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groups but significantly lower in the B. rossi group than the IMHA group (p=.041).
In the experimentally infected dogs, there was a sudden decrease in the ARC ap-
proximately 48h after the detection of peripheral parasitemia, which was followed
by an increase after treatment. Reticulocytes of naturally infected B. rossi dogs were
larger, with more variation in cellular volume. The reticulocytes of the experimentally
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Conclusions: The regenerative response in dogs naturally infected with B. rossi is in-
adequate, given the severity of the anemia observed, and it might be a result of direct

suppressive action by the parasite or host response on the bone marrow.
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1 | INTRODUCTION

Babesiosis is caused by the virulent Babesia rossi species and is a
common intra-erythrocytic tick-borne disease that affects dogs
in southern Africa. The main consequence of babesiosis in dogs is
acute hemolytic anemia, which may be intravascular as well as ex-
travascular.! The Babesia parasite causes direct damage to eryth-
rocytes during replication, resulting in intravascular hemolysis,
while extravascular hemolysis results from increased phagocytosis
of parasitized and non-parasitized erythrocytes in the spleen and
liver.2 The anemia caused by B. rossi is multifactorial, with a number
of mechanisms resulting in erythrocyte destruction, including the
binding of antibodies to the erythrocyte surface and complement
activation, the production of serum hemolytic factors, erythrocyte
oxidative damage, the creation of spherocytes, and an increase in
the osmotic fragility of erythrocytes.2

Hemolytic anemias are considered regenerative anemias, in
which the bone marrow responds appropriately to erythrocyte de-
struction by increasing production of erythrocyte precursors. These
precursors can later be recognized as reticulocytes in the circula-
tion.% Hemolytic anemias are also usually more regenerative than
hemorrhagic anemias because the liberated iron from lysed eryth-
rocytes is recycled in the production of new cells.® In contrast,
non-regenerative anemias result from decreased erythrocyte pro-
duction or defective erythropoiesis, which indicates a poorly or non-
responsive bone marrow. In these cases, the reticulocyte response
would be normal or only minimally increased for the degree of ane-
mia.* As a result, non-regenerative anemias commonly present as
normocytic and normochromic and may be a consequence of ex-
tramedullary diseases, such as is seen with anemia of inflammatory
disease (AID).*®

To date, three studies have recorded poor regenerative re-
sponses in dogs naturally infected with B. rossi, showing mod-
erate to severe anemia.®® The first study noted that the mean
reticulocyte percentage (RET%) of the admission blood samples
was non-regenerative (RET%=0.74%) in moderately anemic
dogs (hematocrit; HCT=0.15-0.30L/L) and mildly regenerative
(RET%=3.43%) in severely anemic dogs (HCT<0.15L/L).® How-
ever, the absolute reticulocyte count (ARC) was not determined
in these cases. The second study described the regenerative re-
sponse as mild (ARC=60-150x 10%/L) to moderate (ARC =150~
300x 10?/L) in dogs requiring a blood transfusion. The transfused
group had a median HCT of 0.09L/L at presentation. Similarly, a
mild to moderate regenerative response was seen in dogs that
did not receive a blood transfusion. Nonetheless, the overall re-
generative response, recorded over a period of 6 days, was never
marked, despite the severity of anemia observed.” The third, more
recent study supported these findings and showed that at presen-
tation, 61.9% of infected dogs had an ARC <100x 10%/L, with a
median HCT of 0.24 L/L.% None of these three studies investigated
this apparent inadequate regenerative response any further.

Recently, more information has become available on the use
of reticulocyte indices in an attempt to describe and explain the
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underlying pathogenesis of various anemias.” The ADVIA 2120
(Siemens Healthcare), an automated hematology analyzer, is able
to provide information regarding the ARC and reticulocyte indices
using a nucleic acid-binding dye (oxazine 750) and the light scatter
properties of reticulocytes.”® Notably, several reticulocyte indices
are better indicators of iron-restricted anemia in dogs than conven-
tional hematologic or biochemical indices because they reflect the
real-time function of the bone marrow.”!

The objectives of this study were to (1) describe the admis-
sion ARC and selected reticulocyte indices in dogs naturally in-
fected with B. rossi and compare the results with those of healthy
control dogs as well as those with acute erythrocyte destruction
(unrelated to babesiosis); and (2) describe the ARC and selected
reticulocyte indices throughout the disease course in dogs exper-
imentally infected with B. rossi in an attempt to better understand
the regenerative response in these dogs. We hypothesized that
the admission ARC in dogs naturally infected with B. rossi would be
significantly lower compared with dogs with acute non-Babesia-
associated erythrocyte destruction, that the reticulocyte indices
would be different than those seen in healthy control dogs and
dogs with acute non-Babesia-associated erythrocyte destruction,
and that the ARC and reticulocyte indices in dogs experimentally
infected with B. rossi would change over the course of the disease
and may be associated with parasitemia.

2 | MATERIALS AND METHODS
2.1 | Study design

This was an observational study that retrospectively evaluated the
ARC and a number of erythrocyte and reticulocyte indices in dogs
naturally and experimentally infected with B. rossi, as well as dogs
with immune-mediated hemolytic anemia (IMHA) and healthy con-
trol dogs. Research ethics approval was granted by the Research
Ethics Committee of the Faculty of Veterinary Science (REC202-
19) and the Animal Ethics Committee of the University of Pretoria
for the three study cohorts (V055-11, V091-13, and V003-18). The
records generated on the ADVIA 2120 (Siemens Healthcare) were
retrospectively analyzed.

2.1.1 | Study design for naturally infected dogs

The first study cohort included 85 Babesia-infected dogs and 14
healthy control dogs, collected from October 2013 to July 2015,
whereas the second study cohort included 18 Babesia-infected dogs
collected from January to December 2014. These dogs were com-
pared with 10 dogs with IMHA, unrelated to babesiosis, that pre-
sented as clinical cases to the Veterinary Academic Hospital between
2014 and 2020. For both Babesia study cohorts, dogs were included
if they were >12weeks of age, weighed >3kg, and had demonstra-
ble parasitemia. Infection with B. rossi was confirmed by PCR and

85UB017 SUOWWOD BAIE8.D 3(dedldde ayy Aq pausenob ale sejoie YO ‘8N JO 3| 10y Ariq1T8UUO /8|1 UO (SUONIPUOD-PUE-SWLBI 00" AB | 1WA Leiq | Ul [UO//:Sdny) SUONIPUOD PuUe SIS | 8Ly 88S *[£202/0T/LT] Uo ARIqIT8uUlluO A8]IM ‘YoIessay [eo1pe I Ued LY YINoS Aq 82ZET dOATTTT 0T/I0P/W00 A8 | 1M Afe.d 1 jpul|uoy/sdny Woiy papeojumoq ‘€ ‘€202 ‘XSITEE6T



Veterinary Clinical Pathology

SEEJARIM ET AL.

ﬂWl LEY

An International Journal of Laboratory Medicine

reverse line blot (RLB).!? Dogs were excluded if they were infected
with B. vogeli, Ehrlichia canis, Theileria, or Anaplasma spp., based on
the results of PCR and RLB. Dogs were also excluded if they had any
comorbidities, such as cardiac, neoplastic, infectious, or traumatic
conditions or diseases, or any treatment with anti-inflammatory
drugs at presentation or within 4weeks prior to presentation. The
standard treatment for the dogs with babesiosis included dimina-
zene aceturate (Berenil RTU 0.07g/mL, Intervet), an antibabesial
drug, at 3.5mg/kg. Additional supportive treatments of packed
red cell transfusions and intravenous fluids were administered as
needed. Any complications were treated accordingly at the discre-
tion of the attending clinician. Fourteen healthy dogs formed part
of the control group. They were client-owned and were presented
to the Veterinary Academic Hospital for routine procedures, such as
ovariohysterectomy, castration, or blood donation. The control dogs
were deemed healthy based on history, a full clinical examination,
peripheral blood smear evaluation, CBC, full biochemistry profile,
as well as PCR and RLB to rule out infection with B. rossi, B. vogeli,
E. canis, Theileria, and Anaplasma spp. Owner consent was obtained
for the enrollment of infected cases and healthy control dogs. At
presentation and before any treatments were administered, blood
was collected in EDTA and serum vacutainer tubes from Babesia-
infected and control dogs. The EDTA blood was used to perform a
CBC on the ADVIA 2120 within 1h, which included the ARC and
reticulocyte indices. A small aliquot of this sample was used for DNA
extraction by PCR and RLB.

The database of the Clinical Pathology laboratory was ret-
rospectively searched for dogs with IMHA, unrelated to babesi-
osis, that were presented to the Veterinary Academic Hospital
between 2014 and 2020. Although PCR was not performed on
these cases to confirm the absence of Babesia parasites, the blood
smears were evaluated for the presence of Babesia parasites, and
the hematology results were evaluated for typical changes seen
with babesiosis. Furthermore, it has been reported that a platelet
count of >110x 10?/L has a 99.3% predictive value that the dog
is not suffering from babesiosis.'® Therefore, all dogs with IMHA
and a platelet count less than 110 x 10°/L were excluded. This co-
hort of cases was included to compare their reticulocyte response
with that seen in dogs with babesiosis. The inclusion criteria for
this cohort of cases were in line with those set by the Ameri-
can College of Veterinary Internal Medicine (ACVIM) consensus
statement on the diagnosis of IMHA,'* which include: (1) anemia
(below the laboratory-generated reference interval); (2) signs of
immune-mediated erythrocyte destruction such as spherocyto-
sis (25 spherocytes per x100 oil immersion field on blood smear
evaluation), a positive saline agglutination test, and/or demonstra-
tion of anti-erythrocyte antibodies; and (3) evidence of hemoly-
sis, such as spherocytosis, hyperbilirubinemia (in the absence of
functional hepatic disease, cholestasis or sepsis), hemoglobinemia,
hemoglobinuria, or erythrocyte ghosts. Owner consent for the use
of the data forms part of the standard disclaimer that owners have
to sign when their pets are admitted to the Veterinary Academic
Hospital.

2.1.2 | Study design for the experimentally
infected dogs

Data collected during a longitudinal experimental study from Feb-
ruary 28 to March 8, 2019, that included six 6-month-old purpose-
bred sterilized male Beagle dogs, were retrospectively included in
our study. This study was approved by the University of Pretoria's
Animal Ethics Committee (V003-18). The Beagles were housed at
the university's academic research unit from 8 weeks of age until
the end of the experimental period, after which the dogs were
rehomed. One dog was randomly selected, splenectomized, and
used to raise a viable parasite inoculum from cryopreserved, PCR-
confirmed wild-type B. rossi. The parasitemia of the splenecto-
mized dog was determined manually twice daily on central venous
blood collected every 12h from 24-h post-infection. The remain-
ing five dogs were experimentally infected (day one) with an in-
travenous injection of fresh whole blood, diluted to achieve the
two parasite doses required. Two of the five dogs received a low-
dose (LD) B. rossi parasite inoculum (10* parasitized RBC/mL), and
three dogs received a high-dose (HD) B. rossi parasite inoculum
(108 parasitized RBC/mL). The five dogs finally infected with the
B. rossi inoculum acted as their own baseline controls. The sple-
nectomized dog was cured with diminazine aceturate. Blood was
collected on a daily basis in EDTA vacutainer tubes from all five
dogs for four consecutive days. Unfortunately, one dog in the HD
group died; the remaining four dogs were cured with diminazene
aceturate when their clinical status reached a priori criteria of se-
verity. Blood was collected for an additional 4 days post-treatment
(8days in total). The EDTA blood was used to perform a CBC on
the ADVIA 2120 within 1 h of collection.

2.2 | Methodologies

CBC reports, measured by the ADVIA 2120, were retrospectively
analyzed. Specific variables produced by the ADVIA 2120 from all
study data sets that were evaluated included: HCT, mean cell volume
(MCV), hemoglobin concentration in whole blood (HGB), mean cell
hemoglobin concentration (MCHC), cell hemoglobin concentration
mean (CHCM), ARC, reticulocyte mean cell volume (MCVr), distribu-
tion width (variability) of reticulocyte cell size (RDWr), reticulocyte
cell hemoglobin concentration mean (CHCMr), reticulocyte hemo-
globin content (CHr), and distribution width (variability) of CHr
(CHDWI).

2.3 | Statistical analysis

A commercial software package (SPSS Statistics version 26 IBM)
was used. For the naturally infected and IMHA dogs, the normal-
ity assumption was evaluated using the Shapiro-Wilk test, and
the data distribution was determined to be non-parametric. The
Kruskal-Wallis test was used to determine the significance across
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groups for each variable. If significance was present, the Mann-
Whitney U test was used as a post-hoc analysis. Sex proportions
between groups were assessed using the Chi-square test. The data
are presented as the median and interquartile range (IQR). The sig-
nificance level was set at 5%. Due to the small sample size of the
experimentally infected dogs, statistical analysis could not be per-
formed; instead, the trend over time was described for each vari-

able. The data for these dogs are presented as median and range.

3 | RESULTS
3.1 | Study population characteristics

For the naturally infected study, data from 103 client-owned dogs
infected with B. rossi, 10 dogs with IMHA, and 14 healthy con-
trol dogs were included. The age of the Babesia group (18 months;
9-36) was significantly lower than that of the IMHA group
(66months; 54-93; p<.001) and the control group (56months;
18-84; p=.034). In contrast, there was no significant age difference
between the IMHA and control groups. The weight of the Babesia
group (18kg; 9-26.8) was significantly lower than that of the control
group (29kg; 12-34.5; p=.042). Yet, there was no significant weight
difference between the Babesia and IMHA (15kg; 9.8-29.6) groups,
nor between the IMHA and control groups. The ratio of male:female
was as follows: control group (5:9), Babesia (69:34), and IMHA (4:6),
with significantly more male dogs in the Babesia group (p=.023). The
five experimentally infected dogs were all from the same litter of
beagle dogs and were all males; there were no differences in age or
weight between them.
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3.2 | Hematologic variables, including ARC, for
naturally infected dogs with babesiosis compared
with dogs with IMHA and healthy control dogs

Table 1 contains a summary of all the variables for the various groups
at presentation. For the Babesia and IMHA groups, the HCT (p <.001
for both), HGB (p<.001 for both), and CHCM (p<.001 for both)
were significantly lower than in the control group. In contrast, the
HGB (p=.027) and CHCM (p <.001) were significantly higher in the
Babesia group compared with the IMHA group. The HCT did not dif-
fer significantly between the Babesia and IMHA groups. The MCHC
was significantly lower in the Babesia group (p <.001) compared with
the control group, but there was no difference between the Babesia
and IMHA groups or the IMHA and control groups. The MCV was
significantly higher in the IMHA group compared with the Babesia
and control groups (p<.001 for both); however, there was no sig-
nificant difference between the Babesia and control groups. Com-
pared with the control group, the ARC was significantly higher in the
Babesia (p=.006) and IMHA (p=.019) groups (Figure 1). However,
the ARC was significantly lower in the Babesia group compared with
the IMHA group (p=.041), despite there being no significant differ-
ence in the HCT between groups.

3.3 | Reticulocyte indices for naturally infected
babesiosis dogs, compared with dogs with IMHA and
healthy control dogs

Table 1 contains a summary of all the variables for the various groups at
presentation. The MCVr (p=.005; Figure 2) and RDWr (p=.003) were

TABLE 1 Hematologic and reticulocyte variables at presentation for naturally infected B. rossi dogs, dogs with IMHA, and healthy control

179.5 (154.0-190.8)

IMHA group

Control group median (IQR) Babesia group median (IQR) median (IQR)

50.0 (39.0-86.0) 40.0(31.0-45.8)

0.52 (0.45-0.57)
68.0 (66.6-69.5)
340 (336-341)

346 (339-353)

0.61 (0.44-0.75)
42.1(33.8-62.6)
88.6 (86.3-89.3)
13.1(12.1-14.3)

286 (278-303)

0.16 (0.12-0.27)
70.5(66.7-76.3)
322 (300-333)
325 (299-340)
3.55(1.46-7.64)
82.1(48.6-174.9)
95.9 (88.0-103.5)
14.6 (13.4-15.8)

273 (262-289)

0.15(0.12-0.17)
97.7 (79.1-108.9)
312 (294-395)
278 (267-290)
28.2(3.3-35.6)
256.7 (50.1-559.9)
98.8(83.5-123.2)
15.4(13.2-20.9)

254 (234-261)

dogs.
Variable Unit
Hemoglobin concentration (HGB)*b< g/L
Hematocrit (HCT)?P L/L
Mean cell volume (MCV)*© fL
Mean cell hemoglobin concentration (MCHC)? g/L
Cell hemoglobin concentration mean (CHCM)*P< g/L
Reticulocyte percentage (RET%)*>¢ %
Absolute reticulocyte count (ARC)*P< x10%/L
Reticulocyte mean cell volume (MCVr)? fL
Distribution width (variability) of reticulocyte cell size %
(RDWr)*®
Reticulocyte cell hemoglobin concentration mean g/L
(CHCMr)?<
Reticulocyte hemoglobin content (CHr) pg/cell

Distribution width (variability) of CHr (CHDWr)*® pg

Significance between control and naturally infected B. rossi dogs (p <.05).
bSignificance between control and IMHA dogs (p <.05).
“Significance between naturally infected B. rossi and IMHA dogs (p <.05).

25.6(23.6-26.8)
3.04(2.91-3.21)

25.9 (24.5-27.4)
3.37(3.10-3.82)

25.4(20.9-29.1)
3.79 (3.7-5.9)
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FIGURE 1 Boxplot demonstrating the admission ARC results for the control, Babesia, and IMHA groups. The median is represented by
the horizontal line that runs through the box. The lower and upper edges of the box represent the first and third quartiles, respectively. The
lower and upper edges of the whiskers represent the minimum and maximum values, respectively. The outliers are indicated by circles, and

the extreme outliers by asterisks.
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FIGURE 2 Boxplot demonstrating the admission MCVr results for the control, Babesia, and IMHA groups. The median is represented by
the horizontal line that runs through the box. The lower and upper edges of the box represent the first and third quartiles, respectively. The
lower and upper edges of the whiskers represent the minimum and maximum values, respectively. The outliers are indicated by circles.

significantly higher in the Babesia group compared with the control
group, but there were no significant differences between the Babe-
sia and IMHA groups. The RDWr was significantly higher (p=.031) in
the IMHA group compared with the controls, but the MCVr was not
significantly different between the two groups. Although there were
no significant differences between groups for CHr, the CHCMr was

significantly lower in the Babesia (p =.007) and IMHA (p <.001) groups
compared with the control group and significantly higher in the Babe-
sia group compared with the IMHA group (p=.003). Compared with
the control group, the CHDWr was significantly higher in the Babesia
(p=.002) and IMHA (p=.001) groups, with no significant difference
between the Babesia and IMHA groups.
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3.4 | Temporal changes of the hematologic and
reticulocyte variables in experimentally infected
B. rossi dogs

Blood was collected for a total of 8days, 4days before and 4days
after treatment. Results for each variable on each day are displayed
in Table 2. Parasitemia was first detected on peripheral blood smears
on days 2 (HD) and 3 (LD).

The HGB concentration and HCT (Figure 3) began to decrease
by day 3, reached their lowest values by days 5 (HD) and 6 (LD), and
thereafter increased again. The MCV remained unchanged, except
for an increase in the HD group on day 4, with a return to baseline
on day 5. Similarly, the CHCM remained unchanged, except for a de-
crease in the HD group on day 4 and a return to baseline on day 5.
The MCHC demonstrated a gradual decrease for both groups over
the period, with a return to baseline on day 8. The ARC (Figure 4)
increased from day 2, reaching a peak on days 3 (HD) and 4 (LD).
Thereafter, it suddenly decreased to return to baseline values by
days 4 (HD) and 6 (LD). All dogs were drug-treated and cured of the
parasitemia on day 4. An increase in the ARC was seen again on day
8. The MCVr and CHr increased on days 2 and 3 for the LD group,
after which they showed a steady decline for both groups, reaching
their lowest values on days 4 (HD) and 6 (LD) before peaking again
on day 8. The RDWr showed a gradual increase for both groups,
reaching its highest values on days 6 (HD) and 7 (LD), thereafter de-
creasing to baseline values. The CHCMr decreased throughout the
study for both groups. The CHDWr demonstrated a steady increase
in the LD group, reaching its highest value on day 7, after which
there was a marked decline to baseline values. For the HD group,
the CHDWr peaked on day 4, after which there was a gradual decline
to baseline values.

4 | DISCUSSION

This study demonstrated that the erythrocyte regenerative re-
sponse in dogs naturally and experimentally infected with B. rossi
was poor, despite the observed severity of the anemia. However, the
regenerative response subsequently increased shortly after treat-
ment, suggesting a potential direct effect of the Babesia parasite or
host response on erythrocyte production.

As expected for a hemolytic disease, the admission HCT for the
naturally infected Babesia and IMHA groups was significantly lower,
whereas the ARC was significantly higher compared with the control
group. However, the admission ARC was significantly lower in the
Babesia group compared with the IMHA group, despite no significant
difference in the HCT between the two groups. Assuming that the
rate of erythrocyte loss in both conditions is similar, an equally low
HCT in the Babesia group should have a similar ARC to the IMHA
group because it is expected for severe hemolytic anemia to evoke a
greater stimulus for increased erythrocyte production‘15 Therefore,
the regenerative response in the naturally infected Babesia group
was inadequate, in agreement with previous studies.®™®

An International Journal of Laboratory Medicine

An interesting phenomenon was observed in the experimen-
tally infected dogs, which may serve as an explanation for the
inadequate response in naturally infected dogs. The ARC grad-
ually increased from day one and reached its highest on days 3
(HD) and 4 (LD) post-infection. Yet, clinically significant anemia
(HCT<30L/L) was only observed a day later for both groups. A
substantial reticulocyte response is usually observed 3 to 5days
after an anemic insult.® Instead, in some instances, proinflamma-
tory cytokines from an inflammatory or infectious insult can in-
hibit the constant rate of erythrocyte production from the bone
marrow and result in the release of immature reticulocytes, known
as stress reticulocytes, from extra-medullary organs such as the
spleen and liver.X® While erythropoiesis in the bone marrow is
suppressed during stress erythropoiesis, the spleen and liver con-
tain specialized cells that respond to stimulatory signals, which
allow for the differentiation of immature progenitor cells into
early stress-erythroid progenitors.}”'® The marked host proin-
flammatory response reported in dogs infected with B. rossi**2°
may be responsible for the initial reticulocyte changes noted in
the experimental group, namely an early release of stress reticu-
locytes, recorded as an increased ARC before significant anemia
was observed.'®!” The MCVr was also at its highest on days 2 and
3 compared with the subsequent days of experimental infection
in the LD group, which indicates a greater average volume of the
reticulocyte population and supports the above explanation. On
days 4 (HD) and 6 (LD), there was a sudden decrease in the ARC to
baseline values, only to show an increase again after treatment on
day 8. This rapid reduction in reticulocytes occurred in the pres-
ence of anemia and was, therefore, unexpected. Previous stud-
ies conducted in different species found that stress reticulocytes
have a longer maturation time in circulation compared with normal
reticulocytes. These reticulocytes are reported to decrease in size
within 4 h and disappear within 3days after their production.21 In
our study, clinically significant anemia was present within 3days
after the suspected stress-erythropoiesis response, during which
a return to steady-state erythropoiesis is expected to maintain a
circulating erythrocyte concentration. This lack of a reticulocyte
response in dogs 4-6 days after an anemic insult indicates that the
anemia may be exacerbated by insufficient erythrocyte produc-
tion in the bone marrow.* Furthermore, the sudden decrease in
the ARC occurred 48hours after parasitemia was detected on a
peripheral blood smear for both groups. This finding may indicate
a possible suppressive action of the Babesia parasite on the bone
marrow during the time of parasitemia, resulting in insufficient
erythropoiesis. Moreover, the presence of inflammatory cyto-
kines modifies the response of erythroid precursor cells to eryth-
ropoietin, as described in malaria infections in humans.?? For our
study, it is therefore postulated that after treatment that killed the
B. rossi parasite, a consequential decrease in proinflammatory cy-
tokines and possibly parasite products ensued, thus alleviating the
suppression of erythropoiesis and allowing the ARC to increase.
It must, however, be noted that dogs with IMHA are reported
to have a greater concentration of proinflammatory cytokines
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FIGURE 3 Line graph displaying the trend of the median HCT over 8days of high-dose (102 parasitized RBC/mL) (solid line) and low-dose
(10* parasitized RBC/mL) (broken line) experimentally Babesia-infected dogs. The arrow denotes the day of treatment.
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FIGURE 4 Line graph displaying the trend of the median ARC over 8days of high-dose (108 parasitized RBC/mL) (solid line) and low-dose
(10* parasitized RBC/mL) (broken line) experimentally Babesia-infected dogs. The arrow denotes the day of treatment.

compared with dogs that have other non-immune-mediated in-
flammatory conditions.?® This, along with the small sample size,
may indicate inaccuracies in our findings. Another possible rea-
son for this finding is the direct effect of treatment on possible
B. rossi parasites within the bone marrow itself. The presence of
parasites within the bone marrow and subsequent downregulation
of erythroid maturation genes have been reported in malaria in-
fections.?* A recent study that evaluated the cytologic, histologic,

and immunohistochemical staining of bone marrow pathology in
six dogs naturally infected with B. rossi demonstrated intraeryth-
rocytic parasites in the bone marrow microvasculature.?®

Human malaria and canine babesiosis have been described as re-
lated intra-erythrocytic protozoal diseases that share a similar patho-
genesis and clinical course.26728 previous studies on Plasmodium
falciparum infection have reported suboptimal reticulocyte counts in
untreated cases of malaria in the face of ongoing hemolysis coupled
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with high serum erythropoietin levels.?2?73% The anemia caused by
malaria is, therefore, considered to be multifactorial and not only
attributed to the hemolysis of infected and uninfected RBCs, but
also to an inability to replenish the lost erythrocytes due to an in-
adequate erythroid response.??2%3! The causes of impaired eryth-
ropoiesis in P. falciparum malaria may be categorized into direct and
indirect effects. Direct effects suggest that the parasite produces
specific factors that have a direct toxic effect on erythroid progen-

h.?2 A more substanti-

itor cells, erythroid precursor cells, or bot
ated explanation may be the indirect effects, which postulate that
erythropoiesis is indirectly disturbed by parasite products, specifi-
cally hemozoin and hemozoin derivatives, which may be directed at
T-lymphocytes or hemopoietic microenvironmental cells.?? Malaria
is also associated with the release of cytokines such as interferon-y,
tumor necrosis factor-a, interleukin (IL)-2, IL-12, and IL-10, which
impair or suppress erythropoiesis by inhibiting erythroid progeni-
tor cells or blunting their response to erythropoietin.?? Although the
B. rossi organism has not been shown to produce a hemozoin-type
product, a similar excessive proinflammatory cytokine response has
been described in affected dogs, which may inhibit the regenerative
response.w’20 Further research is required to determine whether
Babesia organisms have any specific direct or indirect toxic effects.
A study that investigated genes and pathways that were differ-
entially expressed over time, using the same cohort of experimen-
tally infected dogs as our study, showed that genes with functions
related to erythropoiesis and heme biosynthesis increased in ex-
pression as the infection progressed and returned to normal during
recovery. The rise and fall in erythrocyte transcripts paralleled the
ARC, peaking on days 3 (HD) and 4 (LD), and began to rise again
after treatment. The authors also attributed the anemia to a com-
bination of hemolysis and inadequate erythropoiesis due to a possi-
ble suppressive action of the B. rossi parasite on the bone marrow.%?
Similarly, based on the findings of our study, the anemia caused by
B. rossi may be attributed to two mechanisms. The first is largely
due to processes that result in the destruction of parasitized and
non-parasitized erythrocytes, as previously mentioned.? The second
mechanism, based on the inadequate production of reticulocytes,
could indicate a disturbance along any of the erythrocyte produc-
tion lines prior to reticulocyte release, which include erythropoietin
production, growth factor and cytokine function (IL-3, IL-9, and
IL-11), colony-stimulating factors (GM-CSF or G-CSF), progenitor cell
division and maturation (BFU-E and CFU-E), or erythroid precursor
development and their maturation into reticulocytes.®® The study
that evaluated the bone marrow pathology of six Babesia-infected
dogs demonstrated a hypercellular bone marrow, mainly because of
erythrocyte precursor proliferation, notably rubriblasts. The number
of metarubricytes decreased in the Babesia-infected dogs compared
with the five healthy control dogs included, and dyserythropoietic
changes were evident within the metarubricyte population.?®
Reticulocyte indices may be better than erythrocyte indices at
providing information regarding current or real-time bone marrow
function because reticulocytes are recently produced and released
into the blood.>* Admission MCVr and RDWr were significantly

increased in the naturally infected B. rossi group compared with the
control group. This finding was similar to what was observed on days
2 and 3 of the experimentally infected (LD) group and indicated the
likely presence of larger reticulocytes within the bloodstream that
may have been released earlier than normal, consistent with a find-
ing of stress reticulocytes in circulation. Although the CHr was not
significantly different between groups, there was more variation
in the CHr and the presence of hypochromic reticulocytes in the
B. rossi and IMHA cases based on the CHDWr and CHCMr, respec-
tively. This finding was compounded by the fact that the erythrocyte
MCHC and CHCM were significantly lower in the B. rossi group and
the CHCM in the IMHA group compared with the healthy control
dogs, indicating hypochromic anemia. A common cause of this find-
ing is iron-restricted anemia, which in this case, may be attributed to
AID.” In addition to hypochromasia, AID is usually associated with
smaller erythrocytes, represented by a decreased MCV.% However,
macroreticulocytosis, together with reticulocyte hypochromasia, has
been reported in previous studies in dogs with iron-restricted ane-
mia.”®® Reticulocyte size has also been evaluated in three anemia-
induced states in humans, namely phlebotomy-induced, folate or
vitamin B12 deficiency and drug-induced bone marrow aplasia. In all
subjects, the reticulocytes were initially macrocytic before returning
to their normal size or becoming microcytic. The macroreticulocytes
were ultimately immature stress reticulocytes that were released in
response to acute, severe anemia.’” The macroreticulocytosis in the
naturally infected babesiosis dogs of our study was accompanied
by severe anemia and a significantly lower CHCMr, which therefore
supports the above explanation. The significantly increased MCV
observed in the IMHA group was most likely a result of erythrocyte
agglutination.®®

For the experimentally infected dogs, the MCVr of both the
HD and LD groups decreased on days 2 and 4, respectively, after
an initial increase was observed in the LD group on days 2 and 3.
This supposed microcytosis was coupled with an increasing RDWr
for both groups on those days, thus indicating a greater variation
in reticulocyte volume. The MCVr started to increase again a few
days after treatment, with a value higher than baseline seen on
day 8 (both groups). The initial decreasing CHr and CHCMr in
both the HD and LD groups were consistent with the hypochro-
masia seen in the naturally infected group. Based on previous
studies, decreased MCVr, CHr, and CHCMr have been reported
as more sensitive indicators of decreased hemoglobin concentra-

10.34.35 3ssociated with

tion, as seen with iron-restricted anemia,
AID.*3%40 Dyring the inflammatory host response reported in
dogs with B. rossi infection, both IL-6 and IL-10 are significantly
raised in the serum.'??° Increased serum IL-6 and IL-10, along
with other inflammatory cytokines, stimulate hepcidin produc-
tion, which in turn stimulates the mechanisms resulting in func-
tional and transport pool-related iron-restricted anemia.>” These
mechanisms include iron sequestration, decreased production of
erythrocyte progenitor cells, and a shortened life span of erythro-
cytes.40 The study of the bone marrow of dogs naturally infected

with B. rossi also showed, using Perl's Prussian Blue stain for iron,
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that there was an abundance of iron within the bone marrow. As
a result, iron deficiency is not the cause of the muted reticulocyte
response. However, these findings support the fact that iron may
be sequestered and unavailable for erythropoiesis in the marrow
- a finding consistent with the effect of the host inflammatory
cytokine response.?’

Our study had some limitations. The naturally infected babe-
siosis dogs presented at different stages during the disease pro-
cess, which likely resulted in significant variation in results based
on the duration of illness prior to presentation. Despite this, an
obvious and consistent effect of infection is seen. It is likely that
many naturally infected dogs had been infected for longer com-
pared with the experimentally infected dogs. In fact, the HD group
followed an unnaturally acute disease course that is not usually
seen in natural infections. This may have resulted in altered re-
ticulocyte production kinetics, affected by the balance of inhibi-
tory and stimulatory cytokines. The severity of the infection may
also have influenced the intensity of the reticulocyte response in
both groups. Furthermore, any subclinical comorbidities, ecto- or
endoparasites, or nutritional deficiencies that were not excluded
during the initial screening process of the naturally infected dogs
may have influenced the results. In the experimental study, the
results may have been influenced by the low number of cases.
Similarly, the IMHA group had a relatively small sample size. Ad-
mittedly, the presence of other comorbidities (which could have
potentially influenced the results) was not excluded in the IMHA
group because they consisted of clinical cases that had previously

presented to the Veterinary Academic Hospital.

5 | CONCLUSIONS

This study has shown that the regenerative response of dogs with
babesiosis is inadequate for the severity of anemia and that the
anemia may be attributed to multiple factors, such as hemolysis,
dyserythropoiesis, and inflammation. Furthermore, the changes ob-
served in the reticulocyte indices in the naturally and experimentally
infected dogs were consistent with iron-restricted anemia, probably
related to AID. The return of reticulocytosis after treatment in the
experimental group suggests the involvement of parasite-associated
toxins, the sudden downregulation of a host-derived factor, or pos-
sibly a sequestered mass of Babesia parasites within the bone mar-

row of infected animals, all of which would require further research.
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