myeloproliferative disorders in dogs.?*** Myeloproliferative disorders are
rare in domestic animal species other than cats and dogs and their causes are
unknown.

Myelodysplastic Syndromes

The bone marrow in MDS is usually normocellular or hypercellular (Figs. 46D~
46F), but cytopenias (especially anemia and thrombocytopenia) are present in
the blood. This apparent ineffective hematopoiesis appears to result from exten-
sive apoptosis.3® Apoptosis or physiologic cell death is a mechanism of gene-
directed cellular self-destruction in which intracellular endonucleases initially
cut DNA into fragments.>® Recognizable apoptotic cells with fragmented nuclei
exist for only 10 to 15 minutes before removal by phagocytic cells.>® MDS may
result from FeLV and/or FIV infections in cats,$%6431450451 byt one study indi-
cates that many cats with MDS have negative tests for these viruses.5

Evidence of dyserythropoiesis, dysgranulopoiesis, and/or dysmegakaryocy-
topoiesis is present in the marrow.’®!®® These proliferative abnormalities are
presented in more detail elsewhere in this text. Erythroid abnormalities that
may be present include megaloblastic cells, abnormal nuclear shapes, premature
nuclear pyknosis, nuclear fragmentation, multinucleated cells, nuclear and cyto-
plasmic asynchrony, maturation arrest, and siderotic inclusions (Figs. 51E, 52A-
52M).11:58,101-103,503,404,424-426,430432 Neutrophilic abnormalities that may be present
include ingreased numbers (5% to 29%) of myeloblasts; maturation arrest in
the neutrophilic series at the myelocyte-metamyelocyte stage; giant metamyelo-
cytes, bands, and mature neutrophils; abnormal granulation such as large pri-
mary gram(;les or granules surrounded by vacuoles; hyposegmented neutrophils
(pseudo-Pe]ger-Huet); hypersegmented neutrophils; and neutrophils with bi-
zarre nuclear shapes (Figs. 52N-52P, 55A—55F),101:103.131,178,303,404,430431.451 [p.
creased numbers of eosinophilic cells are also commonly observed in MDS in
cats and dpgs.?** Megakaryocytic abnormalities that may be present include
dwarf granular megakaryocytes with single or multiple nuclei and large mega-
karyocytes with nuclear abnormalities including hypolobulation, hyperlobula-
tion, or multiple round nuclei (Figs. 57A-57C).!3!:178303425431514 Some cats with
MDS have stainable iron in their marrow (Fig. 46D).5%
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Additional abnormalities that may be present in blood include nonrege-
nerative anemia with erythrocyte macrocytosis, anisocytosis, and/or poikilocyto-
sis; nucleated erythrocytes (normoblastemia) out of proportion to the number
of reticulocytes present; nucleated erythrocytes with lobulated or fragmented
nuclei; large bizarre platelets; immature granulocytes; and abnormal granulocyte
morphology (large size, hyposegmentation, hypersegmentation).”0:101:102.424.431.605
The total leukocyte counts and absolute neutrophil counts vary from low to
high_238

Classification of MDS into three subtypes has been suggested in animals
based on blood and bone marrow findings.'® MDS with erythroid predomi-
nance in the bone marrow (M:E ratio below 1) may be classified as MDS-
Er.101.236.238.303 Cases previously diagnosed as erythremic myelosis would now be
placed in this category, as long as the number of blast cells in the marrow was
less than 30% of all nucleated cells. Cases with refractory anemia and M:E
ratio above 1, with or without other refractory cytopenias, may be described as
myelodysplastic syndrome-refractory cytopenia (MDS-RC).425431.605 Myeloblasts
account for less than 5% of all nucleated cells in this subtype. When myelo-
blasts are increased (5% to 29% of bone marrow nucleated cells), the term
“myelodysplastic syndrome-excess blasts” (MDS-EB) may be used.**® Animals
with bone marrow blast counts slightly below 30% may represent animals in
transition between MDS and AML, or they may represent animals that have
AML which is not diagnosed as such, because the blast count does not exceed
the arbitrary number previously established.?*

Dogs and cats with MDS may subsequently develop AML,!01:303425,514,603-606
and FeLV-positive cats with MDS may also develop lymphoid neoplasms.5* It is
unknown what percentage of MDS cases represent a preleukemic state. Ex-
tended and costly supportive care is generally required for the survival of
animals with MDS, and many animals with MDS die or are euthanized before
sufficient time has elapsed for an acute leukemia to develop. Although rare,
animals with MDS may recover spontaneously, as occurred in a FeLV-positive
cat that became FeLV negative.510

Acute Myeloid Leukemias

A classification system for acute myeloid leukemia (AML) has been proposed by
the American Society for Veterinary Clinical Pathology Animal Leukemia Study
Group for use in dogs and cats.”* It was adapted from the French-American-
British (FAB) system established by a National Cancer Institute workshop for
use in humans.®’! AML is diagnosed when the percentage of nonlymphoid
hematopoietic blast cells in the bone marrow equals or exceeds 30% of all
nucleated cells (ANC), excluding lymphocytes, macrophages, plasma cells, and
mast cells. Dyserythropoiesis, dysgranulopoiesis, and/or dysmegakaryocytopoiesis
are also usually present, with megaloblastic nucleated erythroid cells being most
commonly observed.?* If blast cells account for less than 30% of all nucleated
cells and dysplastic changes are present, a diagnosis of MDS is made. Some
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FIGURE 68. See legend on opposite page.
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cases of erythroleukemia (AML-M6) are exceptions to these guidelines, as will
be discussed subsequently. Cytochemistry, immunocytochemistry, and electron
microscopy may be used to help identify the type(s) of blast cells present.
Several subtypes of AML have been recognized in animals,!83236.238.602612 [p
addition to quantifying cells as a percentage of ANC, they may also be quanti-
fied based on the total nonerythroid cells (NEC), which is determined by
subtracting the nucleated erythroid cells from the ANC count.!83

AML-M1. Myeloblastic leukemia without maturation is designated as AML-
M1. Myeloblasts (primarily type I myeloblasts) account for 90% or more of
NEC. Type I myeloblasts appear as large round cells with round to oval nuclei
that are generally centrally located in the cell. The N: C ratio is high (>1.5) and
the nuclear outline is usually regular and smooth. Nuclear chromatin is finely
stippled, containing one or more nucleoli or nucleolar rings. The cytoplasm is
generally moderately basophilic.2* Differentiated granulocytes (promyelocytes
through mature neutrophils and eosinophils) and monocytes account for the
remaining NEC,

AML-M2. Myeloblastic leukemia with differentiation is designated AML-M2.
Myeloblasts account for 30% to 89% of NEC (Figs. 68A—-68F, 69A, 69B). In
addition to type I myeloblasts, variable numbers of type II myeloblasts, contain-
ing a few (<15) small, magenta-staining granules in the cytoplasm, may be
present. Differentiated granulocytes account for 10% or more of NEC and
monocytic cells account for less than 20% of NEC. Increased marrow basophil
and/or eosinophil precursors may be seen in some cats with myeloproliferative
disorders (Fig. 54B), and variants of AML-M2 with basophilic differentiation
and eosinophilic differentiation have been reported in cats and classified as M2-
B and M2-Eos, respectively.?8613

AML-M3. Promyelocytic leukemia has not been reported in animals. In hu-
mans, the predominant cells involved are abnormal-appearing promyelocytes
with folded, reniform, or bilobed nuclei. Type III myeloblasts may also be
present in this disorder. These cells have distinct nucleoli and abundant cyto-

FIGURE 68. Acute myeloid leukemia (AML) in bone marrow aspirate smears and a core
biopsy section.  A. Proliferation of myeloblasts, promyelocytes, and myelocytes in an aspirate smear
of bone marrow from a cat with AML-M2. Approximately 35% of all nucleated cells were myeloblasts. Few
band or mature neutrophils were present and rare erythroid precursors were recognized. Wright-Giemsa
stain. B. Proliferation of myeloblasts, promyelocytes, and myelocytes in an aspirate smear of bone
marrow from the same cat with AML-M2 as presented in Figure 68A. The strongly peroxidase-positive
nature of the cells present rules out a lymphoproliferative disorder and indicates that these cells are
granulocytic precursors. Peroxidase stain.  C. Proliferation of myeloblasts in an aspirate smear of bone
marrow from a dog with AML-M2. Nucleoli were easily recognized in many cells. Wright-Giemsa stain.
D. Proliferation of myeloblasts in an aspirate smear of bone marrow from the same dog with AML-M2 as
presented in Figure 68C. Most of these cells were peroxidase positive, ruling out a lymphoproliferative
disorder. Peroxidase stain.  E. Proliferation of myeloblasts in a section of bone marrow collected as a
core biopsy from the same dog with AML-M2 as presented in Figures 68C and 68D. H&E stain. F.
Proliferation of myeloblasts and promyelocytes in an aspirate smear of bone marrow from a dog with AML-
M2. Many of the cells contain primary magenta-staining granules. Wright-Giemsa stain.
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FIGURE 69. See legend on opposite page.
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plasm containing many magenta-staining cytoplasmic granules. Type III myelo-
blasts appear to represent blast cells with asynchronous cytoplasmic maturation.
Low numbers of these cells may be present in cats with AML.2%

AML-M4. Acute myelomonocytic leukemia is diagnosed when combined num-
bers of myeloblasts and monoblasts equal or exceed 30% of ANC, and differen-
tiated granulocytes and monocytes each account for 20% or more of NEC.
Monoblasts resemble myeloblasts except that their nuclear shape is irregularly
round to convoluted in appearance (Figs. 69C, 69D). A clear area in the
cytoplasm, representing the Golgi zone, is often observed, especially near the
site of nuclear indentation. The N:C ratio is high but may be somewhat lower
than that in myeloblasts.?*

AMI-M5. Acute monocytic leukemia is diagnosed when monoblasts are in-
creased, but myeloblasts are not (Figs. 69E, 69F). It may be separated into
subtypes depending on the maturity of the monocytic cells present. Little matu-
ration to monocytes is present in M5a, with monoblasts and promonocytes
accounting for 80% or more of all NEC. When 30% to 79% of NEC are
monoblasts and promonocytes and maturation to monocytes is prominent, the
leukemia is classified as M5b. Granulocytes account for less than 20% of NEC.

AML-M6. “Erythroleukemia” is a term used to describe myeloproliferative
disorders in which erythroid abnormalities are prominent.!832362% In contrast to
the subtypes of AML discussed previously, the M:E ratio is less than 1 in
AML-MS6, and blasts cells (myeloblasts, monoblasts, and megakaryoblasts com-
bined) may not equal or exceed 30% of ANC, but they will equal or exceed
30% of the NEC (Fig. 70A). The designation “AML-M6Er” is used when the
M:E ratio is less than 1 and rubriblasts are included with myeloblast, mono-
blasts, and megakaryoblasts in the blast count to equal or exceed 30% of ANC.
In some cases, most of the blasts present appear to be rubriblasts (Figs. 70B,
70C). Rubriblasts have deeply basophilic cytoplasm that is devoid of granules.

FIGURE 69. Myeloblastic leukemia (AML-M2), acute myelomonocytic leukemia (AML-M4),
and acute monocytic leukemia (AML-M5) in bone marrow aspirate smears and core biopsy
sections. A. Increased numbers of myeloblasts (large round cells with medium-blue cytoplasm) in an
aspirate smear of bone marrow from a horse with AML-M2. The smaller and more darkly staining cells
present are erythroid precursors. Wright-Giemsa stain.  B. Proliferation of myeloblasts in a section of
bone marrow collected as a core biopsy from the same horse with AML-M2 as presented in Figure 69A.
Darker cells are erythroid precursors. Several red-staining eosinophils are also present. A megakaryocyte is
present at bottom center. H&E stain, C. Proliferation of myeloblasts (generally round nuclei) and
monoblasts (frequently indented nuclei) in an aspirate smear of bone marrow from a dog with AML-M4.
Wright-Giemnsa stain. D. Proliferation of myeloblasts and monoblasts in a section of bone marrow
collected as a core biopsy from the same dog with AML-M4 as presented in Figure 69C. H&E stain.  E.
Proliferation of monoblasts (frequently indented nuclei) in an aspirate smear of bone marrow from a dog
with acute monocytic leukemia (AML-M5). Wright-Giemsa stain, F. Proliferation of monoblasts (fre-
quently indented nuclei) in an aspirate smear of bone marrow from a dog with acute monocytic leukemia
(AML-MS5) different from the one presented in Figure 69E. Wright-Giemsa stain.
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FIGURE 70. See legend on opposite page.
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The nucleus of a rubriblast is usually nearly perfectly round and has finely
stippled chromatin, with one or more distinct nucleoli.

AMI-M7. Megakaryoblastic leukemia is diagnosed when megakaryoblasts ac-
count for 30% or more of ANC or NEC in bone marrow (Figs. 70E,
70F).183241-244614-616 Nyclej of megakaryoblasts are nearly as round as rubriblast
nuclei, but their cytoplasm is typically less basophilic. Unique features that are
present in some of these cells include multiple discrete vacuoles?*'?#? and cyto-
plasmic projections.!8>24324 Some differentiation with morphologically abnormal
multinucleated megakaryocytes is also generally present. Immunocytochemical
stains for factor VIII or for platelet specific glycoprotein GP Illa may be used to
identify the blast cells as megakaryoblasts.244:614-616

Acute Undifferentiated Leukemia (AUL). AUL is diagnosed when the blast
cells cannot be identified with certainty using routine blood stains or cytochem-
ical markers (Fig. 70D). This term may be used as a temporary category in
some cases pending the use of specialized cell markers. As more cellular mark-
ers are developed, the percentage of cases classified as AUL will decrease. The
hallmark of AUL is the presence of blast cells with broad cytoplasmic pseudo-
pods and/or some magenta-staining cytoplasmic granules.®® Cats with a myelo-
proliferative disorder previously referred to as reticuloendotheliosis may be
included in this category. However, some cases previously diagnosed as reticu-
loendotheliosis would now be included in AML-M6Er, because the blast cells
present had deeply basophilic cytoplasm without granules and nuclei that were
characteristic of those present in rubriblasts.!3!

Peripheral Blood Findings. Peripheral blood findings for AML are similar to
those described previously for MDS, except that blast cells and marked leukocy-
tosis are more likely to be present in the circulation in AML. However, leuko-
penia occurs in nearly one third of AML-M2 cats.?*® Monocytosis is generally
marked in M4 and M5 types of AML. Additionally, some cases of AML-M7
have a thrombocytosis, 3381616 while others have a thrombocytopenia, as is
commonly seen in all other types of AML.2%

FIGURE 70. Erythroleukemia (AML-M6), megakaryoblastic leukemia (AML-M7), and acute
unclassified leukemia (AUL) in bone marrow aspirate smears and a core biopsy section.  A.
Increased myeloblasts and rubriblasts in an aspirate smear of bone marrow from a cat with AML-M6.

Wright-Giemsa stain.  B. Rubriblasts in an aspirate smear of bone marrow from a dog with erythroleu-
kemia with erythroid predominance (AML-M6Er). Several free nuclei (basket cells) are also present. Wright-
Giemsa stain. C. Rubriblasts in an aspirate smear of bone marrow from a cat with AML-MG6Er.
Wright-Giemsa stain. D. Predominance of blast cells in an aspirate smear of bone marrow from a cat

with an AUL in which the neoplastic cells could not be classified with certainty. Wright-Giemsa stain.  E.
Predominance of megakaryoblasts and abnormal megakaryocytes in an aspirate smear of bone marrow from
a dog with AML-M7. Wright-Giemsa stain.  F. Predominance of megakaryoblasts and abnormal mega-
karyocytes in a section of bone marrow collected as a core biopsy from a dog with AML-M7. H&E stain.
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FIGURE 71. Chronic myeloid leukemia (CML), basophilic leukemia, and mast cell infiltrates
in bone marrow aspirate smears. Wright-Giemsa stain,  A. Granulocytic hyperplasia with left
shift in an aspirate smear of bone marrow from a dog with CML. Myeloblasts accounted for less than 30%
of all nucleated cells in the marrow preparation. B. Increased numbers of basophils and blast cells in
an aspirate smear of bone marrow from a dog with basophilic leukemia. Basophils accounted for nearly half
and blast cells accounted for less than 30% of all nucleated cells in the hypercellular marrow preparation
(Photograph taken from a stained smear provided by Dr. R.E. Raskin).*?

Frequency in Animal Species. AML is seen most commonly in cats, with
myeloblastic leukemia (M1 and M2 combined) being most common.2® Myelo-
blastic leukemia (M1 and M2 combined) and myelomonocytic leukemia (M4)
are the most commonly reported types in dogs. Although rare, most horses
reported with AML have had either AML-M4 or AML-M5.5 Erythroleukemia
(M6 and M6Er combined) has been reported primarily in cats.?*® Megakaryo-
blastic leukemia (M7) is rare, being reported in dogs and cats. AML is rarely
reported in cattle.517:6!8

Chronic Myeloproliferative Disorders

Chronic myeloproliferative disorders are neoplastic proliferations of hematopoi-
etic cells resulting in high numbers of differentiated cells in blood. Like MDS,
animals with chronic myeloproliferative disorders have less than 30% blast cells
in the bone marrow with few or no blast cells in the blood. Dysplastic changes
may be present in both disorders, but they tend to be more noticeable in MDS.
The major difference between these disorders is that high numbers of one or
more blood cell type(s) occur in chronic myeloproliferative disorders, and
cytopenias frequently occur in MDS.

Chronic Myeloid Leukemia (CML). CML is a rare disorder in animals, occur-
ring primarily in dogs.!30-132447-449461 [t presents with a high total leukocyte
count (greater than 50,000/uL) with a marked neutrophilic left shift in blood.
Increased numbers of monocytes, eosinophils, and/or basophils may also be
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present. [f monocytes predominate, a diagnosis of chronic monocytic leukemia
may be considered. Myeloblasts are either absent or present in low numbers in
blood. Nucleated erythrocytes are often present in blood in the presence of
nonregenerative anemia. Platelet counts may be low, normal, or increased.

Granulocytic hyperplasia is present in bone marrow, with or without
erythroid and megakaryocytic hypoplasia. The percentage of immature granulo-
cytic cells is increased, but the percentage of myeloblasts does not exceed 30%
of all nucleated cells (Fig. 71A). Dysplastic changes are typically also present in
one or more marrow cell lines.

CML must be differentiated from severe inflammatory leukemoid reac-
tions. The presence of cytoplasmic toxicity, increased inflammatory plasma
proteins, and physical evidence of inflammation suggest a leukemoid reaction is
present. The presence of myelodysplasia suggests that CML is present. In some
canine cases, CML has been recognized to terminate in a “blast” crisis, in which
maturation of granulocytic cells is greatly diminished and blast cells predomi-
nate in blood and bone marrow.!304°

Chronic Myelomonocytic Leukemia. Chronic myelomonocytic leukemia has
been considered a variant of CML in humans but is now generally classified as
a form of MDS.5® A case has been reported in a cat that exhibited marked
monocytosis along with dyshematopoiesis and increased blast cells in bone
marrow.'”® Based on the MDS scheme listed above, this case could also be
classified as MDS-EB.

Eosinophilic Leukemia. Eosinophilic leukemia is a variant of CML in which
eosinophilic cells predominate in blood and marrow. Differentiation of eosino-
philic leukemia and the hypereosinophilic syndrome in cats can be difficult. The
hypereosinophilic syndrome is characterized by a mature eosinophilia with
frequent involvement of the intestines. Eosinophilic leukemia is character-
ized by marked cosinophilic left shifts in bone marrow, blood, and organ infil-
trates. 184-186,459

Basophilic Leukemia. Basophilic leukemia is a variant of CML in which baso-
philic cells predominate in blood and marrow. It has rarely been reported in
dogs.#19046 Early reports of basophilic leukemia in animals represented misdi-
agnosed cases of systemic mastocytosis with mastocytemia. Basophilic leukemia
is characterized by marked basophilia with many immature basophilic cells in
blood and bone marrow (Fig. 71B).

Primary Erythrocytosis. Primary erythrocytosis (polycythemia vera) in adult
dogs and cats is considered to be a chronic myeloproliferative disorder that
results from an autonomous (erythropoietin-independent) proliferation of ery-
throid precursor cells, resulting in high numbers of mature erythrocytes in
blood. In contrast to polycythemia vera in humans, granulocyte and platelet
numbers are generally not increased.©262 The bone marrow is hyperplastic with
orderly maturation of cells. Erythroid hyperplasia may be accompanied by
megakaryocytic and/or granulocytic hyperplasia in some cases.?*¢20 The M:E
ratio is often normal but may be decreased secondary to erythroid hyperpla-
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sia.%2 Marrow iron stores may be low, presumably as a result of increased
demands for erythrocyte production.?%

Thrombocythemia. Thrombocythemia is a myeloproliferative disorder that is
characterized by persistent, markedly increased (usually above 1 X 10%/ulL)
platelet counts and megakaryocytic hyperplasia in the bone marrow (Figs. 56C,
56D) in the absence of iron deficiency, recovery from severe hemorrhage,
rebound from a thrombocytopenia, splenectomy, an underlying chronic inflam-
matory condition, or another myeloproliferative disorder.68%01-505621 Megakar-
yocyte morphology may appear normal or dysplastic when examined by light
microscopy. Thrombocythemia is viewed as the platelet counterpart of primary
erythrocytosis and, as in primary erythrocytosis, a diagnosis of thrombocythe-
mia is ultimately made by ruling out other causes of the high cell counts.



CHAPTER 10

NONHEMATOPOIETIC
NEOPLASMS

Nonhematopoietic neoplasms of bone marrow develop in other tissues and
metastasize to the marrow. A metastasis to bone marrow is relatively common,
but it is rarely diagnosed because the multi-focal distributions of neoplastic
infiltrates are easily missed using a small biopsy needle. Recognition of meta-
static neoplasms within the marrow is increased if biopsies are collected from
lesions identified using diagnostic imaging techniques.®2

B MAST CELL TUMORS

Mast cells are round cells with round nuclei. They typically have large numbers
of purple granules in the cytoplasm, although the granules may not stain with
the Diff-Quik or other aqueous-based Wright stains. Mast cell precursors are
produced in the bone marrow but rarely develop into mast cells there.'
Rather, these precursors leave the marrow, circulate in blood, and migrate into
tissue sites, where they develop into mast cells.® Mast cell tumors, originating
in the skin, the spleen, and other peripheral sites, may metastasize to bone
marrow; consequently, bone marrow examination may be a part of staging this
neoplasm (Figs. 72A, 72B). Bone marrow involvement is especially likely in
noncutaneous systemic mastocytosis.>16-31°

B METASTATIC CARCINOMAS

Metastatic carcinomas are rarely recognized in routine bone marrow biopsies
(Figs. 73A-73D)™% but are identified more commonly in necropsy material or
in instances in which biopsy needles are directed at bone lesions identified
using diagnostic imaging.52-62> The morphology of cells observed varies with
the tumor type present. A disseminated adenocarcinoma, diagnosed in a dog
using a routine bone marrow biopsy, appeared as cohesive clusters of epithelial
cells, exhibiting morphologic abnormalities that may include anisocytosis, aniso-
karyosis, high N:C ratios, coarse nuclear chromatin, multiple nucleoli, deeply

185
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FIGURE 72. A. Mast cell infiltrate (slightly below center at right and left edges) in an aspirate
smear of bone marrow from a dog with a metastatic mast cell tumor.  B. Mast cell infiltrate in
an aspirate smear of bone marrow from a dog with a metastatic mast cell tumor. Three mast cells with
round nuclei and purple granules are located diagonally from top left to bottom right,

basophilic cytoplasm, discrete cytoplasmic vacuoles, mitotic figures, and acinar
formation.” Histologic sections are preferred to aspirate smears in the diagnosis
of metastatic carcinomas in human bone marrow.52

B SARCOMAS OF BONE

Bone tumors often spread into the marrow space. Osteogenic sarcoma is a
common bone tumor of dogs that is easily diagnosed using exfoliative cytology
of biopsy material collected from bone lesions (Figs. 73E, 73F). Malignant
osteoblasts are polygonal to fusiform, with abundant foamy basophilic cyto-
plasm. Nuclei are often eccentrically located and variable in size, exhibiting
coarse chromatin patterns and multiple nucleoli. These cells produce osteoid,
and consequently, they may contain reddish granules in the cytoplasm and may

FIGURE 73. Metastatic adenocarcinoma and osteogenic sarcoma in bone marrow. A. Co-
hesive clusters of basophilic epithelial cells in an aspirate smear of bone marrow from a dog with a
metastatic pancreatic adenocarcinoma. Wright-Giemsa stain. B. Cohesive clusters of basophilic epithe-
lial cells in an aspirate smear of bone marrow from a second dog with a metastatic adenocarcinoma of
unknown origin. Wright-Giemsa stain.  C. Cohesive clusters of basophilic epithelial cells in an aspirate
smear of bone marrow from a third dog with a disseminated metastatic adenocarcinoma. The origin could
not be determined even after necropsy examination. Wright-Giemsa stain. D. Metastatic foci of
neoplastic epithelial cells (right) in a section of bone marrow collected as a core biopsy from the dog with
an adenocarcinoma as presented in Figure 73C. The remaining marrow is hypocellular with myelofibrosis.
H&E stain. E. A multinucleated osteoclast (left) and osteoblasts with eccentric nuclei in an aspirate
smear of bone marrow from a dog with osteogenic sarcoma. Wright-Giemsa stain.  F. A multinucleated
osteoclast (bottom) and many osteoblasts in an aspirate smear of bone marrow from a second dog with
osteogenic sarcoma. Wright-Giemsa stain.
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FIGURE 73. See legend on apposite page.
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be found embedded in an eosinophilic osteoid matrix. Variable numbers of
nonneoplastic osteoclasts are also usually present.52

Chondrosarcomas of bone appear similar to osteogenic sarcomas on exfo-
liative cytology, except they are usually associated with more eosinophilic matrix
material than are osteogenic sarcomas. Other potential bone tumors that might
be diagnosed by aspirate or core biopsy include fibrosarcomas, hemangiosarco-
mas, and giant cell tumors of bone.*?’



APPENDIX 1

Example of Bone Marrow Evaluation
and Interpretation

Patient: A nine-year-old castrated male mixed-breed cat.

History: Decreased appetite, lethargy, and weight loss were recognized two
weeks ago. The referring veterinarian diagnosed severe periodontal disease. In-
house tests for FeLV and FIV were negative. Four teeth were pulled and
antibiotic therapy was initiated. The animal had intermittent fever, exhibited
variable anorexia, became dehydrated, and was referred to the Veterinary Medi-
cal Teaching Hospital for evaluation.

Clinical Findings: The cat was lethargic, slightly dehydrated, and thin, with a
dry hair coat. The gums were hyperemic in association with continuing peri-
odontal disease.

Laboratory Findings: Abnormal hematology findings included a hematocrit
of 27% and total leukocyte count of 1,300/uL, most of which were lympho-
cytes. Platelets were not counted, but numbers appeared normal during stained
blood film examination. Erythrocyte morphology was normal. Urinalysis and
clinical chemistry values were within normal limits. The FeLV test was negative,
but the FIV test was positive.

Bone Marrow Aspirate Smear Evaluation

13% Immature myeloid cells® 4% Immature erythroid cells®

63% Mature myeloid cells 13% Mature erythroid cells
1% Eosinophilic cells 4% Lymphocytes

<1% Monocytoid cells <1% Plasma cells

M:E Ratio = 4.5

Multiple particles were present and their cellularity appeared to be in-
creased. Megakaryocyte numbers appeared normal, a majority of which were
mature. The myeloid series was left-shifted, with a depletion of mature neutro-
phils. The erythroid series was complete, with orderly maturation, but a de-
creased amount of polychromasia was present. Lymphocytes, plasma cells, and
macrophages were present in normal numbers. Hemosiderin was not observed,
but this is a normal finding in cats. Erythrophagocytosis and leukophagocytosis
were rarely observed.

Interpretation: Granulocytic hyperplasia with abnormal maturation.

«Immature myeloid cells include myeloblasts and promyelocytes. Mature myeloid cells include neutro-
philic myelocytes, neutrophilic metamyelocytes, neutrophilic bands, and mature neutrophils.

b Immature erythroid cells include rubriblasts and prorubricytes. Mature erythroid cells include basophilic
rubricytes, polychromatophilic rubricytes, and metarubricytes.
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Comment: An increased M:E ratio in a severely leukopenic and mildly ane-
mic animal with hypercellular marrow and disordered myeloid maturation is
most likely secondary to FIV infection in this cat. This pattern could also be
detected transiently during a recovery phase after severe granulocytic depletion,
although this is less likely based on the history. If the animal is in a recovery
phase from neutropenia, the leukocyte count should increase in the peripheral
blood within a few days.
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Note: Page numbers in italics refer to illustrations; page numbers followed by t refer to tables.

A
Acanthocytes, 29, 30
Acute inflammation, of bone marrow, 159, 160
Acute lymphoblastic leukemia (ALL), 71, 165
lymphoblasts in, 68, 71, 164
lymphocytes in, 66
neutrophils in, 56
Acute monocytic leukemia (AML-M5), 153, 179
monablasts in, 68, 72, 178
Acute myeloblastic leukemia (AML-M2), 177
basophilic hyperplasia in, 144
megaloblastic erythroid precursor in, 138
myeloblasts in, 68, 72, 73, 176, 178
neutrophils in, 72
Acute myeloid leukemia (AML), 175-182, 176,
178, 180
frequency of, 182
Mi, 177
M2, 68, 72, 73, 138, 144, 176, 177, 178
M3, 177, 179
M4, 56, 68, 72, 153, 178, 179
M5, 68, 72, 153, 178, 179
Me, 68, 73, 74, 76, 82, 179-181, 180
M7, 68, 73, 74, 82, 152, 180, 181
peripheral blood findings in, 181
undifferentiated, 68, 74, 74, 180, 181
Acute myelomonocytic leukemia (AML-M4), 153,
179
monablasts in, 68, 72, 178
myeloblasts in, 178
neutrophils in, 56, 72
Acute undifferentiated leukemia, 68, 74, 74, 180,
181
Adipocytes, 100, 111, 112
Agglutination, 4, 6, 21-23, 22
Anaplasma spp., in erythrocytes, 40-41, 42
Anemia, aplastic, bone marrow in, 116
drug-induced, 127, 128
idiopathic, 126, 128
equine infectious, mitotic cell in, 82
neutrophils in, 53, 54
hemolytic, bone marrow in, 116, 121-123, 122
erythroid hyperplasia in, 134
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Anemia (Continued)
Heinz body, 37, 38
megakaryocyte aplasia in, 150
iron-deficiency, bone marrow in, 121-123, 122
hypochromasia in, 25-26, 28
leptocytes in, 30, 32
poikilocytosis in, 27, 28
neutrophilic hyperplasia in, 142
nonregenerative, 23, 24
nucleated erythrocytes in, 34, 36
regenerative, 23, 24, 25, 26
basophilic stippling in, 38, 39
Anisocytosis, 19t, 25, 26
in malignant histiocytosis, 157, 158
Anisokaryosis, in malignant histiocytosis, 157,
158
Apoptosis, 81, 82
Autoagglutination, 15, 16

B
Babesia spp., in erythrocytes, 40, 42
Babesiosis, monocyte in, 63
plasmacytoid lymphocyte in, 64
Bacteria. See Infectious agents.
Bacterial endocarditis, neutrophilic hyperplasia in,
142
Band basophils, 59, 60, 104, 107
Band eosinophils, 56, 58, 104, 107
Band neutrophils, 46, 47, 49, 138
giant, 148
in myelodysplastic syndromes, 138, 148
of bone marrow, 104, 107
vs. monocytes, 61, 62, 63
Barr body, in neutrophil, 45, 46
Bartonella spp., in erythrocytes, 42, 43
Basket cells, 81, 82, 108, 111
Basophil(s), 58—60, 59
band, 59, 60, 104, 107
bone marrow, 104, 107, 117
Ehrlichia morula in, 59
granules of, 58, 59, 60
of cats, 59, 60
production of, 89-90
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INDEX

Basophilia, foamy, 46, 51

Basophilic hyperplasia, 144, 145
Basophilic leukemia, 182, 183
Basophilic macroreticulocytes, 23, 24
Basophilic stippling, 3739, 38

Bernese mountain dogs, malignant histiocytosis in,

157, 159
Birman cats, neutrophil granules in, 54
Blast cells, 68, 70-74, 71, 72, 74
Blood film, 8-10, 10
coverslip method of, 9, 10
examination of, 15-20, 16, 17
slide method of, 9, 10
stains for, 11-15, 12
Blood sample. See also Blood film.
collection of, 3
gross examination of, 4, 5-6
microhematocrit tube evaluation of, 6-8, 7
Bone marrow, 93—-123
acute inflammation of, 159, 160
adipocytes of, 100, 111, 112
aplastic, 125-128, 126
aspiration biopsy of, 93, 94-99, 94-98
basophilic hyperplasia of, 144, 145
biopsy sites, 9496, 95-97
cellularity of, 114-115, 116, 118
chronic inflammation of, 160, 161
core biopsy of, 93, 99-101, 100
differential cell counts for, 113, 114t
dyserythropoiesis of, 136, 138, 139-140
dysgranulopoiesis of, 132, 144, 147, 148
dysmegakaryocytopoiesis of, 151, 152
emperipolesis of, 152—153, 152
eosinophilic hyperplasia of, 142, 143, 144
erythrocytic cells of, 102-106, 103, 104, 115, 117
erythroid hyperplasia of, 133-135, 134
erythroid hypoplasia of, 134, 136, 137, 139
fibrinous inflammation of, 161
free nuclei of, 108, 111
granulocytic cells of, 103, 104, 106-107, 117
granulocytic hyperplasia of, 140
granulocytic hypoplasia of, 144, 145
granulomatous inflammation of, 160, 161
hematopoietic neoplasms of, 163—184. See also
specific neoplasms.
hemosiderin in, 118, 121-123, 122
hypercellularity of, 114-115, 116, 118, 125
hyperostosis of, 133
hypocellularity of, 114-115, 116, 118, 125-128,
126
inflammation of, 159-161, 160
iron in, 118, 121-123, 122, 138, 140
lymphocytes of, 107-109, 108, 119-120
lymphoproliferative disorders of, 163-173. See
also specific disorders.
macrophages of, 107, 110
malignant histiocytosis of, 157-159, 158
mast cell tumors of, 185, 186
mast cells of, 108, 113, 121

Bone marrow (Continued)
megakaryocytic cells of, 78, 82, 83, 100, 102,
115, 118, 152
production of, 91, 91
megakaryocytic hyperplasia of, 149, 150
metastatic carcinoma of, 132, 185-186, 187
microabscess of, 160
mitotic cells of, 108, 111, 112, 121
monocytic cells of, 104, 107
monocytic hyperplasia of, 153
mononuclear phagocytes of, 120
myelofibrosis of, 129-132, 130, 132
myeloid to erythroid ratio of, 119, 119t
necrosis of, 128—129, 130
neutrophilic hyperplasia of, 141, 142, 143
nonhematopoietic neoplasms of, 185~ 188, 186,
187
normal, 98, 100
osteoblasts of, 109-111, 110, 112, 121
osteoclasts of, 109, 111, 121
osteosclerosis of, 132, 133
phagocytosis in, 153-154, 156, 157
plasma cells of, 108, 109, 120
Prussian blue stain for, 15
reactive macrophage hyperplasia of, 153, 154—
156
report on, 189-190
sarcoma of, 186—188, 187
selective megakaryocytic aplasia of, 150, 151
selective neutrophilic hypoplasia of, 144, 146~
147
smear preparation for, 97, 98, 100, 101
stains for, 15, 97-99, 98, 100, 101
stromal cells of, 111, 112, 121, 130
Borrelia spp., 82, 83
Bovine leukemia virus infection, lymphocytes in,
64, 66
Buffy coat, 6, 7
Burr cells, 27, 30

C
Cell count, in bone marrow, 113, 114t
leukocyte, 17, 18
Chediak-Higashi syndrome, neutrophils in, 53, 54
Chloramphenicol, erythroid aplasia with, 134,
137
iron-positive metarubricyte with, 138, 140
Chronic granulomatous inflammation, 160, 161
Chronic lymphocytic leukemia (CLL), 164-167
free nudleus in, 82
lymphocytes in, 66, 67, 166
myelofibrosis in, 132
osteosclerosis in, 132
Chronic myeloid leukemia (CML), 182183, 182
dwarf megakaryocytes in, 82, 152
macroplatelets in, 76
neutrophilic hyperplasia in, 141
neutrophils in, 48, 50, 72
Chronic myelomonocytic leukemia, 183



Codocytes, 19t, 32
Corynebacterium equi pneumonia, lymphocytes in,
68
Coverslip blood film method, 9, 10
Crenated erythrocytes, 27, 29, 30
Cryoglobulin, vs. degranulated platelet, 75, 76
Crystallized hemoglobin, 34, 35
Cytauxzoon felis, in erythrocytes, 40, 42
in macrophages, 61, 62, 155
Cytochemical stains, 15
Cytoplasmic fragment, in leukemic lymphoma,
76

D
Dacryocytes, 33, 34
Dapsone, thrombocytopenia with, 151
Deoxyhemoglobin, 5
Differential cell count, 11, 18
in bone marrow, 113, 114t
Diff-Quick stain, 11
Dipetalonema reconditum, 83
Dirofilaria immitis, 16, 83
Discocytes, 30
Disseminated intravascular coagulation, megakary-
ocytic hyperplasia in, 150
Distemper inclusions, in erythrocytes, 41, 42
in neutrophils, 52, 53, 54
Dohle bodies, 46, 51
Drepanocytes (sickle cells), 3335, 34
Drugs, aplastic anemia with, 127, 128
dysgranulopoiesis with, 147
erythroid aplasia with, 134, 137
neutrophilic hypoplasia with, 144, 146
nucleated erythrocytes with, 36, 38
polychromatophilic metarubricytes with, 138,
140
thrombocytopenia with, 151
Dwarf megakaryocytes, 78, 83
in chronic myeloid leukemia, 82, 152
in megakaryoblastic leukemia, 82, 152
in myelodysplastic syndromes, 152
Dyserythropoiesis, 136, 138, 139-140
Dysgranulopoiesis, 132, 144, 147, 148
Dysmegakaryocytopoiesis, 151, 152

E
Eccentrocytes, 32-33, 34
Echinocytes, 19t, 27, 29, 30
EDTA (ethylenediaminetetraacetic acid), 3
Ehrlichia spp., in basophils, 59
in monocytes, 61, 62
in neutrophils, 52, 54-55
in platelets, 76, 79
Ehrlichiosis, plasma cells in, 112
plasmacytoid lymphocyte in, 64
Elliptocytes (ovalocytes), 22, 33, 34
Emperipolesis, megakaryocytic, 152~153, 152
Endothelial cells, 81, 82
Envenomation, echinocytosis after, 27, 30

INDEX

Eosinophil(s), 56, 58
band, 56, 58, 104, 107
bone marrow, 104, 107, 117
cytoplasmic vacuoles of, 56, 58
granules of, 56, 58
in Pelger-Huet anomaly, 56
karyorrhexis of, 56
production of, 89-90
pyknosis of, 56
rod-shaped granules of, 56, 58
round granules of, 56
vacuolation of, 56, 58
Eosinophilic hyperplasia, 142, 143, 144
Eosinophilic leukemia, 58, 183
Eperythrozoon spp., in erythrocytes, 41, 42, 43
Equine infectious anemia, mitotic cells in, 82
neutrophils in, 53, 54
Erythroblastic island, 110
Erythrocytes, 21-44
acanthocytic, 29, 30
agglutination of, 4, 6, 21-23, 22
Anaplasma spp. in, 40-41, 42
anisocytosis of, 25, 26
artifacts in, 12, 42, 44
Babesia spp. in, 40, 42
Bartonella spp. in, 42, 43
basophilic stippling of, 37-39, 38
crenated, 19t, 27, 29, 30
crystallized hemoglobin in, 34, 35
cup-shaped, 29, 30
Cytauxzoon felis spp. in, 40, 42
dacryocytic, 33, 34
distemper inclusions of, 41, 42
drepanocytic, 33-35, 34
drying artifact in, 42
eccentrocytic, 32-33, 34
elliptocytic, 22, 33, 34
Eperythrozoon spp. in, 41, 42, 43
fragmentation of, 30, 32
ghost, 34, 36, 38
Haemobartonella spp. in, 41, 42
Heinz bodies of, 14, 37, 38
Howell-Jolly bodies of, 36-37, 38
hypochromic, 25-26, 28, 30
keratocytic, 29, 30
leptocytic, 30, 32, 34
lysis of, 34, 36
macrophage phagocytosis of, 110, 154, 156,
157
mast cell phagocytosis of, 59, 60
monocyte phagocytosis of, 61, 62, 120
morphology of, 18, 19t, 20, 21-36. See also
specific types of erythrocytes.
nucleated, 34, 36
platelets on, 42, 43
poikilocytosis of, 19t, 22, 27, 28
polychromatophilic, 19t, 23-25, 24, 104, 106,
115
precipitated stain in, 42
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Erythrocytes (Continued)
production of, 8889, 88
refractile inclusion in, 12
rouleaux formation by, 4, 5, 6, 21, 22
schistocytic, 30, 32
siderotic inclusions of, 14, 38, 39
spherocytic, 30, 31-32
stomatocytic, 29, 30
Theileria spp. in, 40, 42
Erythrocytosis, 183—184
Erythroid aplasia, 134, 137, 139
Erythroid hyperplasia, 133-135, 134
Erythroid hypoplasia, 134, 135-137, 136, 139
Erythroleukemia (AML-Mé), 179-181, 180
megaloblastic erythroid precursor in, 138
mitotic cells in, 82
myeloblasts in, 68, 74
platelets in, 76
rubriblasts in, 68, 73, 74
Erythrophagocytosis, macrophage, 110, 154, 156,
157
mast cell, 59, 60
monocyte, 61, 62, 120
Erythropoiesis, 8889, 88
Estrogen injection, bone marrow hypocellularity
with, 126, 127
neutrophilic hyperplasia with, 141, 142
Ethylenediaminetetraacetic acid (EDTA), 3

F
Feline immunodeficiency virus infection, bone
marrow in, 138, 140
erythroid hypoplasia in, 142
neutrophil karyolysis in, 56, 57
neutrophilic hyperplasia in, 141, 142
Feline leukemia virus infection, erythroid hypopla-
sia in, 134, 136, 137, 139
megaloblastic erythroid precursor in, 138
neutrophilic hyperplasia in, 141
Femoral head, for biopsy, 94, 96
Fibrinogen, 8
Fibrous inflammation, 161
Fixation, artifacts of, 11, 12
Free nuclei, 81, 82, 108, 111

G
Ghost erythrocyte, 34, 36, 38
Glucocorticoid therapy, lymphocyte response to,
120
GM,-gangliosidosis, lymphocytes in, 68, 70
neutrophils in, 53
Granules, melanin, 61, 62
of basophils, 58, 59, 60
of eosinophils, 56, 58
of lymphocytes, 68, 70
of monocytes, 61, 62
of neutrophils, 51-54, 52
Granulocyte-colony-stimulating factor (G-CSF),
neutrophilic hypoplasia with, 146
Granulocytic hyperplasia, 140

Granulocytic hypoplasia, 144, 145
Granulomatous inflammation, 160, 161
Griseofulvin, neutrophilic hypoplasia with, 144, 146

H
Haemobartonella spp., in erythrocytes, 41, 42
Heinz bodies, 14, 37, 38, 78, 110
Hemangiosarcoma, acanthocytes in, 29, 30
Hematophagic histiocytosis, 157
Hematopoiesis, 87-91, 88, 90, 91
Hematopoietic growth factors, 87-88
Hematopoietic neoplasms, 163—184. See also spe-
cific neoplasms.
lymphoproliferative, 163—173, 164, 166, 168,
170, 172
myeloproliferative, 173184, 176, 178, 180, 182.
See also Myelodysplastic syndromes.

Heme, 5
Hemighosts (eccentrocytes), 3233, 34
Hemobartonellosis, lymphocytes in, 64

macrophages in, 63
Hemoglobin, 5

crystallized, 34, 35

Heinz body, 37, 38
Hemolysis, 7-8, 7
Hemolytic anemia, bone marrow in, 116, 121-

123, 122

erythroid hyperplasia in, 134

Heinz body, 37, 38

megakaryocyte aplasia in, 150
Hemosiderin. See also Iron.

in bone marrow, 118, 121-123, 122

in macrophages, 107, 110

in malignant histiocytosis, 158

in monocytes, 61, 62

in neutrophils, 52, 54
Hepatozoon spp., in neutrophils, 52, 55
Histiocytosis, hematophagic, 157

malignant, 157-159, 158
Histoplasma capsulatum, in macrophages, 154

in monocytes, 61, 62

in neutrophils, 52, 55
Howell-Jolly bodies, 36-37, 38, 76
Humerus, for biopsy, 96, 96
Hypereosinophilic syndrome, 142, 143
Hyperostosis, 133
Hypochromasia, 19t, 25~-26, 28, 30

I
Ilium, for biopsy, 94, 95, 95
Immunoglobulin M (IgM) hyperglobulinemia, 172,
173
Inclusions, erythrocyte, 12, 14, 36-39, 38, 41, 42
iron-positive, 14, 38, 39, 52, 54
monocyte, 61
neutrophil, 52, 53, 54
on blood film, 20
Infectious agents, 82, 83
in basophils, 59
in erythrocytes, 4044, 42



Infectious agents (Continued)
in monocytes, 61, 62
in neutrophils, 52, 54—55
in platelets, 76, 79
on blood film, 20
Inflammatory disease, anemia of, erythroid hypo-
plasia with, 136
bone marrow, 159-161, 160
neutrophils in, 46, 49-50
Inherited cyclic hematopoiesis, neutrophilic hypo-
plasia with, 146-147
Iron, in bone marrow, 118, 121-123, 122, 138,
140
in erythrocytes, 14, 38, 39
in monocytes, 61
in neutrophils, 52, 54
stains for, 14-15
Iron-deficiency anemia, bone marrow examination
in, 121-123, 122
hypochromasia in, 25-26, 28
leptocytes in, 30, 32
poikilocytosis in, 27, 28
Isoerythrolysis, monocyte in, 63

K

Karyorrhexds, 81, 82, 129
Keratocytes, 29, 30
Knizocytes, 30, 32

L
Lead poisoning, nucleated erythrocytes in, 36, 38
Leishmania donovani, in macrophages, 154
Leptocytes, 30, 32, 34
Leptospira spp., 82
Leukemia, basophilic, 182, 183
eosinophilic, 58, 183
lymphoblastic, acute, 56, 66, 68, 71, 71, 164, 165
lymphocytic, chronic, 66, 67, 132, 164-167,
166
lymphoid, 163
myeloid, acute, 175-182, 176, 178, 180. See also
Acute myeloid leukemia (AML).
chronic, 48, 50, 72, 76, 82, 141, 152, 182-
183, 182
myelomonocytic, chronic, 183
undifferentiated, acute, 68, 74, 74, 180, 181
Leukemic lymphoma, apoptosis in, 82
cytoplasmic fragment in, 76
Leukemoid reaction, 50
Leukocytes, 17, 18, 19t
aggregate, 15, 16
Leukocytosis, 50
Leukopoiesis, 89-91, 90
Lipemia, 7, 8
neutrophil granules in, 51, 52
Lithium, neutropenia with, 147
Lymphoblasts, 70-72, 107, 109, 119, 120
in acute lymphoblastic leukemia, 68, 71, 164,
165
in lymphoma, 68, 71, 71, 168
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Lymphocyte(s), 65—-74, 107-109, 108
basophilic granules of, 68
bone marrow, 119-120
cytoplasmic granules of, 68, 70
cytoplasmic vacuoles of, 68, 70
granular, 64, 67
in acute lymphoblastic leukemia, 66
in bovine leukemia virus infection, 66
in chronic lymphocytic leukemia, 66, 67, 164—
167, 166
in lymphoma, 64, 67, 167-170, 168
normal, 63, 64, 65-67, 66
production of, 90-91
reactive, 63, 64, 66, 67
Russell bodies in, 64
vs. monocytes, 61, 63
Lymphocytic-plasmacytic gastritis, eosinophilic hy-
perplasia in, 142, 143
Lymphocytosis, in chronic lymphocytic leukemia,
66, 67
Lymphoma, 163, 167—170, 168
leukemic, 163
apoptosis in, 82
cytoplasmic fragment in, 76
lymphoblasts in, 68, 71, 71, 168
lymphocytes in, 64, 67, 167-170, 168
multicentric, 172, 173
neutrophils in, 56
Lymphoproliferative disorders, 163—-173. See also
specific disorders.
Lysosomal storage diseases, neutrophil granules in,
51, 52, 54

M
Macrocytic polychromatophilic rubricytes, 138
Macroglobulinemia, 172, 173
Macrophage(s), bone marrow, 107, 110, 120
Cytauxzoon felis in, 61, 62, 155
erythrocyte phagocytosis by, 154, 156, 157
hemosiderin in, 107, 110
Histoplasma capsulatum in, 154
in malignant histiocytosis, 157, 158
Leishmania donovani in, 154
phagocytosis by, 153-157, 156
Macrophage hyperplasia, reactive, 153, 154—156
Macroplatelets, 75-77, 76, 78
Macroreticulocytes, basophilic, 23, 24
Malignant melanoma, melanin granules in, 61, 62
B-Mannosidosis, lymphocytes in, 68
Mast cells, 59, 60
bone marrow, 108, 113, 121
Mast cell tumors, 185, 186
Mastocytemia, 60
Mastocytosis, systemic, neutrophils in, 56
Megakaryoblast, 100, 102
in megakaryoblastic leukemia, 68, 73, 74
Megakaryoblastic leukemia (AML-M7), 180, 181
dwarf megakaryocytes in, 82, 152
megakaryoblasts in, 68, 73, 74
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Megakaryocytes, 82, 83, 115, 118
basophilic, 100, 102
dwarf, 78, 82, 83, 152
mature, 100, 102
production of, 91, 91
Megakaryocytic emperipolesis, 152-153, 152
Megakaryocytic hyperplasia, 149, 150
Megakaryocytic hypoplasia, 150, 151
Melanin, 61, 62
Melanophages, 61, 62
Metamyelocytes, 104, 106—107
eosinophilic, 56, 104, 112
neutrophilic, 46, 49, 104
toxic, 46, 51
Metarubricytes, 24, 36, 78, 88, 108, 115
iron-positive, 138
macrocytic, 136
orthochromatic, 34
polychromatophilic, 34, 104, 105
lobulated, 138
Metastatic blast cells, 68, 74
Metastatic carcinoma, 132, 185-186, 187
Methemoglobinemia, 4, 56
Methylene blue stains, 12, 13-14
Microabscess, 160
Microfilaria, 16, 83
Microhematocrit, 6—8, 7
Mitotic cells, 81, 82, 108, 111, 112, 121
Monoblasts, 73, 104, 107
in acute monocytic leukemia, 68, 72, 153, 178,
179
in acute myelomonocytic leukemia, 68, 72,
178
Monocytes, 104, 107, 120
Cytauxzoon felis in, 61, 62
Ehrlichia spp. in, 61, 62
granules of, 61, 62
Histoplasma capsulatum in, 61, 62
in acute monocytic leukemia, 72
in acute myelomonocytic leukemia, 72
nucleus of, 61, 62
production of, 90
vs. lymphocytes, 63
vs. neutrophils, 61, 62, 63
Monocytic hyperplasia, 153
Mott’s cells, 108, 109
Mucopolysaccharidosis, neutrophils in, 53
Multiple myeloma, 170, 171, 172
plasma cell in, 64, 108
Mycobacterium spp., in neutrophils, 52, 55
Myeloblast(s), 49, 73, 89, 90, 104, 106, 117
in acute myeloblastic leukemia, 68, 72, 73, 176,
178
in acute myelomonocytic leukemia, 178
in erythroleukemia, 68, 74
in myelodysplastic syndromes, 148
Myeloblastic leukemia (AML-M2), 72, 73, 138
myeloblast in, 68
with differentiation, 144, 176, 177, 178

Myeloblastic leukemia without maturation (AML-
M1), 177
Myelocytes, 89, 90
basophilic, 104, 106
eosinophilic, 104, 106
neutrophilic, 46, 49, 104, 106
in Pelger-Huet anomaly, 48, 50
Myelodysplastic syndromes, 174-175
band neutrophils in, 138, 148
bone marrow iron in, 121-123, 122
classification of, 175
dwarf megakaryocytes in, 152
dyserythropoiesis in, 136
dysgranulopoiesis in, 148
giant band neutrophils in, 148
giant binucleated granulocytic precursors in,
138
macrophage phagocytosis in, 156
macroplatelets in, 76
megaloblastic erythroid precursors in, 138
myeloblasts in, 148
myelofibrosis in, 130
platelets in, 78
rubricytes in, 138
Myelofibrosis, 129-132, 130, 132
Myeloid:erythroid (M:E) ratio, 119, 119t
in anemia of inflammatory disease, 139
Myeloproliferative disorders, 173-184, 176, 178,
180, 182. See also Myelodysplastic syndromes.

N
Necrosis, bone marrow, 128-129, 130
Neonatal isoerythrolysis, monocyte in , 63
Neutropenia, 141-143, 142
Neutrophil(s), 18, 19t, 45-57
artifacts in, 57
bacterial phagocytosis by, 52, 55
band, 46, 47, 49, 138
giant, 148
of bone marrow, 104, 107
vs. monocytes, 61, 62, 63
Barr body in, 45, 46
distemper inclusions in, 52, 53, 54
Doehle bodies of, 46, 51
Ehrlichia morulae in, 52, 54-55
foamy basophilia of, 46, 51
giant, 56, 57
granules of, 51-54, 52
Hepatozoon gamonts in, 52, 55
Histoplasma capsulatum organisms in, 52, 55
hypersegmentation of, 55, 56
in acute myeloblastic leukemia, 72
in acute myelomonocytic leukemia, 56, 72
in Birman cats, 54
in Chediak-Higashi syndrome, 53, 54
in chronic myeloid leukemia, 72
in equine infectious anemia, 53, 54
in feline immunodeficiency virus infection, 56,
57, 141, 142



Neutrophil(s) (Continued)

in foals, 51, 52

in GM,-gangliosidosis, 53

in horses, 45, 46, 51, 52

in inflammation, 46, 49-50

in lysosomal storage diseases, 51, 52, 54

in mucopolysaccharidosis, 53

in Pelger-Huet anomaly, 48, 50

in septic peritonitis, 46, 56

in systemic mastocytosis, 56

iron-positive inclusions in, 52, 54

karyolysis of, 56, 57

karyorrhexis of, 56, 57

left shift of, 46, 47, 48, 49~50

mature, 45, 46, 49, 104

Mycobacterium spp. in, 52, 55

normal, 45-57, 46

precipitated stain on, 12

production of, 89, 90

purple granules of, 51, 52

pyknosis of, 56, 57

reddish granules, 52, 54

right shift of, 55, 56

stain precipitation on, 56, 57

toxic, 46, 5051, 56, 57
Neutrophilic hyperplasia, 141143, 142
Neutrophilic hypoplasia, 144, 146147
Niemann-Pick disease, lymphocytes in, 68, 70

macrophages in, 156
Nouclei, free, 81, 82, 108, 111

(o]
Osteoblasts, 109-111, 110, 112, 121
in sarcoma, 186—188, 187
Osteoclasts, 109, 121
in sarcoma, 186-188, 187
Osteopetrosis, 133
Osteosclerosis, 132, 133
Ovalocytes, 33, 34

P

Packed cells, 6, 7
Pappenheimer bodies, 38, 39
Parasites, 82, 83

Parvovirus infection, bone marrow hypocellularity

with, 126, 127-128
Pelger-Huet anomaly, 48, 50, 56, 58
Peritonitis, septic, neutrophils in, 46, 56
Phagocytosis, in bone marrow, 133154, 156,
157
macrophage, 110, 154, 156, 157
mast cell, 59, 60
monocyte, 61, 62, 120
neatrophil, 52, 55
Plasma, appearance of, 6-8, 7
Plasma cells, 69, 108, 109, 112, 120

in multiple myeloma, 64, 108, 170, 171, 172

Plasma protein, 8
Plasmacytoma, 173
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Platelet(s), 75-79
activated, 76, 77, 78
aggregate, 15, 16
degranulation of, 75, 76, 77, 78
diameter of, 75-77, 76, 78
Ehrlichia platys morula in, 76, 79
hypogranular, 76, 77-79, 78
in cats, 75, 76
in horses, 75, 76
in thrombocythemia, 75, 78
normal, 75, 76
on erythrocyte, 42, 43
production of, 91, 91
Platelet count, 20
Poikilocytosis, 19t, 22, 27, 28
Polyarthritis, erythroid hypoplasia with, 134
Polychromasia, 19t, 23-25, 24
Polycythemia vera, 183-184
Progenitor cells, 87
Prolymphocytes, 108, 119, 120
Promegakaryocyte, 100, 102
Promonocytes, 104, 107
Promyelocytes, 46, 49, 89, 90, 104, 106, 117
Promyelocytic leukemia (AML-M3), 177,
179
Prorubricytes, 88, 102, 104, 115
Prussian blue stain, 14, 15, 38, 39
Pyknosis, 81, 82, 129
Pyogranulomatous inflammation, 160, 161
Pyruvate kinase deficiency, 27, 30, 32
myelofibrosis in, 131
osteosclerosis in, 133

R

Red smudges, 34, 36

Reticulocyte(s), 88, 89. See also Erythrocytes
aggregate, 12, 13-14
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polychromatophilic erythrocytes, 19t, 23-25, 24,

104, 106, 115
punctate, 13, 25, 26
stains for, 12, 13-14
stress, 23, 24
Ribs, for biopsy, 96
Romanowsky-type stains, 11, 12
Rouleaux, 4, 5, 21, 22
vs. agglutination, 4, 6
Rubriblasts, 34, 36, 88, 88, 102, 104, 115
in erythroleukemia, 68, 73, 74
Rubricytes, 88
basophilic, 104, 105, 108
megaloblastic, 136
polychromatophilic, 104, 105, 108, 115
lobulated, 138, 140
macrocytic, 138, 140
trinucleated, 138, 140
Russell bodies, 64, 108, 109

S
Sarcoma, 186—188, 187
Schistocytes (schizocytes), 30, 32
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INDEX

Setaria spp., 83

Sezary cells, 72, 72

Sickle cells (drepanocytes), 33-35, 34
Sideroblasts, 14

Siderocytes, 14, 38, 39
Sideroleukocytes, 14

Slide blood film method, 9, 10
Smudged erythrocytes, 34, 36

Snake bite, echinocytosis after, 27, 30
Spherocytes, 19t, 22, 30, 31-32
Spheroechinocytes, 30

Spirochete, 82, 83

Splenomegaly, bone marrow hypocellularity with,

128
Spot test for methemoglobinemia, 4, 5
Spur cells, 29, 30
Stains, 11-15, 12
cytochemical, 15
iron, 14-15
methylene blue, 12, 13-14
precipitation of, 11, 12
Prussian blue, 14, 15, 38, 39
reticulocyte, 12, 13-14
Romanowsky-type, 11, 12
Sternum, for biopsy, 96
Stomatocytes, 29, 30

Stomatospherocytes, 30

Stress reticulocytes, 23, 24

Stromal cells, 87, 111, 112, 121, 130

Systemic lupus erythematosus, dyserythropoiesis
in, 136, 140

T

Theileria spp., in erythrocytes, 40, 42

Thrombocythemia, 75, 78, 150, 184
megakaryocytes in, 149, 150
platelets in, 77, 78

Thrombocytosis, 78

Thrombopoiesis, 91, 91

Torocytes, 25, 30

Trypanosoma cruzi, 82, 83

Trypanosoma theileri, 82, 83

Tuber coxae, for biopsy, 96-97

\'
Vacuum tube, 3
Valacyclovir, dysgranulopoiesis with, 147
Vincristine therapy, bone marrow changes with,
138, 140
nucleated erythrocytes after, 36, 38

w
Wright-Giemsa stain, 10, 11, 12
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