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COMPARISON OF TOTAL LEUKOCYTE QUANTIFICATION
METHODS IN FREE-LIVING GALAPAGOS TORTOISES
(CHELONOIDIS SPP.)
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Abstract: Reptile hematologic data provide important health information for conservation efforts of
vulnerable wildlife species such as the Galapagos tortoise (Chelonoidis spp.). Given the reported discrepancies
between manual leukocyte counts for nonmammalian species, two manual leukocyte quantification methods, the
Natt and Herrick’s (NH) and the Eopette (EO), were compared to white blood cell (WBC) estimates from blood
films of 42 free-living, clinically healthy, adult female Galapagos tortoises. To investigate the effects of delay in
sample processing, estimated WBC counts and leukocyte differentials were compared for blood films prepared at
time of collection under field conditions (T0) to blood films prepared from samples that were stored for 18-23 hr
at 4°C in the laboratory (T1). Passing-Bablok regression analysis revealed no constant or proportional error
between the NH and WBC estimates (T0 and T1) with slopes of 1.1 and 0.9, respectively. However both constant
and proportional errors were present between EO and WBC estimates (T0 and T1) with slopes of 3.1 and 2.7,
respectively. Bland Altman plots also showed agreement between the NH and WBC estimates where the points
fell within the confidence-interval limit lines and were evenly distributed about the mean. In contrast, the EO and
WBC estimate comparisons showed numerous points above the upper limit line, especially at higher
concentrations. WBC estimates obtained from TO and T1 films were in agreement, whereas heterophil and
monocyte percentages based on differentials were not. Cell morphology and preservation were superior in TO
blood films because thrombocytes exhibited swelling after storage, becoming difficult to differentiate from
lymphocytes. In this study, the highest quality and most reliable hematologic data in Galapagos tortoises were
obtained by combining immediate blood film preparation with the NH leukocyte quantification method and a
confirmatory WBC estimate from the blood film.

Key words: Chelonoidis spp., Eopette, Galapagos tortoise, manual leukocyte counts, Natt and Herrick’s,
reptiles.

INTRODUCTION destruction, human encroachment, predation, and
invasive species, including various parasites and
pathogens."*-'>!7 Galapagos tortoises remain a
conservation icon for the Galapagos Islands and
are represented in zoological facilities worldwide.

Understanding the health of these species is

Giant Galapagos tortoises (Chelonoidis spp.) are
one of two remaining taxa of giant tortoises and
are listed as Appendix I of the Convention on
International Trade of Endangered Species

(CITES)."? Hunted to near extinction in the
16th-18th centuries, Galapagos tortoises remain
threatened today because of poaching, habitat
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important for conservation of both free-living
tortoises as well as those in human care in
zoological collections.

Leukocyte quantification is an essential com-
ponent of the complete blood count (CBC) and a
powerful tool used for identification and charac-
terization of hematologic disease processes in
reptiles.? Because nonmammalian species have
nucleated erythrocytes and thrombocytes, con-
ventional automated hematology analyzers are
not suitable, and less precise manual methods are
necessary.®'*'2! These include white blood cell
(WBC) estimates obtained by blood film evalua-
tion and various manual leukocyte-counting
methods by hemocytometer;>* however, discrep-
ancies between these methods have been docu-
mented."® Because all manual methods have a
number of potential sources for laboratory error,
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a gold standard for leukocyte quantification in
nonmammalian vertebrates currently does not
exist. Because blood films are routinely prepared
as part of the CBC, the WBC estimate obtained
from a high-quality blood film with excellent cell
preservation, a monolayer of blood cells, and
without leukocyte or thrombocyte clumping,
provides a readily performable tool for leukocyte
quantification that should always be performed.>>
A high-quality blood film can be identified by
even cell distribution, absence of cell lysis, and
excellent cell preservation with visualization of
nuclear and cytoplasmic detail. The comparison
of the WBC estimate from a blood film can be
helpful to confirm manual leukocyte counts
performed using a hemocytometer. This can be
useful in identification of potential sources of
laboratory error if discrepancies are identified.
Reporting results of both methods would be
informative, along with potential issues that were
present in the specimen, for instance, major cell
clumping in the hemocytometer, or cell lysis on
the blood film. The method that was used to
calculate leukocyte concentrations should also be
clearly indicated.

In addition to manual hematology methods,
proper sample collection, handling, and process-
ing techniques also contribute to the quality of
hematologic data. To obtain the most accurate
results, it is recommended that blood films be
prepared and samples be analyzed as soon as
possible after collection to avoid storage artifacts,
such as lysis, clumping, and degeneration of blood
cells.67-22

The first objective of this study was to compare
the Natt and Herrick’s (NH) and the Eopette
(EO) leukocyte quantification methods to the
WBC estimate from blood films by performing
all three methods on blood collected from free-
living Galapagos tortoises. Because of conflicting
reports of agreement between the NH and EO
methods, the WBC estimate from the blood film
was set as the standard for comparison in an effort
to determine which hemocytometer count was
more accurate. The second objective was to
compare WBC estimates and WBC differentials
from blood films prepared immediately upon
collection in the field (T0) to those obtained from
blood films prepared later under laboratory
conditions (T1) to investigate potential effects
from delay in processing. It was hypothesized that
total leukocyte counts using each manual leuko-
cyte quantification method would be in agree-
ment, and that TO and T1 WBC estimates and
differentials would also be in agreement.
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MATERIALS AND METHODS

This study was conducted as part of an ongoing
giant tortoise ecology and health project on Santa
Cruz Island of the Galapagos, located 1,000 km
west of continental Ecuador in the Pacific Ocean.
Santa Cruz is one of six islands in the archipelago
that Galapagos tortoises currently inhabit, and is
home to the two populations of free-living
tortoises, located in regions called La Reserva
and Cerro Fatal, used in this study (Fig. 1).> Blood
samples were collected from 44 free-living adult
female tortoises that were clinically healthy upon
veterinary physical examination and distributed
widely across their range on Santa Cruz. All
animal-handling procedures followed the guide-
lines of the Galapagos National Park Service and
IACUC protocol 121202 of the State University
of New York, College of Environmental Science
and Forestry.

To facilitate blood sample collection, tortoises
were positioned in dorsal recumbency. Five
milliliters of blood were collected from the
brachial vein of each tortoise with a heparinized
6-ml syringe and a 20-gauge 1.5-in. needle. If the
blood sample was lymph-contaminated during
collection, it was discarded and a fresh sample
was collected. Two blood films were prepared
immediately in the field upon sample collection
(TO) on glass slides, air dried, fixed for 5 min in
high-quality methanol (Fixative 1, Jorvet™ Dip
Quick Stain Kit, Jorgensen Laboratories, Love-
land, Colorado 80538, USA), air dried, labeled
with patient identification, and stored in a slide
box. The remaining blood was immediately trans-
ferred to lithium heparin blood collection tubes
(Becton, Dickinson and Company, 1 Becton
Drive, Franklin Lakes, New Jersey 07417, USA),
kept cool during the remainder of the field day,
and stored at 4°C overnight. Two blood films were
prepared from each blood sample18-23 hr later in
an air-conditioned laboratory (T1), fixed for 5 min
in high-quality methanol, and air dried. All blood
films were stained with the use of the Dip Quick
Stain Kit® (Jorgensen Laboratories, Loveland,
Colorado 80538, USA) following manufacturer’s
instructions.

To reduce interanalyst variability, one of the
authors (JDS) performed all leukocyte quantifi-
cation methods and leukocyte differentials. Total
leukocyte counts were performed in the labora-
tory per manufacturer’s instructions on each
sample using the Natt-Herricks-TIC® 1:200
plus (Bioanalytic GmbH, Waldmatten 10-13, D-
79224, Umkirch/Freiburg, Germany) staining kit
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Figure 1.

Global positioning system tracks of tagged tortoises from La Reserva and Cerro Fatal Galapagos

tortoise populations on Santa Cruz Island. The insert illustrates the location of Santa Cruz and the two tortoise
populations within the Galapagos archipelago, and major vegetation types associated with elevation gradients.

charged into a Neubauer hemocytometer, and
calculated with the use of the following equation:

WBC/ul =leukocytes counted in nine squares X
dilution/counting volume

=leukocytes counted in nine squares x 200/0.9.

Total leukocyte counts were also performed in
the laboratory per manufacturer’s instructions on
each sample with the use of the Eopette™ (Exotic
Animal Solutions, Inc., 3516 Sharon Lane, Huey-
town, Alabama 35223, USA) staining kit charged
into a Neubauer hemocytometer and calculated
with the use of the following equation:

WBC/l = (cells counted in 18 squares X 1.1 X
16 X 100)/(% heterophils + % eosinophils from
differential)

WBC estimates were performed in the labora-
tory on the highest quality blood film from each
tortoise and each time point (TO and T1) with the
use of a 40X objective lens. Ten replicate counts
were performed in 10 different fields of the

monolayer and the results were averaged with
the use of the following equation:?>2*

WBC/ul = (average no. of cells per field) X
(objective power)?

One-hundred-cell leukocyte differentials were
performed on the highest-quality blood film from
each tortoise and each time point (TO and T1)
with the use of a 100X objective lens under oil
immersion.

The distribution of each hematologic data set
was evaluated with the use of the Shapiro-Wilk
test. The mean = standard deviation was reported
for normally distributed data; whereas the medi-
an, 10%, and 90% quartiles were reported for
nonnormally distributed data. These statistical
analyses were performed with GraphPad Prism®
2015 v. 6.0f (GraphPad, La Jolla, California,
USA). Passing-Bablok regression curves were
used to determine statistical agreement or dis-
agreement. This test assumes that the data set
contains measurement errors, nonnormal distri-
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Table 1. Hematologic values from 42 free-living, clinically healthy, adult female Galapagos tortoises
(Chelonoidis spp.) with the use of three methods and two sample processing times.

Parameter
(X10° cells/pl)

White blood cell estimate mean = SD,*
or median (range or 10-90% quartile)

NH® mean = SD, or median
(range or 10-90% quartile)

EO¢ Mean + SD, or median
(range or 10-90% quartile)

Total leukocytes
TO¢

8.85 = 3.29¢ (2.56-17.1)

T1* 9.23 = 3.77° (1.60-18.2)
Heterophils

TO 1.18 (0.339-2.44)

T1 0.659 (0.110-1.66)
Lymphocytes

TO 5.00 (2.60-9.90)

T1 6.39 = 2.907 (0.992-14.0)
Monocytes

TO 0.351 (0.064-0.759)

T1 0.180 (0.0-0.395)
Eosinophils

TO 0.896 (0.195-1.67)

T1 1.14 (0.251-2.58)
Basophils

TO 0.629 + 0.402f (0.0-1.50)

T1 0.558 (0.193-1.14)

6.68 = 3.32¢ (1.11-14.8)
0.821 (0.194-2.29)
0.417 (0.067-1.14)

3.84 (1.44-8.36)
4.59 + 2.477(0.688-10.6)

0.193 (0.035-0.590)
0.122 (0.0-0.303)

0.556 (0.109-1.64)
0.851 (0.149-2.06)

0.396 (0.066-1.03)
0.396 (0.105-0.787)

10.4 (3.03-24.1)
10.5 (3.77-24.5)

1.09 (0.463-2.98)
0.730 (0.218-2.50)

6.80 (1.64-16.3)
7.09 (2.62-20.9)

0.314 (0.053-0.885)
0.196 (0.0-0.830)

1.02 (0.190-1.63)
1.45 (0.511-3.03)

0.589 (0.116-2.21)
0.680 (0.244-1.85)

2 SD: standard deviation.

®*NH: Natt-Herricks-TIC® 1 : 200 plus (Bioanalytic GmbH, Waldmatten 10-13, D-79224, Umkirch/Freiburg, Germany).

¢ EO: Eopette™ (Exotic Animal Solutions, Inc., 3516 Sharon Lane, Hueytown, Alabama 35223, USA).

4TO: blood films prepared at time of collection under field conditions.

¢ Data set was normally distributed and presented as mean = SD (range). Data without footnote were not normally distributed

and presented as median (10-90% quartile).

fT1: blood films prepared 18-23 hr later under laboratory conditions.

bution, arbitrary sampling distribution and im-
precision. A significant disagreement between
two methods was considered present if the 95%
confidence interval limit (CL) for the y intercept
did not include the value 0, or if the 95% CL for
the slope did not include the value 1.2!* Bland
Altman plots were used to describe the bias
between methods.* Passing-Bablok and Bland
Altman plots were generated using Microsoft®
Excel® for Mac 2011 (Microsoft, Redmond,
Washington, USA).

RESULTS

Results from two animals were excluded from
the final statistical analysis due to poor-quality
blood samples and blood film preparations,
providing a final sample size of 42 blood samples
from 42 free-living, clinically healthy, adult female
tortoises. Total leukocyte count results from all
three quantification methods (WBC estimate,
NH, and EO) and leukocyte differentials from
both blood film preparation times (T0 and T1) are
reported in Table 1. For the NH total leukocyte
count in Table 1, only one set of values is
reported, because the NH does not rely on a
blood film to calculate a result, unlike the WBC

estimate and EO. Thus, the NH was only per-
formed once in the laboratory on each of the 42
blood samples and there are no NH results for
time TO. The absolute values for each leukocyte
type were calculated by multiplying the percent
from the blood film differential times the total
leukocyte count (Table 1). This was performed for
each blood film (TO0 and T1) and for each
leukocyte quantification method (WBC estimate,
NH, and EO).

The results of the Passing-Bablok regression
analyses, including the slopes, intercepts, and
upper and lower 95% CLs are presented in Table
2. Passing-Bablok regression curves and Bland
Altman plots of the TO WBC estimate vs. the NH
and TO EO are depicted in Figure 2. The total
leukocyte counts obtained via the NH method
were in agreement with the WBC estimates with
regression slopes of 1.1 for TO and 0.93 for T1
(Fig. 2a and Table 2). In contrast, the EO method
showed both proportional and systematic differ-
ences when compared to WBC estimates with
regression slopes of 3.1 for TO and 2.7 for T1 (Fig.
2b and Table 2). Bland Altman plots revealed a
negative bias between the NH and TO WBC
estimate (—2,172 + 5,800 cells/pul) and a larger
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Table 2. Summary of Passing-Bablok regression analyses for blood samples collected from 42 free-living,
clinically healthy, adult female Galapagos tortoises (Chelonoidis spp.) with the use of three leukocyte quantification
methods. Leukocyte differentials were performed on both sets of blood films for each sample to obtain the percent

of each cell type.

Lower 95%  Upper 95% Lower 95% CL  Upper 95% CL

Methods compared Slope CL:of slope CL of slope Intercept of intercept of intercept
NH" vs. TO° WBC est. 1.1 0.76 1.6 —2,695 —6,840 55.2
NH vs. T1¢ WBC est. 0.9 0.67 1.1 —1,066 -2,997 577.9
TO EO¢ vs. TO WBC est.” 3.1 1.8 6.8 —15,823 —44,277 -5,377
T1 EO vs. T1 WBC est.” 2.7 1.7 4.5 —-10,826 —26,698 —-1,858
TO WBC est. vs. T1 WBC est. 0.8 0.63 1.0 1,382 —-386 2,624
Heterophil % TO vs. T1° 1.9 1.2 3.4 -0.44 -9.3 3.8
Lymphocyte % TO vs. T1 1.1 0.8 1.6 -15 —47 8.6
Monocyte % TO vs. T1f 2.0 1.5 4.0 -1.0 -4.25 0.5
Eosinophil % TO vs. T1 0.9 0.67 1.0 -0.4 -2.5 1.3
Basophil % TO vs. T1 1.3 0.86 2.0 -1.9 -6.5 1.7

2 CL: confidence interval limit.

®*NH: Natt-Herricks-TIC® 1 : 200 plus (Bioanalytic GmbH, Waldmatten 10-13, D-79224, Umkirch/Freiburg, Germany).
¢TO: blood films prepared at time of collection under field conditions.

4T1: blood films prepared 18-23 hr later under laboratory conditions.

¢ EO: Eopette™ (Exotic Animal Solutions, Inc., 3516 Sharon Lane, Hueytown, Alabama 35223, USA).

fMethods were in disagreement because the 95% CL of the slopes did not include the value 1, and/or the CL of the intercept

did not include the value 0.

positive bias between the TO EO and TO WBC
estimate (2,981 = 17,766 cells/pl) (Fig. 2¢c, d). The
Passing-Bablok regression curves and Bland Alt-
man plots illustrate the marked difference in
agreement between the NH and EO results when
compared to the WBC estimates, where the points
for the former are evenly distributed about the
mean and are within the confidence interval limit
lines, whereas the points for the latter show
greater dispersal about the mean (Fig. 2¢c, d).

According to the Passing-Bablok analysis, TO
WBC estimates were in agreement with T1 WBC
estimates with a regression slope of 0.80 (Fig. 3a).
The Bland Altman plot revealed a small positive
bias (378 = 4,958 cells/pul) with most points
falling within the confidence-interval limit lines
and even distribution about the mean (Fig. 3b).
Although the total leukocyte counts were in
agreement, heterophil and monocyte differential
percentages, with regression slopes of 1.9 and 2.0
respectively, were in disagreement between TO
and T1 blood films. Lymphocyte, eosinophil, and
basophil differential percentages were in agree-
ment and had regression slopes of 1.1, 0.85, and
1.3, respectively (Table 2).

Blood films prepared at the time of blood
collection (TO) exhibited superior blood cell
preservation and more distinctive cell character-
istics compared to blood films prepared 18-23 hr
later in the laboratory (T1). In T1 films, throm-
bocytes appeared more morphologically similar

to lymphocytes than in TO films (Figs. 4, 5).
Thrombocytes from TO blood films possessed
classic morphological features. They were oval or
spindle shaped, with elliptical nuclei, wispy cyto-
plasm (Fig. 4A, B), and appeared in small clumps.
Lymphocytes had distinct round nuclei with scant
colorless or pale basophilic cytoplasm (Fig. 4C).
However, thrombocytes in T1 blood films were
round with scant cytoplasm, appearing more
similar to lymphocytes (Fig. 5).

DISCUSSION

Significant discrepancies were observed be-
tween the NH and EO leukocyte quantification
methods when applied to a population of free-
living, clinically healthy, adult female Galapagos
tortoises. In this study, the NH method showed
better agreement with the WBC estimate than did
the EO method. The WBC estimate is easily
performed on high-quality blood films. Although
the WBC estimate method may lack accuracy and
precision depending on the quality of the stained
blood film, it is an excellent means of quality
control for confirming and comparing results
from manual cell counting methods.??

Other reptile hematology studies have also
documented discrepancies between manual leu-
kocyte quantification methods."® Total leukocyte
counts of foraging and stranded loggerhead sea
turtles (Caretta caretta) were performed with the
use of both the WBC estimate and the Eosinophil
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the Natt and Herrick’s (NH) (y axis of graph a) and Eopette (EO) (y axis of graph b). Solid line, mean regression
slope; dashed lines, 95% confidence intervals. (¢, d) Bland Altman plots comparing the biases between the NH (c) and
EO (d) with regards to the WBC estimates. Thin line, mean difference between methods; thick lines, mean = 2 SD.
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Figure 4. Two thrombocytes (A, B) and two lymphocytes (C) from blood films prepared immediately in the
field (T0) depicting expected cell morphology for thrombocytes (elliptical shape, elongated nucleus with clumped
chromatin, and moderate amount of clear cytoplasm) and lymphocytes (round shape, high nuclear to cytoplasmic
ratio, round nucleus with clumped chromatin, scant amount of pale basophilic or clear cytoplasm). Dip Quick®

stain. X100 objective.
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Figure 5. Thrombocytes (A, B, D) and lymphocyte (C) from blood films prepared 18-23 hr later in the
laboratory (T1) depicting similar morphologic characteristics, likely due to cell swelling during storage. Dip

Quick® stain. X100 objective.
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Unopette (similar to EO). The resulting WBC
concentrations were not in agreement, and results
of each method had to be evaluated separately.’ In
addition, large discrepancies were documented
between total leukocyte counts of various avian
and reptile species when comparing the NH and
Eosinophil Unopette methods; the NH was
reportedly more precise than the Eosinophil
Unopette.'

A number of reasons may explain the discrep-
ancies between the NH and EO methods. Labo-
ratory error can occur when using either method,
including improper dilution or mixing of stain and
the blood sample, incorrect charging of the
hemocytometer, and inaccurate cell identifica-
tion.? Another consideration is that the EO
equation, designed for eosinophil counts in hu-
man blood, may not accurately extrapolate for the
unstained lymphocytes and monocytes.!”* This is
important because chelonians reportedly have
higher concentrations of lymphocytes than mam-
mals.'*??

In addition, NH and EO methods both provide
advantages and disadvantages that need to be
considered. The NH diluent contains methyl
violet dye and is referred to as a direct method
because all cell types are visible. The leukocytes
appear darker purple than do the erythrocytes and
thrombocytes, and the total leukocyte count is
determined independent of the blood film differ-
ential.'* However, because all blood cells are
stained, morphologically similar thrombocytes
and lymphocytes must be differentiated in the
hemocytometer chamber, which can be challeng-
ing and require substantial training and prac-
tiCe.7'20'22

The EO method uses phloxine B dye that only
stains the acidophilic cells (heterophils and eo-
sinophils) dark orange, making cell differentiation
unnecessary and the method technically easier to
perform.**2> The EO method is also described as
an indirect method, because it requires a calcula-
tion that includes the percent heterophils and
eosinophils from the differential to obtain a total
leukocyte count.’ This requirement adds a possi-
ble source of error if the blood film is not of high
quality or if cells are misidentified during the
leukocyte differential.

In our assessment, the NH was a more reliable
manual leukocyte counting method than the EO
because it agreed with the WBC estimate. Con-
firmation of hemocytometer leukocyte counts, as
performed in this study, with a WBC estimate
obtained from a high-quality blood film, is
recommended to help identify any inaccurate
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results from potential laboratory error associated
with manual counting methods.?* Should a signif-
icant discrepancy be found, the manual leukocyte
count may be repeated and/or the WBC estimate
reported if the hemocytometer count is compro-
mised (e.g., large cell aggregates). In addition, if
the cause of discrepant results cannot be identi-
fied, interpretation in the context of clinical
findings may be helpful to reach a diagnostic
conclusion and to plan for further laboratory
tests.

This study confirmed previous recommenda-
tions for immediate blood film preparation to
ensure accurate cellular differentiation.®”?> Al-
though WBC estimates obtained from blood films
prepared at the time of collection (T0) were in
agreement with those prepared later (T1), the
differentials did not agree and the cell morphol-
ogy altered over time. The thrombocytes were
easily differentiated from lymphocytes in TO
blood films, whereas those observed in T1 blood
films were rounded, likely due to swelling during
storage, and cell differentiation required more
time and effort. In addition, there was less cell
lysis in TO blood films. This could explain why the
leukocyte differentials were inconsistent between
TO and T1 blood films.

Potential sources of error in this study include
possible variation in TO blood film quality due to
environmental challenges (e.g., humidity, rain,
temperature), potential laboratory error in load-
ing the hemocytometer chamber for either the EO
or NH method, and differentiating thrombocytes
and lymphocytes in the hemocytometer during
the NH counting method. In order to minimize
any potential errors or variations, all blood
sample collection, handling, and laboratory pro-
cedures during this study were performed in a
consistent manner and based on the most accu-
rate laboratory standards available.

Our study compared leukocyte quantification
methods commonly used in reptiles with the use
of a population of free-living, clinically healthy,
adult female Galapagos tortoises, and confirmed
the well-documented concerns of accuracy with
manual methods. The NH agreed with the WBC
estimate and was deemed more accurate in this
study, which was consistently performed by a
person skilled in cell differentiation after training
by a board-certified clinical pathologist (NIS).
The EO was not in agreement with the WBC
estimate, despite its ease of use. Furthermore, our
results align with previous recommendations to
compare manual hemocytometer methods with a
WBC estimate obtained from a well-prepared
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blood film.? High-quality blood films provide a
wealth of information in addition to the WBC
estimate, such as erythrocyte density and mor-
phology, leukocyte differential and morphology,
thrombocyte concentration and morphology, and
identification of hemoparasites or other infec-
tious agents.”2>2>2* It is recommended to prepare
and fix blood films immediately upon collection
when working in field situations. High-quality
results due to immediate processing made up for
the logistical and environmental challenges of
preparing blood films in the field. This is recom-
mended over processing blood samples later upon
return to a climate-controlled laboratory. Practic-
ing consistent sample handling and processing
protocols provide the most accurate hematologic
data for diagnostic information and establishment
of reference intervals.
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