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Abstract—The mesonephros ultrastructure has been studied for 12 specimens of sexually mature Carassius
gibelio Bloch 1782 living in the freshwater Finogenov Pond and in the middle reaches of the Khara River
(salinity of 6‰). Both reservoirs belong to the basin of the Volga River. A slight increase in the water salinity
up to 6‰ primarily caused changes in the quantitative characteristics of leukocyte mitochondria and in all
types of epithelial cells, as well as specialized types of inclusions in eosinophils, macrophages, proximal
tubules type I, and distal tubules of the nephron. There were also changes in the nuclear structures of some
types of interstitial cells and epitheliocytes. In the nephron tubules, epithelial cells of smaller sizes were reg-
istered, in the epithelial cells of the tubules, there was a more developed smooth endoplasmic reticulum, as
well as a shorter brush border of the proximal tubule cells. As the water salinity increased, the area of the renal
corpuscles, of glomerular capillaries, and of podocytes decreased, the thickness of the basement membrane
and mass transfer in the renal corpuscles and tubules changed as well. Cytological rearrangements during the
transition of the stenohaline freshwater species to brackish water testified to the high adaptive capacity of the
cellular structures of the mesonephros.
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INTRODUCTION
Changes in the conditions of the aquatic environ-

ment predetermine the phenotypic variability (while
maintaining the genotype), which ensures the adapta-
tion of the organism to the load of a heterogeneous
environment, including an increase in the salinity of
water courses (Mazzarella et al., 2015; Komoroske
et al., 2016; Sunde et al., 2018; Verhille et al., 2016).

Most studies aim to study the compensatory mor-
phological rearrangements in the gills and kidneys,
which are the basic organs performing osmoregulatory
function of migrating salmon fish with regard to the
habitat change (Folmar and Dickhoff, 1980; Maksi-
movich et al., 2000). Structural rearrangements of fish
gill cells have also been studied under an artificial
increase in the water salinity in laboratory conditions
(Yang et al., 2017). Comprehensive studies of the fea-
tures of the ultrastructure of cells that form the fish
kidney tissues (both laboratory-reared animals and
individuals from natural populations) changing under
various water salinity are still missing.

This study aims to describe the fine structure of the
cells forming the kidney interstitium and nephrons in

Carassius gibelio Bloch 1782 inhabiting streams with
varying salinity.

MATERIALS AND METHODS
Sexually mature diploid females of Carassius gibelio

Bloch 1782, aged 5+ and 6+, were used in the studies.
Samples were obtained in summer (July–August) in
the freshwater Finogenov Pond, which is the source of
the Khara River (area no. 1) and in the middle reaches
of the Khara River (area no. 2), which is the largest
tributary of Lake El’ton, characterized by a unique
salinity regime (Burkova, 2011; Zinchenko et al., 2017;
Gusakov, 2019) (Fig. 1). The total mineralization of
area no. 2 is 6‰. The Khara River is a slow-flowing
watercourse with an asymmetric valley. The mineral-
ization is mainly represented by chloride–sodium–
calcium and sulfate ions (Gusakov, 2019). The mixing
of the riverine fresh waters with the saline waters of the
lake at the river mouth results in a smooth salinity gra-
dient in the tributaries of Lake El’ton (Burkova, 2011;
Gusakov, 2019). Such conditions made it possible to
sample individuals from local sub-populations living
at various water salinities. A total of 29 specimens were
1024
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tested in this study. The body length and weight were
measured, scales were taken to determine the age, and
the blood was taken from the tail vein to determine
ploidy. Blood smears were prepared according to the
standard procedure. Then the fish was dissected, the
sex was determined, and small tissue fragments were
excised from the middle part of the mesonephros and
fixed according to the standard technique for electron
microscopy (Timakova et al., 2014). In the laboratory,
blood smears were analyzed under a MICMED-6
microscope and the area of erythrocytes and of their
nuclei was measured. The presence/absence of ploidy
for each fish specimen was based on at least 14 eryth-
rocytes analyzed. According to the results of biological
and cytometric analyses, twelve specimens of Prussian
carp (equal size, same sex) were selected; according to
the morphometric parameters of the peripheral blood
erythrocytes, they corresponded to diploid individuals
(Sezaki et al., 1977; Mezhzherin and Lisetskii, 2004).
The first group were six specimens from the freshwater
Finogenov Pond (body length 18.6 ± 0.32 cm, weight
298 ± 5.77 g). The second group were another six speci-
mens caught in the middle course of the Khara River
(body length 18.3 ± 0.42 cm, weight 297 ± 5.36 g).

Ultrathin sections were prepared on a Leica EM
UC7 microtome and analyzed under a JEM 1011
microscope (Timakova et al., 2014). Digital photo-
graphs were obtained from each section. In the photo-
graphs, the area of the renal corpuscle and the lumen
of the capillaries, cells, and their nuclei, heterochro-
matin, organelles, and inclusions were measured using
the program J Micro Visionv 1.2.7. The linear dimen-
sions of the nuclear pores, tubules of the smooth endo-
plasmic reticulum, epitheliocytes, basement membrane,
cavity of the renal corpuscle, zone of endocytosis of epi-
theliocytes, and brush border of the proximal tubules
were measured as well. The number of mitochondria,
nucleoli, and inclusions was counted.

In order to analyze the efficiency of mass transfer
through the wall of epitheliocytes, the efficiency of the
diffusion flow, based on the transformed equation of
Fick’s laws of diffusion, was calculated as

where M1 is the average amount of a substance passing
through the wall of the tubule in the first group of
Prussian carp; M2 is the average amount of a substance
passing through the wall of the tubule in the second
group of Prussian carp; A1 is the average diffusion area
through which the substance is transferred in the
tubules of the first group of Prussian carp, μm2; A2 is
the average area of diffusion through which the sub-
stance is transferred in the tubules of the second group
of Prussian carp, μm2; h1 is the average wall thickness
of the tubule of the first group of Prussian carp, μm; h2
is the average wall thickness of the tubule of the second
group of Prussian carp, μm.
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During statistical processing, the mean values and
their standard errors (M ± m) were calculated. Com-
pliance with the normal distribution was assessed
using the Shapiro–Wilk’s (W) test. Two-tailed Stu-
dent’s t-test was applied to assess the significance of
differences under the condition of a normal distribu-
tion of the sample data. If these conditions were not
met, the Mann–Whitney U-test was applied. The crit-
ical level of significance was set as P ≤ 0.05. Statistical
analysis was performed using the STATISTICA 10
software, StatSoft Inc. (2011).

RESULTS

The cells of the interstitium mesonephros (lym-
phocytes, macrophages, neutrophils, eosinophils, and
the cells with radially arranged vesicles), as well as the
structures that form the nephron, have a single struc-
tural plan in the groups of Prussian carp considered.

Lymphocytes are the cells most commonly found
in the mesonephros interstitium of the individuals
studied. Lymphocytes are the smallest among leuko-
cytes, and the area of their cells and nuclei differs
slightly in Prussian carp of the first and second groups.
The nucleus occupies almost the entire volume of the
cell. There are no statistically significant differences in
the number of nucleoli and the width of the nuclear
pores. The nucleus heterochromatin is more con-
densed in the lymphocytes of individuals of the second
group compared to those of the first group. In the sec-
ond group, folded membranes of the lymphocyte
nuclei are found; unlike those of the first group, these
membranes are smooth. The cytoplasm contains mito-
chondria. In the first group, only one mitochondrion is
found on the lymphocyte sections, while the number of
mitochondria reaches four on the cell sections of the sec-
ond group. In the second group, the area of mitochon-
dria of lymphocytes significantly exceeds this indicator of
the first group (Table 1; Figs. 2a, 2b).

Regardless of the habitat of the Prussian carp,
plasma cells have an oval shape with an eccentrically
located rounded nucleus. In the second group, heter-
ochromatin of the cell nucleus is more condensed than
that of the first group. The cell cytoplasm contains
mitochondria, lysosomes, and rough endoplasmic
reticulum, which is more developed in the cells of the
second group compared to the first one. In the second
group, mitochondria and lysosomes of a larger area on
the sections of plasma cells are found in comparison with
subcellular structures of the first group. No statistically
significant differences are found for the nucleus area; the
number of nucleoli, mitochondria, or lysosomes; or for
the width of nuclear pores (Table 1; Figs. 2c, 2d).

In the groups of Prussian carp considered, macro-
phages are large oval cells, with an eccentrically
located nucleus containing a large number of nucleoli
(from five to ten). Lumpy heterochromatin is more
condensed in the nuclei of individuals of the second
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Fig. 1. Sampling sites: 1, Finogenov Pond; 2, Khara River. 
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group; it is localized to a greater extent on the periph-
ery of the nucleus with a break in the nuclear pores.
The width of the nuclear pores is greater in the cells of
individuals of the second group compared to those of
the first group. The cytoplasm contains single cister-
nae of the rough endoplasmic reticulum, mitochon-
dria, and phagosomes (on average, six), the area of the
latter on the cell sections in the second group exceeds
more than twofold this indicator in the first group
(Table 1; Figs. 2e, 2f).

Neutrophils are round cells with an acentric
nucleus. The areas of cells and nuclei of Prussian carp
of the first and second groups differ slightly. In the
mesonephros interstitium, cells with a stab nucleus
dominate. Lumpy heterochromatin, more condensed
in the nuclei of the second group, is located mainly
along the nuclear membrane with a break in the
nuclear pores. The width of the nuclear pores of neu-
trophils of the second group significantly exceeds this
indicator of the first group. In the cell cytoplasm,
mitochondria, tubules of the rough endoplasmic retic-
ulum, vesicles, and electron-dense specific granules
filling the cytoplasm are found. The area of mitochon-
dria in the neutrophils of the second group is significantly
smaller than that of the first group. The size and number
of granules in neutrophils of both groups of Prussian carp
differ insignificantly (Table 2; Figs. 3c, 3d).

Eosinophils are round cells with an average area of
63–64 μm2 with an eccentrically located nucleus (8–
10 μm2). In the second group, the mesonephros is
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
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Table 1. Morphometric parameters of cells and subcellular structures of agranulocytes in Prussian carp of the first and sec-
ond groups

The asterisk * indicates statistically significant differences between the first and second groups (here and in the tables below); n is the
number of measured structures for each group of fish.

Parameters n First group Second group

Lymphocytes

Cell area, μm2 10 23.2 ± 2.86 23.2 ± 2.47

Core area, μm2 10 12.5 ± 1.29 12.4 ± 0.82

Number of nucleoli 10 3.60 ± 0.68 3.33 ± 0.33

Heterochromatin, μm2 10 7.01 ± 0.85 7.58 ± 0.19

Nuclear pores, μm 10 0.18 ± 0.01 0.21 ± 0.02

Mitochondria area, μm2 10 0.09 ± 0.02 0.23 ± 0.04*

Number of mitochondria 10 0.80 ± 0.20 2.33 ± 0.88*

Plasma cells

Cell area, μm2 10 73.5 ± 12.1 60.9 ± 2.55

Core area, μm2 10 24.1 ± 0.78 18.7 ± 0.10

Number of nucleoli 10 4.50 ± 0.50 5.50 ± 0.50

Heterochromatin, μm2 10 9.03 ± 0.82 8.62 ± 1.03

Nuclear pores, μm 10 0.22 ± 0.02 0.23 ± 0.01

Mitochondria area, μm2 20 0.46 ± 0.09 0.15 ± 0.01*

Number of mitochondria 20 4.50 ± 0.50 4.00 ± 1.00

Lysosome area, μm2 10 0.12 ± 0.03 0.04 ± 0.01*

Number of lysosomes 10 3.00 ± 1.00 5.50 ± 0.50

Macrophages

Cell area, μm2 10 88.9 ± 67.1 136 ± 20.6

Core area, μm2 10 15.0 ± 11.0 23.5 ± 5.35

Number of nucleoli 10 7.00 ± 2.00 7.75 ± 0.85

Heterochromatin, μm2 10 7.95 ± 0.97 10.7 ± 1.98

Nuclear pores, μm 10 0.15 ± 0.01 0.21 ± 0.01*

Mitochondria area, μm2 10 1.70 ± 0.54 1.23 ± 0.14

Number of mitochondria 10 3.75 ± 0.75 4.00 ± 3.00

Phagosome area, μm2 30 6.75 ± 1.31 6.50 ± 1.50

Number of phagosomes 30 2.13 ± 0.59 4.42 ± 2.55*
characterized by the presence of more mature eosino-

phils, as evidenced by different shapes of the cell

nucleus. In the first group, rounded nuclei are found

on sections of most cells; in the second group, they are

rod-shaped. In contrast to neutrophils, nucleoli in the

eosinophil nuclei are rare in both groups of Prussian

carp. It should be noted that the width of nuclear pores

is significantly greater in the cells of the second group

of Prussian carp compared to the first one. The cyto-

plasm of most eosinophils of Prussian carp of the first

group contains four mitochondria, while that of the

second group has 7–11 mitochondria. These differ-

ences are significant. The area of mitochondria in the

cells of the second group is significantly smaller than
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
this indicator of the first group. Rounded electron-
dense specific granules filling the cytoplasm are a
characteristic feature of eosinophils. There is a more
than twofold statistically significant excess in the sec-
ond group, and the number of specific granules
exceeds that of the first group more than twofold, but
their size is smaller (Table 2; Figs. 3a, 3b).

The cells with radially arranged vesicles are round-
shape and have an eccentrically located round or
bean-shaped nucleus. In the mesonephros intersti-
tium, a greater number of cells with a bean-shaped
nucleus are noted in the second group; these nuclei
contain more densely packed heterochromatin com-
pared to that of the first group. The nuclear pores in
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Fig. 2. Ultrastructure of agranulocytes of Prussian carp: (a) lymphocyte (group 1); (b) lymphocyte (group 2); (c) plasma cell
(group 1); (d) plasma cell (group 2); (e) macrophage (group 1); (f) macrophage (group 2); HC, heterochromatin; CC, cell center;
L, lysosome; M, mitochondria; C, cytoplasm; RER, rough endoplasmic reticulum; EC, euchromatin; Ph, phagosome; N,
nucleus; NP, nuclear pore.
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the cell nuclei of the second group are wider compared

to that of the first group, and this difference is statisti-

cally significant. The cytoplasm of the cells contains

10–13 vesicles and mitochondria, and the latter are

larger in the cells of the second group comparing to

those of the first group (Table 2; Figs. 3e, 3f).
The renal corpuscle is one of the main elements of

the filtration apparatus of the kidney, which has a sin-

gle structural plan in the groups of Prussian carp con-

sidered. In the second group, the area of the renal cor-

puscle is 83% less than that of the first group (statisti-

cally significant difference). The wall of the renal
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
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Table 2. Morphometric parameters of cells and subcellular structures of granulocytes and cells with radially arranged vesi-
cles in Prussian carp of the first and second groups

Parameters n First group Second group

Neutrophiles

Cell area, μm2 10 75.1 ± 5.04 67.1 ± 2.73

Core area, μm2 10 17.1 ± 2.77 12.3 ± 1.60

Number of nucleoli 10 6.25 ± 0.85 4.33 ± 0.33

Heterochromatin, μm2 10 8.65 ± 1.82 8.39 ± 2.18

Nuclear pores, μm 10 0.18 ± 0.01 0.28 ± 0.03*

Mitochondria area, μm2 20 0.27 ± 0.05 0.16 ± 0.02*

Number of mitochondria 20 3.25 ± 0.75 4.67 ± 0.88

Specific granule area, μm2 30 0.16 ± 0.01 0.16 ± 0.01

Number of specific granules 30 57.0 ± 9.55 58.3 ± 6.01

Eosinophiles

Cell area, μm2 10 62.7 ± 15.4 64.5 ± 4.92

Core area, μm2 10 7.95 ± 2.48 9.74 ± 2.43

Number of nucleoli 10 2.11 ± 0.86 3.50 ± 0.98

Heterochromatin, μm2 10 3.88 ± 1.35 5.55 ± 1.62

Nuclear pores, μm 10 0.17 ± 0.02 0.23 ± 0.02*

Mitochondria area, μm2 20 0.34 ± 0.05 0.16 ± 0.01*

Number of mitochondria 20 6.00 ± 1.00 9.00 ± 1.15*

Specific granule area, μm2 30 0.59 ± 0.04 0.48 ± 0.03*

Number of specific granules 30 28.7 ± 4.67 44.0 ± 5.51*

Cells with radially arranged vesicles

Cell area, μm2 10 19.9 ± 2.20 26.8 ± 2.94

Number of nucleoli 10 4.00 ± 0.21 14.0 ± 0.56*

Core area, μm2 10 9.26 ± 1.57 10.1 ± 2.20

Heterochromatin, μm2 10 6.71 ± 1.15 4.93 ± 1.62

Nuclear pores, μm 10 0.12 ± 0.01 0.21 ± 0.01*

Mitochondria area, μm2 15 0.07 ± 0.02 0.20 ± 0.05*

Number of mitochondria 15 2.25 ± 1.03 4.33 ± 1.45

Vesicle area, μm2 30 0.06 ± 0.01 0.05 ± 0.01

Number of vesicles 30 10.2 ± 2.75 13.3 ± 0.88
corpuscle consists of two layers (parietal and visceral),

separated by a 2- to 3-μm thick lumen. The visceral

layer of the renal corpuscle is formed by podocytes,

the area of which differs slightly in the groups consid-

ered. In podocytes and capillary endotheliocytes, the

basal membrane of the visceral layer of the renal cor-

puscle is similar; its thickness is significantly greater in

the cells of individuals of the second group compared

to that of the first one. The area of endotheliocytes dif-

fers slightly in the first and second groups. In the first

group, the area of capillaries of the glomerulus is sig-

nificantly less than that of the second group (Table 3;

Figs. 4a, 4b). Mass transfer through the capillary wall
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
into the Bowman’s cavity capsules are twice as large in
the first group compared with the second one.

The epitheliocytes of the proximal tubule of the
considered groups of Prussian carp are characterized
by the typical structure of the cells of this part of the
nephron. Conventionally, two types of epitheliocytes
(I and II) may be distinguished in regard to the ultra-
structure of epitheliocytes of the proximal tubule.

The beginning of the proximal tubule is formed by
epithelial cells of type I. These are elongated, pyrami-
dal cells, 23.4 ± 0.7 μm in height (the first group) or
21.2 ± 0.3 μm (the second group), located on the basal
membrane and tightly adjacent to each other. The
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Fig. 3. Ultrastructure of granulocytes and cells with radially arranged vesicles of Prussian carp: (a) eosinophil (group 1); (b) eosin-
ophil (group 2); (c) neutrophil (group 1); (d) neutrophil cell (group 2); (e) cell with radially arranged vesicles (group 1); (f) cell
with radially arranged vesicles (group 2); V, vesicle; G, granule; HC, heterochromatin; CC, cell center; M, mitochondria; SG, spe-
cific granules; C, cytoplasm; EC, euchromatin; N, nucleus; NP, nuclear pore. 
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thickness of the basement membrane is significantly
greater in the tubules of the second group compared to
the first one (Table 3; Figs. 4c–4f). Mass transfer
through the wall of the tubule formed by epitheliocytes
of type I in the first group exceeds 1.6 times that in the
second one.

The nuclei of epitheliocytes are rounded, located in
the basal part of the cells. In the second group, the
nuclei of epitheliocytes carry a smaller amount of
more densely packed heterochromatin. They have a
greater number of nucleoli and a greater width of
nuclear pores compared to these indicators in the
nuclei of the first group.

The granular cytoplasm contains mitochondria,
and their number and area in the epitheliocytes of the
second group is greater than that of the first one.
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
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Table 3. Morphometric parameters of nephron structures in Prussian carp of the first and second groups

Parameters n First group Second group

Renal corpuscle

Renal corpuscle area, μm2 10 6578 ± 117 1092 ± 31.5*

Basement membrane thickness, μm 20 0.30 ± 0.0 5 0.52 ± 0.03*

Endotheliocyte area, μm2 10 74.9 ± 17.4 72.4 ± 7.62

Podocyte area, μm2 10 96.0 ± 17.5 74.6 ± 15.1*

Capillary lumen, μm2 10 11 4  ± 13.6 45.3 ± 14.5*

Cavity of the renal corpuscle, μm 10 2.54 ± 0.49 2.14 ± 0.32

Epithelial cell of the proximal tubule of type I

Cell area, μm2 10 124 ± 5.81 119 ± 6.70

Cell height, μm 10 23.4 ± 0.7 21.2 ± 0.3*

Basement membrane thickness, μm 20 0.22 ± 0.02 0.31  ± 0.0 5*

Core area, μm2 10 23.1 ± 1.85 22.3 ± 1.74

Number of nucleoli 10 4.50 ± 0.22 6.75 ± 0.63*

Heterochromatin, μm2 10 16.2 ± 1.38 9.46 ± 1.70*

Nuclear pores, μm 10 0.21 ± 0.01 0.32 ± 0.02*

Mitochondria area, μm2 30 0.45 ± 0.04 0.87 ± 0.07*

Number of mitochondria 30 9.80 ± 0.58 16.2 ± 3.54*

Secretory granule area, μm2 30 0.37 ± 0.08 0.64 ± 0.08*

Number of secretory granules 30 9.40 ± 0.51 13.5 ± 1.32*

Tubules of the smooth endoplasmic reticulum, width, μm 20 0.07 ± 0.00 0.08 ±  0.01*

Endocytosis zone, μm 10 2.61 ± 0.15 3.08  ± 0.19

Brush border, μm 10 2.87 ± 0.09 2.32  ± 0.15*

Proximal tubule of type II

Cell area, μm2 10 126 ± 6.82 105 ± 12.2*

Cell height, μm 10 14.55 ± 0.55 13.64 ± 0.48*

Basement membrane thickness, μm 20 0.06 ± 0.01 0.13 ± 0.01*

Core area, μm2 10 18.1 ± 1.54 27.9 ± 3.30*

Number of nucleoli 10 3.40 ± 0.54 7.67 ± 1.52*

Heterochromatin, μm2 10 0.32 ± 0.13 0.18 ± 0.02*

Nuclear pores, μm 10 0.17 ± 0.02 0.28 ± 0.08*

Mitochondria area, μm2 30 0.37 ± 0.05 0.53 ± 0.05*

Number of mitochondria 30 10.7 ± 0.33 17.5 ± 0.50*

The width of the tubules of the smooth endoplasmic reticulum, μm 20 0.08 ± 0.01 0.09 ± 0.01*

Endocytosis zone, μm 10 1.74 ± 0.18 2.23 ± 0.17

Brush border, μm 10 2.13 ± 0.17 2.13 ± 0.23

Distal tubule

Cell area, μm2 10 170 ± 21.1 95.7 ± 4.90*

Cell height, μm 10 16.9 ± 0.87 11.6 ± 0.88*

Basement membrane thickness, μm 20 0.22 ± 0.01 0.16 ± 0.01*

Core area, μm2 10 21.8 ± 1.39 17.6 ± 2.26*

Number of nucleoli 10 5.00 ± 0.91 7.67 ± 0.67*

Heterochromatin, μm2 10 8.46 ± 0.95 8.68 ± 1.20

Nuclear pores, μm 10 0.20 ± 0.01 0.25 ± 0.03
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
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Mitochondria area, μm2 30 0.59 ± 0.03 0.61 ± 0.05

Number of mitochondria 30 22.5 ± 2.72 26.0 ± 2.65*

Tubules of the smooth endoplasmic reticulum, width, μm 20 1.06 ± 0.09 1.93 ± 0.16*

Vesicle area, μm2 20 0.04 ± 0.01 0.14 ± 0.05*

Lysosome area, μm2 20 0.08 ± 0.02 0.07 ± 0.01

Parameters n First group Second group

Table 3. (Contd.)
Strands of the plasma membrane stretch from the
basal part; these strands then pass into the system of
tubules of the smooth endoplasmic reticulum. It
should be noted that a smooth endoplasmic reticulum
with wider cisternae is noted in the epitheliocytes of
the second group compared to the first group. SER is
localized mostly in the basal part of the cell, almost
parallel to the basement membrane. In the epithelial
cells of the first group, this organoid is oriented along
the cell axis. There are also lysosomes and large elec-
tron-dense secretory granules characteristic of this
area of the nephron. The number and area of secretory
granules are significantly greater in the cells of the sec-
ond group of Prussian carp compared to the first one.
In the apical part of the cells, there is a well-developed
zone of endocytosis on the margin of the brush border.
The brush border is the highest in epithelial cells of
this type. The length of the brush border of tubules in
the second group is significantly less than that in the
first group (Table 3; Figs. 4c–4h).

The epitheliocytes of type II are the cells that are
structurally similar to the type I cells, but are smaller
than those in cell height. The height and area of epi-
theliocytes of type I are less than those of type II; on
the contrary, the thickness of the basal membrane is
significantly greater in type I compared to type II
(Table 3; Fig. 4l). Mass transfer through the wall of the
tubule formed by epitheliocytes of type II was 1.16
times greater in the first group of Prussian carp than in
the second one. The nuclei of epitheliocytes of type II
are rounded, located in the basal part of the cells. The
cells of the second group are characterized by larger
nuclei with a smaller amount of heterochromatin, a
greater width of nuclear pores, and a greater number of
nucleoli compared to those of the first group. In epi-
theliocytes of type II, the cytoplasm contains a smaller
number of mitochondria compared to type I. It should
be noted that the mitochondria of cells of the second
group of Prussian carp are larger, and their number is
greater compared to the first group. The smooth endo-
plasmic reticulum in epitheliocytes of type II is more
developed than that in the epitheliocytes of type I. The
width of the tubules of the smooth endoplasmic retic-
ulum is greater in the cells of Prussian carp of the sec-
ond group. The length of the endocytosis zone and the
length of the brush border differ insignificantly in the
cells of both groups of fish (Table 3; Figs. 4i–4l).
The epithelial cells of the distal tubule are tall and
very wide at the cell base. The height, area of epithe-
liocytes, and the thickness of the basement membrane
of the distal tubules of Prussian carp of the second
group are smaller than those of the first one (Table 3).
Mass transfer through the wall of the distal tubule of
the first group is 2.6 times lower than that of the sec-
ond group. The nuclei of most cells occupy a central
position; sometimes, they are shifted to the basal part.
The nuclei area is smaller on the cell sections of Prus-
sian carp of the first group compared to the second
one. On the contrary, the width of nuclear pores is
somewhat larger and heterochromatin is more con-
densed in the cells of the first group. The smooth
endoplasmic reticulum with a larger width of the
tubules is more developed in the cells of Prussian carp
of the second group compared to the first one. It
should be noted that smooth endoplasmic reticulum is
located differently relative to the basement membrane
of the epitheliocytes of the distal tubule. In the first
group, the SER tubules are located perpendicular to
the basal membrane; in the second group, they are
parallel to it. In the first group, mitochondria in the
cells of the distal tubules are located perpendicular to
the basal membrane in its immediate vicinity; in the
second group, mitochondria are more distant from the
membrane and they are located in the cell randomly.
The number of mitochondria in the epitheliocytes of
Prussian carp of the second group is greater than that
in the first. Many lysosomes and vesicles are found on
sections of epithelial cells of the distal tubules. The
area of vesicles on cell sections of the second group
exceeds this indicator more than twofold compared to
the first group (Table 3; Figs. 5a–5d).

DISCUSSION

Our data testify to the peculiarities of the cell ultra-
structure of the mesonephros of Prussian carp in
freshwater and brackish water reservoirs. It is known
that an increase in the osmotic load activates a non-
specific immune response; the increase in the size of
leukocytes and the number and size of mitochondria,
organelles, and inclusions associated with cytoplasmic
transport are cytological markers of this process (Bir-
rer et al., 2012; Flerova et al., 2020). Compared with
Prussian carp from the freshwater reservoir, a larger
BIOLOGY BULLETIN  Vol. 49  No. 8  2022



BIOLOGY BULLETIN  Vol. 49  No. 8  2022

PECULIARITIES OF THE MESONEPHROS CELL ULTRASTRUCTURE 1033

Fig. 4. Ultrastructure of the renal corpuscle and epitheliocytes of the proximal tubule of Prussian carp: (a) renal corpuscle (group 1);
(b) renal corpuscle (group 2); (c) epitheliocytes of the proximal tubule type I (group 1); (d) basal part of the epithelial cell of the
proximal tubule of type I (group 1); (e) zone of endocytosis of the proximal tubule of type I (group 1); (f) epitheliocytes of the
proximal tubule of type I (group 2); (g) basal part of the epitheliocyte of the proximal tubule of type I (group 2); (h) zone of endo-
cytosis of the proximal tubule of type I (group 2); (i) epitheliocytes of the proximal tubule of type I (group 1); (j) apical part of epithe-
liocytes of the proximal tubule of type II (group 1); (k) basal part of epitheliocytes of the proximal tubule of type II (group 1); (l) epi-
theliocytes of the proximal tubule of type II (group 2); BM, basement membrane; V, vesicle; HC, heterochromatin; SER, smooth
endoplasmic reticulum; EZ, endocytosis zone; Cap, capillary; M, mitochondria; MV, microvilli; BC, body cavity; PC, podocyte
of the visceral layer of Bowman’s capsule; SG, secretory granules; TR, tubular reticulum; BB, brush border; EN, endotheliocyte;
FE, f lat epithelium of the parietal lobe of Bowman’s capsule; EC, euchromatin; N, nucleus; Nu, nucleolus; NP, nuclear pore. 
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Fig. 5. Ultrastructure of epitheliocytes of the distal tubule of Prussian carp: (a) epitheliocyte of the distal tubule (group 1);
(b) basal part of the epitheliocyte of the distal tubule (group 1); (c) basal part of the epitheliocyte of the distal tubule (group 2);
(d) epitheliocyte of the distal tubule (group 2); BM, basement membrane; HC, heterochromatin; SER, smooth endoplasmic
reticulum; M, mitochondria; EC, euchromatin; N, nucleus; NP, nuclear pore.
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area and greater number of mitochondria of lympho-
cytes and eosinophils, a greater number of specific
granules of eosinophils, a larger area of mitochondria
of neutrophils and of the cells with radially arranged
vesicles, and a greater number of macrophage phago-
somes in combination with a more frequent occur-
rence in the interstitium of mature forms of mesone-
phros granulocytes are characteristics of fish living at a
salinity of 6‰. These peculiarities indicate the activa-
tion of cellular immunity systems under increased
osmotic load. The only exception is the plasma cells of
the mesonephros of Prussian carp from the Khara
River. The sizes of mitochondria and lysosomes
decrease without changing their number in this popu-
lation.

The large size of nuclear pores in the nuclei of mac-
rophages, neutrophils, eosinophils, and cells with
radially arranged vesicles, together with an increase in
the heterochromatin condensing degree in the nuclei
of leukocytes of Prussian carp of the second group
(compared with the first one), indicates indirectly that
the synthetic activity of the nucleus increases along
with the likely inactivation of a part of the chromo-
some. Such changes allow implementing various epig-
enomes by differential gene expression and, conse-
quently, maintaining the phenotypic plasticity of the
species under changing environmental conditions
(Splinter et al., 2011; Lessing et al., 2013; Zenkina and
Shevchuk, 2015; Eshonov, 2018).

The nephron also undergoes a number of structural
changes that reflect functional adaptations to environ-
mental conditions. In nephrons of Prussian carp sam-
pled in a water body with a salinity of 6‰, smaller
renal bodies are found; they are characterized by
smaller capillary lumen and a smaller area of podo-
cytes and by a greater thickness of the basement mem-
brane compared to the fish inhabiting fresh water. Ear-
lier, it was shown that adaptation to a hyperosmotic
environment leads to a decrease in the diameter of the
Bowman–Shumlyansky filtration capsules, accompa-
nied by a decrease in the glomerular filtration rate in
Etroplusma culatus and Alburnu starichi (Virabhadra-
chari, 1961; Oğuz, 2015). The decrease in mass trans-
fer, demonstrating a decrease in the transport of sub-
stances, in combination with the ultrastructural
changes described, indicates a decrease in both the
formation of primary urine and the glomerular filtra-
tion rate of the renal corpuscle in the Prussian carp
population living in brackish waters (6‰).

The ultrastructural features in the tubular epithe-
liocytes of Prussian carp living at different salinity lev-
els are primarily associated with organelles responsible
for intracellular transport. Membrane tangles, which
are associated with the mechanism of secretion of
divalent ions and are characteristic of epithelial cells of
the proximal and distal tubules of marine fish, are not
found in the cells of Prussian carp caught in brackish
water of 6‰ (Natochin, 1976; Flerova, 2012). Never-
theless, the reorientation of the smooth endoplasmic
reticulum with respect to the basement membrane is
accompanied by an increase in the tubule width in all
types of epitheliocytes of Prussian carp from the
Khara River compared to the individuals from the
fresh water. These structural changes indicate the
increased work of pumps that provide active transport
of ions under conditions of increased osmotic load and
that are located mainly in the basal part of the cells
(Natochin, 1976).

The number of mitochondria in the cells of the
proximal and distal tubules of Trachurus mediterraneus
(Staindachner) and Diplodus annularis (L.), living in
the Black Sea, exceeds more than twofold the number
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
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of tubules in the epitheliocytes of freshwater fish of the
Volga–Caspian basin (Flerova, 2012). This feature is
associated with implementing antigradient processes
occurring in fish epitheliocytes depending on the
salinity of the water (Natochin, 1976; Elger and
Hentschel, 1981; Flerova, 2012). In the groups of
Prussian carp studied, the number and size of mitochon-
dria in tubular epitheliocytes tend to increase according
to the water salinity. Nevertheless, the number and size of
mitochondria in the cells of the tubules of Prussian carp
from the Khara River are lower compared to the values
obtained for mitochondria of epitheliocytes of the
tubules of marine fish (Flerova, 2012).

According to the results obtained, the nuclei of epi-
theliocytes of all types of tubules in the mesonephros
of the fish from the Khara River have a greater number
of nucleoli and nuclear pores compared to similar
structures in the cells of individuals from the freshwa-
ter pond. In addition, a smaller area of heterochroma-
tin is found in the nuclei of the cells of the proximal
tubules of the fish from the Khara River. These fea-
tures may appear as cytological markers of an increase
in the environmental (water) salinity, since they indi-
cate an increase in the synthesis of various proteins of
nephron epitheliocytes; this, in turn, leads to a greater
variability of possible metabolic pathways of ionocytes
under increasing osmotic load (Bryan, 2000;
Shatskikh and Gvozdev, 2013).

In Alburnus tarichi, the number and area of secre-
tory granules in the cells of the proximal tubules of
type I mesonephros increase significantly in accor-
dance with the water salinity. In addition, these indi-
cators have been compared for the fish inhabiting the
salty endorheic Van Lake and the freshwater Karasu
River (Oğuz, 2015). A similar change has been regis-
tered in the epitheliocytes of type I of proximal tubules
in the mesonephros of Prussian carp from the Khara
River and Finogenov Pond. It should be noted that the
greater number of vesicles in the basal part of the distal
tubules is also a cytological marker of nephrons in
marine fish (Flerova, 2012).

The mass transfer of substances through the wall of
the tubule decreases due to the thickening of the base-
ment membrane and to a decrease in the length of epi-
theliocytes in the proximal tubules of Prussian carp
from the Khara River. On the contrary, in the distal
tubules, the efficiency of mass transfer of substances
through the wall increases due to a decrease in the
thickness of the basement membrane and the width of
epitheliocytes with an increase in the osmotic load. It
is known that the brush border of the proximal tubules
regulates the rate of active f luid transport (Natochin,
1976). A decrease in the length of the brush border in
the proximal tubules of type I in nephron of Prussian
carp of the Khara River, compared with the fish from
Finogenov Pond, indicates a decrease in the volume of
the glomerular filtrate coming from the renal corpus-
cle. Taken together, these structural changes may be
associated with a change in the rate of ion reabsorption
in the proximal tubules and in ion secretion in the dis-
tal tubules, as well as with a change in the volume of urine
BIOLOGY BULLETIN  Vol. 49  No. 8  2022
excreted by the kidneys, which, in turn, allows maintain-
ing the water–salt homeostasis of the entire organism
when the water salinity changes (Natochin, 1976).

The sampling sites are close to each other. The spe-
cies considered is migratory; therefore, we argue that it
is highly likely that a population with a single gene
pool lives in the reservoirs studied (Tupikova et al.,
1989; Kolpakov and Milovankin, 2010). Therefore, we
assume a high adaptive capacity of the cellular struc-
tures of the mesonephros. Comparing our own results
and the literature data on the study of the ultrastruc-
ture of the nephron of marine and freshwater fish, we
conclude that there are common ultrastructural dif-
ferences, which are the changes in the quantitative
characteristics of cells, of subcellular structures of leu-
kocytes, and of the nephron. The degree of differences
depends on the water salinity in the reservoir.

CONCLUSIONS

Under different osmotic conditions of the environ-
ment, the ultrastructure of the mesonephros of Caras-
sius gibelio is characterized by a number of peculiari-
ties. Most likely, a slight increase in the water salinity
up to 6‰ primarily causes the multidirectional
changes in the quantitative characteristics of leukocyte
mitochondria and in all types of epithelial cells, as well
as specialized types of inclusions in eosinophils, mac-
rophages, proximal tubules of type I, and distal tubules
of the nephron. There are changes in the nuclear
structures of some types of interstitium cells and epi-
theliocytes. In the nephron tubules, epithelial cells of
smaller sizes are found; in the epithelial cells of the
tubules, a more developed smooth endoplasmic retic-
ulum and a shorter brush border of the cells of the
proximal tubule are observed. As the water salinity
increases, a smaller area of renal corpuscles, glomeru-
lar capillaries, and podocytes is noted. A greater thick-
ness of the basement membrane and a lower mass
transfer is found for the renal corpuscles and proximal
tubules; for the distal tubules, this pattern is the oppo-
site (a smaller thickness of the basement membrane
and a greater mass transfer).

Therefore, during the transition of a stenohaline
freshwater species to brackish water, the physiological
mechanisms of ionic and osmotic regulation are acti-
vated, which provide a high adaptive ability of the cel-
lular structures of the mesonephros. The degree of
cytological rearrangements depends on the absolute
water salinity in the reservoir.
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