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ABSTRACT The aim of the current study was to
assess the influence of embryonic exposure to cadmium
on basic and derived erythrocyte indices, the morphol-
ogy and morphometric properties of erythrocytes, as
well as erythrocyte spectrin distribution in newly
hatched Gallus gallus domesticus chicks. The eggs were
injected with cadmium (Cd) at a dose of 2 ug, 4 ug, 6
ng, or 8 ug per egg on the sixth day of incubation.
Blood samples were collected on the first day after
hatching. Exposure to cadmium resulted in higher lev-
els of red blood cell count, hemoglobin concentration,
and hematocrit value, while derived erythrocyte indices

were lower (mean corpuscular volume) or higher (mean
corpuscular hemoglobin concentration) in comparison
to the control. These changes occurred in animals
exposed to higher doses of this toxic agent. In cad-
mium-treated individuals (2 and 8 ug of Cd), the per-
centage of erythrocytes which exhibited changed shape
increased. Increases in the length (6 and 8 pg) and
width (2, 6, and 8 ug) of erythrocytes and the length
and width of the nucleus (2—8 pug) of red blood cells
were observed. Changes in spectrin distribution were
also observed, which indicate alterations at structural
and molecular levels.
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INTRODUCTION

Hematological analysis is an important tool in the
assessment of the physiological state of vertebrates.
Hematological alterations may be a result of exposure to
various toxic agents, including pesticides (e.g.,
Owagboriaye et al., 2019; Bojarski and Witeska, 2020),
antibiotics (e.g., Al-Mayah and Al-Ahmed, 2005;
Bojarski et al., 2020), and heavy metals (e.g., Mroczek-
Sosnowska et al., 2013; Waghmare et al., 2015). Usually,
standard red and white blood cell parameters are ana-
lyzed, but the influence of toxic substances on blood cell
morphology is rarely taken into account. Nevertheless,
in the case of fish, the morphology of red blood cells may
change as a result of exposure to various chemicals, for
example, insecticides (Sawhney and Johal, 2000;
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Babu et al., 2014), zinc (Tomova et al., 2008), or cad-
mium (Witeska et al., 2011). According to Witeska et al.
(2010,2011), the morphology of fish erythrocytes is more
sensitive than basic red blood cell parameters to various
environmental agents. Thus, cellular anomalies of fish
erythrocytes can be noticed even if the values of basic
hematological indices such as hematocrit value, erythro-
cyte count or hemoglobin concentration do not change
significantly (Witeska et al., 2010,2011). It is not known
whether a similar phenomenon occurs in other verte-
brates. Scientific data regarding the influence of xenobi-
otics on mammalian red blood cells is limited. However,
according to Pagano and Faggio (2015), the erythro-
cytes of mammals can be used to study cellular and
molecular treatment mechanisms, and they are a good
model with which to assess the cytotoxicity of organic
and inorganic chemicals. To our knowledge there is no
available literature data concerning the effects of toxic
substances on avian erythrocytes.

Another marker that is rarely studied in the context of
xenobiotic exposure is the distribution of spectrin in red
blood cells. Spectrin is a cytoskeletal protein that was
first discovered in erythrocytes and is important for
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maintaining the stability, structure, and shape of the cell
membrane (Zhang et al., 2013). In vitro exposure of
human erythrocytes to cadmium resulted in changes in
the biochemical structure of spectrin that were not
observed after zinc treatment (Yang, 1993).

The avian embryo is an approved biological model
which can be used to reflect environmental contamina-
tion under laboratory conditions (e.g., Liu et al., 2015;
Dzugan et al., 2018; Bojarski et al., 2021). The aim of
the current study was to assess the influence of embry-
onic exposure to cadmium (administrated as
CdCly x 2.5 H,0) on basic (RBC — erythrocyte count,
Ht — hematocrit value, and Hb — hemoglobin concen-
tration) and derived (MCV — mean corpuscular vol-
ume, MCH — mean corpuscular hemoglobin, and
MCHC — mean corpuscular hemoglobin concentra-
tion) erythrocyte indices, the morphology and morpho-
metric properties of erythrocytes, as well as erythrocyte
spectrin distribution in newly hatched Gallus gallus
domesticus chicks. To our knowledge, this study is the
first attempt to determine whether erythrocyte mor-
phology may be considered an indicator of cadmium
exposure in the case of birds.

MATERIAL AND METHODS
Experimental Design

According to Directive 2010/63/EU, the experimental
and animal procedures used in this study did not need to
be approved by the Local Animal Ethics Committee.

Incubation Procedure

A total of 450 embryonated eggs weighing 57.1 g +
2.6 g (mean £+ SD) from a 29-wk-old parental stock of
broiler Cobb 500 line (Cobb Germany, Avimex GmbH;
Stawomir Domagata's Poultry Farm, Gotaczewy,
Poland) were used in the experiment. Before incubation,
the eggs were stored for three days (T 18°C, RH 65%)
and disinfected by ozonation (0.5% O3, 10 min).

Next, the hatching eggs were set on trays and incu-
bated in the laboratory incubator (IgloTech, Poland).
Between the first and the 18th incubation day (E1
—E18) the incubation conditions were T 37.8 £ 0.1°C
and 50 & 1% RH, and the trays with the eggs were tilted
45° and turned 90° every hour. The eggs were transferred
to baskets on E19 and incubation was continued at T
37.2 + 0.1°C and RH 55 to 70% RH. Before in ovo injec-
tion (E6) and during transfer to hatch baskets (E19),
candling was performed to eliminate eggs that were
damaged or in which no embryo was developing.

In Ovo Procedure and Sampling

At E6, the embryonated eggs were randomly divided
into 5 equal groups (n = 90). Next, the eggshell surface
above the air cell was disinfected with 70% ethanol, and
a hole was made using an 18G needle (1.20 mm x 40

mm). The experimental solution (100 uL) was in ovo
injected into the albumen using a G20 needle (0.9
mm X 40 mm) with an insulin syringe (1 mL) (Lis et al.,
2009; Dzugan et al., 2011; Lis et al., 2011; Dzugan et al.,
2012; Tombarkiewicz et al., 2020).

The eggs were injected with cadmium (administrated
as CdCly x 2.5 HyO (Merck KGaA, Darmstadt, Ger-
many) in 0.7% saline solution) at a dose of 2 ug (Cd 2
group), 4 ug (Cd 4 group), 6 ug (Cd 6 group) or 8 ug
(Cd 8 group) of cadmium per egg. The eggs in the con-
trol group (C group) were only injected with 0.7% saline
solution. After the injections, the holes were sealed with
hot paraffin, and incubation was continued.

Blood samples were collected from randomly selected
(n = 20 per group) chicks on the first day after hatching
(D1). After animal decapitation, the blood was collected
from the jugular vessels into test tubes containing
EDTA-K; (ethylenediaminetetraacetic acid tripotas-
sium salt) (FLmedical, Equimed, Poland).

Hematological and Morphometric Analyses

The analysis of basic red blood cell parameters (RBC,
Ht and Hb) and derived erythrocyte indices (MCV,
MCH, and MCHC) was performed using Procyte Dx
Hematology analyzer (IDEXX Laboratories, Inc., West-
brook, ME). Blood smears were prepared, and after 48 h
they were stained with the HemKolor kit (Stamar,
Poland) according to the instruction provided by the
manufacturer. Next, determination of erythrocyte alter-
ations (according to Witeska et al. 2010,2011) and mor-
phometric analysis were conducted, for which 300 or 30
red blood cells were included, respectively. The diameter
of the erythrocyte was measured at x 100 magnification
using ImageJ software; https://imagej.nih.gov/ij/docs
intro.html. The diameters of the cell and nucleus were
measured. The mean was determined for each animal,
and the data were expressed in pum.

Immunocytochemistry

The cell smears were dried in air and permeabilized
with 0.1% Triton X-100 in Tris-buffered saline (TBS;
0.05M Tris—HCI containing 0.15M NaCl, pH = 7.6).
Next, cells were blocked with 0.3% H,O, in TBS for
15 min and with 10% normal goat serum for 30 min.
Thereafter, the cells were incubated overnight at 4'C in
a humidified chamber in the presence of a polyclonal
antibody (anti-spectrin 8 II; ES7262; ELK Biotechnol-
ogy, Wuhan, Hubei, China; dilution 1:20). A biotiny-
lated secondary antibody, goat anti-rabbit IgG (dilution
1:400; Vector Labs., Burlingame, CA), was applied for
1h in RT. Finally, avidin-biotinylated horse radish per-
oxidase complex (Vectastain ABC Kit; dilution1:100;
Vector Labs., Burlingame, CA) was used for a further
30 min. After each step, the cells were carefully rinsed
with TBS. A bound antibody was visualized with TBS
containing 0.05% 3,3'-diaminobenzidine (DAB) and
0.07% imidazole. Controls included incubating cells with
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5% normal serum in place of the primary antibody. Cells
were counterstained with hematoxylin. An optical
microscope (Eclipse 80i, Nikon, Japan) was used to
examine the stains.

Statistical Analysis

The normality of distribution was examined using the
Shapiro-Wilk test. Due to the lack of compliance of the
analyzed data with normal distribution, most of the
results were analyzed statistically using a nonparametric
Kruskal-Wallis test followed by Dunn’s test (post hoc).
Only one parameter (erythrocyte length) showed normal
distribution; it was analyzed with a one-way ANOVA,
followed by the Tukey test (post hoc). The R software
was used for these analyses. The level of significance was
set at o = 0.05.

RESULTS

Basic and Derived Red Blood Cell
Parameters

The chicks that had been exposed to 2 ug of cadmium
(Cd 2 group) exhibited statistically significant lower
MCV value in comparison to the control (P = 0.020)
(Table 1). The individuals from Cd 6 group showed sig-
nificantly higher Hb concentration (P = 0.035), lower
MCV (P = 0.003) and higher MCHC (P = 0.000) com-
pared to the control (Table 1). The animals exposed to 8
ung of cadmium (Cd 8 group) had significantly higher
RBC count (P = 0.000), Ht value (P = 0.001), Hb level
(P = 0.000) and MCHC value (P = 0.000), while MCV
was significantly lower compared to the control
(P=0.001) (Table 1).

Erythrogram (Red Blood Cell Morphology
Based on a Blood Smear)

The obtained results showed that embryonic cad-
mium exposure resulted in a statistically significant
higher count of erythrocytes exhibiting altered cell shape
(Figure 1) in Cd 2 (P = 0.023) and Cd 8 (P = 0.002)
groups compared to the control (Table 2). No other sig-
nificant changes in erythrogram outcomes were

observed: the number of red blood cells of altered
nucleus shape (Figure 2), erythrocytes of vacuolated
cytoplasm (Figure 3), and hemolyzed erythrocytes
(Figure 4) were similar to the control values (Table 2).

Morphometric Properties of Erythrocytes

Morphometric analysis revealed that Cd-exposed indi-
viduals (Cd 6 and Cd 8 groups) showed higher red blood
cell length in comparison to the control value (P = 0.001
and P = 0.001, respectively) (Table 3). Animals in the
Cd 2, Cd 6, and Cd 8 groups exhibited higher erythro-
cyte width compared to the control (P = 0.000 in each
mentioned difference) (Table 3). Nucleus length and
width were elevated in individuals exposed to cadmium
at doses from 2 to 8 ug per egg compared to the control
group (P = 0.000 in each mentioned difference)
(Table 3).

Immunocytochemical Localization of
Spectrin in Erythrocytes

In the erythrocytes of the control chickens, a strong
positive immunosignal for spectrin indicated that uni-
form distribution was visible in the cytoplasm of all cells
(Figure 5A). Similarly, in animals from the Cd 2 group,
the majority of erythrocytes expressed nondisturbed dis-
tribution of spectrin and a strong signal; however, in sin-
gle cells the immunosignal was slightly blurred
(Figure 5B). In the erythrocytes of chickens treated with
4 or 6 ug of cadmium, a marked decrease in the amount
of positive spectrin immunosignal was revealed
(Figure 5C, D). In addition, in erythrocytes from the Cd
6 group, single cells showed a lack of immunostaining
(Figure 5D). In the erythrocytes of chickens exposed to
8 ng of cadmium, less than 50% of erythrocytes showed
strong positive spectrin immunostaining; in the remain-
ing cells, very weak or no spectrin immunostaining was
observed (Figure S5E).

DISCUSSION

The analysis showed that exposure to cadmium
resulted in higher levels of basic red blood cell parame-
ters (RBC count, Hb concentration, Ht value), while the

Table 1. Red blood cell parameters of newly hatched hen chicks after embryonic exposure to cadmium (mean £ SD; n = 20 in the case of
the Control, Cd 2, Cd 4, and Cd 5 groups; n = 11 in the case of the Cd 8 group).

Type of cell Control Cd 2 Cd 4 Cd 6 Cd 8

RBC [1012/1] 2.26 £0.16 2.23+0.21 2.40 +0.26 2.41 +£0.35* 2.69 + 0.19%**
Ht [1/1] 0.26 £+ 0.02 0.25 £+ 0.02 0.27+£0.03 0.27£0.04 0.30 £ 0.02**
Hb [g/]] 74.00 + 8.28 70.70 £ 8.18 78.26 £+ 10.35 80.05 + 14.21* 90.91 & 7.71%%*
MCV [f]] 116.91 + 4.90 113.23 £ 3.21* 114.64 £ 3.55 112.49 + 3.55%* 112.12 £ 1.61**
MCH |pg] 32.64 £ 2.14 31.70 £1.41 32.57£1.94 33.01 £1.92 33.75 £ 0.78
MCHC |g/]] 279.06 £+ 10.28 279.85 +8.93 283.84 £11.44 293.11 & 11.59*** 301.00 % 7.00%**

RBC — red blood cell count; Ht — hematocrit value, Hb — hemoglobin concentration, MCV — mean corpuscular volume; MCH — mean corpuscular

hemoglobin; MCHC — mean corpuscular hemoglobin concentration.

Significant differences compared to the control values are marked with asterisks.

“P<0.05.
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Figure 1. The abnormal cell shape of erythrocytes of newly hatched hen chicks after embryonic exposure to cadmium.

Table 2. Erythrogram of newly hatched hen chicks after embryonic exposure to cadmium (mean + SD; n = 20).

Type of cell Control Cd 2 Cd4 Cd6 Cd8

EAS 0.85 £ 1.18 1.80 £ 1.24* 1.65 + 1.50 1.90 +2.20 2.25 4+ 1.48%*
EAN 0.25 £ 0.55 0.35+0.75 0.35 4 0.49 0.35+0.75 0.20 £ 0.41
EVC 1.70 £+ 2.68 3.30 £ 6.03 2.45 £+ 5.09 3.30 +4.45 2.45 + 3.22
HE 1.20 +1.82 0.60 £ 1.14 1.55+2.19 1.75 + 2.55 3.25 £3.81
CE 296.00 £ 2.66 293.95 £ 5.44 294.00 £ 5.10 292.70 £ 4.88 291.85 +4.69

CE: correct (normal) erythrocytes; EAS: erythrocytes of altered cell shape; EAN: erythrocytes of altered nucleus shape; EVC: erythrocytes of vacuo-

lated cytoplasm; HE: hemolyzed erythrocytes.

Significant differences compared to the control values are marked with asterisks.

’*‘f< 0.05.
P <0.001.

derived erythrocyte indices were either increased
(MCHC) or decreased (MCV) in comparison to the con-
trol. These changes were observed in the case of animals
exposed to higher doses of the toxic agent. Therefore, it
is reasonable to conclude that the red blood cell parame-
ters that are commonly determined in hematological
analyses are a useful marker of embryonic cadmium
exposure. On the other hand, the study performed by
Bojarski et al. (2021) showed that embryonic chromium
(VI) exposure (1.56 or 15.6 mg per egg) did not cause
major alterations in the hematological parameters of
newly hatched chickens. The only significant change
was a decrease in the RBC value in animals exposed to a
higher dose of the tested substance. Mroczek-
Sosnowska et al. (2013) studied the effect of copper (Cu)
nanoparticles administered in ovo on the hematological
markers of broiler chickens after 6 wk of rearing. The
authors observed that this exposure caused an increase

in RBC, Hb, and Ht values. Other studies also showed
the influence of various elements on the hematological
indices of birds. Sun et al. (2014) revealed that dietary
tin (Sn) (720 mg/kg feed, 6 wk) treatment led to lower
hemoglobin content, lower red blood cell count, and
lower hematocrit level in broilers as compared to control
individuals. It was also demonstrated that zinc-intoxi-
cated mallards (Anas platyrhynchos) exhibited a lower
Ht value, a higher reticulocyte count, as well as poikilo-
cytosis (Levengood et al., 2000). On the other hand,
Kucharska et al. (2019) revealed that mercury (Hg) does
not affect the hematocrit value in mute swans (Cygnus
olor).

The erythrogram (red blood cell morphology deter-
mined on the basis of a stained blood smear) turned out
to be a less sensitive marker of cadmium exposure; nev-
ertheless, the percentage of erythrocytes which exhibited
changed shape increased in some experimental groups.
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Figure 2. The abnormal nucleus shape of erythrocytes of newly hatched hen chicks after embryonic exposure to cadmium.

Figure 3. The vacuolation of erythrocytes of newly hatched hen chicks after embryonic exposure to cadmium.
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Figure 4. The hemolysis of erythrocytes of newly hatched hen chicks after embryonic exposure to cadmium.

In individuals exposed to cadmium, it is interesting that
the morphometric analysis revealed an increase in the
length and width of erythrocytes, as well as increased
length and width of the nucleus of these cells. The
changes were dose-dependent (most of the changes were
observed in birds from groups exposed to higher doses of
the tested metal). The results allow the conclusion that
the morphometric properties of chicken erythrocytes are
a sensitive marker of embryonic cadmium exposure, and
morphometric analysis can be considered a significant
supplement to analysis of erythrocyte morphology in
hematological tests. Nevertheless, to the best of our
knowledge, there is no data in the scientific literature on
the effects of heavy metals on the erythrograms of birds
or the morphometric characteristics of erythrocytes.

The observed changes in spectrin distribution indicate
that alterations at structural and molecular levels
occurred in chick erythrocytes due to cadmium

exposure. Thus, determination of spectrin distribution
appears to be useful marker of cadmium toxicity. How-
ever, to the best of our knowledge, there is no data in the
literature on the influence of heavy metals on spectrin
distribution in avian red blood cells.

Despite the physiological significance of red blood
cells, studies focused on the influence of toxic substances
on erythrocyte morphology are much less common than
studies focused on standard hematological tests. As pre-
viously mentioned, in the case of fish, erythrocyte mor-
phology is of great importance in assessing the toxicity
of xenobiotics (especially heavy metals). The results of
the present study do not allow a similar conclusion in
the context of birds; however, it has been demonstrated
that erythrocyte morphometric indices (length and
width of the erythrocyte cell as well as length and width
of erythrocyte nucleus) may be useful and reliable
markers of toxicant in ovo exposure. Moreover, red

Table 3. Erythrocyte morphometry of newly hatched hen chicks after embryonic exposure to cadmium (mean + SD; n = 20).

Parameter Control Cd 2 Cd4 Cd 6 Cd 8
erythrocyte length [pm]| 12.41 +£0.44 12.44 +£0.39 12.33 £ 0.54 12.82 + 0.46** 12.70 £ 0.36**
erythrocyte width [pm]| 6.73 + 0.26 6.84 + 0.26%** 6.69 + 0.31 6.90 £ 0.33%** 6.85 & 0.25%**
nucleus length [um)| 5.00 £ 0.23 5.24 £ 0.46™** 5.28 £ 0.42°+* 5.40 £ 0.35%** 5.26 £ 0.25%**
nucleus width [pxm] 2.64 +£0.12 2.97 £ 0.36%** 2.84 4+ 0.18%** 2.87 4 0.25%%% 2.79 & 0.18%**

Significant differences compared to the control values are marked with asterisks.

::f< 0.01.
P <0.001.
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Figure 5. Spectrin distribution in erythrocytes of control (A) and cadmium-exposed (B-E) newly hatched hen chicks.

blood cell spectrin distribution may be a new and inter-
esting marker of cadmium embryonic exposure in birds.
However, the analysis of routinely assessed red cell
markers, such as RBC, Hb, Ht etc., should not be omit-
ted in toxicological research.
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