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The study presents new data on the structural and functional organization of the mesonephros of the grayling Thymallus 
thymallus (Linnaeus, 1758). Adult grayling were sampled in the middle course of the Unya River, a tributary of the Pechora 
River (Komi Republic, Russia). The mesonephros of the grayling, as of other freshwater fishes, is composed by nephrons, 
blood vessels and hematopoietic tissue forming the renal interstice. In the interstice, сells with a radial vesicle array and 
chloride cells were discovered; the latter were mostly localized near the renal tubules. The degree of the interstice 
development in the mesonephros of the grayling was determined. New data on the ultrastructure of leukocytes, cells with a 
radial vesicle array, chloride cells, and nephron segments were obtained. A lack of mesangial cells, a small number of 
podocytes, and a thin basement membrane were observed on the sections of a renal corpuscle, being characteristic features 
of the ultrathin organization of the mesonephros in freshwater members of Salmoniformes and Esociformes. In the 
grayling’s nephrons, no neck segment was found, which was reported earlier for several species, including mammals. On 
the sections of proximal tubules, the ciliated cells were rare, and large amounts of the tubular-vesicular network in the zone 
of endocytosis of the type II epithelial cells were observed. On the sections of distal tubules, short blade-shaped cytoplasmic 
processes, with large numbers of invaginations of cytoplasmic membrane, were found. On the basis of the distinctive 
ultrastructure features mentioned above, the inference that grayling show the cytological markers of adaptation to 
euryhalinity was made. Thus, the results contribute to the knowledge of mesonephros development in fishes during their life 
history. From the species protection standpoint, our study provides baseline data on a WBC differential in the mesonephros 
as well as superoxide dismutase, catalase, glutathione S-transferase, and ethoxyresorufin-O-deethylase activities, which can 
be used in further studies addressing the health status of grayling populations.  
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Introduction  
 

In the course of evolution, a general mechanism of non-specific 
protection was developed. Immune, antioxidant, and monooxygenase 
systems are the most important components of this protection. These 
systems provide the interaction between an organism and its environ-
ment. From a comparative-evolutionary perspective, it is very important 
to study the structural and functional features of the mesonephros, 
which not only plays the main role in the osmotic regulation, but also 
contributes significantly to homeostasis at the level of the non-specific 
protection. In this regard, studies on the salmonids, a unique family of 
anadromous and freshwater fishes having some relatively primitive 
morphological traits, are of current importance.  

There are a number of studies on various aspects of mesonephros 
morphology and physiology of anadromous salmonids in relation to the 
smoltification process (Langdon, 1985; Talbot et al., 1992; Boeuf, 1993; 
Mizuno et al., 2001; Björnsson & Bradley, 2007), while studies on mor-
phological and physiological traits of the mesonephros in freshwater 
salmonids are few in number (Anderson & Loewen, 1975; Kocabatmaz 

& Ekingen, 1987; Katoh et al., 2008). The grayling, Thymallus thymal-
lus (Linnaeus, 1758) is a freshwater salmonid species. The grayling is a 
benthopelagic fish, which feeds on chironomid and simuliid larvae, 
drifting macroinvertebrates, ephemeropteran nymphs, fish larvae (Scott, 
1985). It inhabits submontane reaches of rivers with a hard sand or 
stone bottom and well oxygenated, cold and fast-flowing water (Frey-
hof, 2011). The grayling is listed in the IUCN Red List with the Least 
Concern (LC) status. Grayling populations are threatened by overfi-
shing as well as by natural system modifications, such as dam construc-
tion and water management, and habitat pollution with domestic and 
urban wastewaters, industrial, military, agricultural, and forestry efflu-
ents (Nykänen et al., 2001; Freyhof, 2011).  

The purpose of our study was to perform an integrated research on 
structural and functional organization of the mesonephros of grayling. 
The data obtained in this study are a valuable contribution to the compa-
rative-evolutionary conception of the mesonephros ultrastructure in 
lower vertebrates. From a practical perspective, our results can be used 
in the aquatic biomonitoring as well as ichthyopathological assessment 
procedures in grayling culture.  
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Materials and methods  
 

The fish sampling performed within the study was conducted by 
the Fresh Water Fishes Laboratory (SevPINRO) in July 2012. Grayling 
was sampled in the middle course of the Unya River, a tributary of the 
Pechora River (Fig. 1). The Unya River flows 163 kilometers and has a 
total catchment area of 2,890 square kilometers. The Unya River has a 
rocky stream bed, with rifts and rapids. By chemical composition, the 
river waters belong to the hydrocarbonate class; total dissolved solids 
concentrations vary from 200 to 500 mg/l. Fish sampling was carried out 
in the “Unyinskiy” protected area, which is located in a buffer zone of 
the Pechora-Ilych Nature Reserve. Due to its remoteness and inaccessi-
bility, the area does not experience any significant anthropogenic im-
pact, and thus, the area was considered suitable for the baseline study of 
morphological and physiological traits of the mesonephros in grayling.  

 

  
Fig. 1. Sampling site (marked with a grey rectangle)  

Fish were collected using a minnow seine, 20 m long, with a 3 mm 
mesh in a bag. Ten sexually mature fish were used for the study. Each 
specimen was immobilized by a blow to the head, measured and weig-
hed (Table 1). Then it was dissected, eviscerated and weighed, the 
maturity stage was determined visually, on a 5-point scale, and the me-
sonephros samples were taken.  

Table 1  
Body measurements, sex and maturity stage  
of the grayling from the Unya River  

Specimen TL, cm FL, cm SL, cm TW, g EW, g Sex* 
1 29.2 27.0 25.9 205 179 ♀ 3 
2 27.7 26.5 25.0 192 172 ♂ 3 
3 27.6 25.4 24.1 174 154 ♂ 2 
4 27.0 25.3 24.0 175 154 ♀ 3 
5 25.5 23.6 22.5 130 115 ♀ 3 
6 23.9 22.3 21.0 126 106 ♂ 2 
7 23.5 22.1 20.9 113   98 ♂ 2 
8 23.4 22.0 20.7 100   85 ♀ 2 
9 22.7 21.0 19.8   80   63 ♀ 3 
10 20.2 18.3 17.3   63   54 ♂ 2 

Note: TL – total length, FL – fork length, SL – standard length, TW – total 
weight, EW – eviscerated weight, * – sex and maturity stage.  

Mesonephros samples intended for biochemical assays were imme-
diately frozen in liquid nitrogen and stored in it until the analytical pro-
cedure. Organ smears were made on slides, allowed to dry for 10 min 
and set in a container with 96% ethanol for 20 min. Samples intended 
for microanatomy and ultrastructure analyses were fixed in 2.5% glutar-
aldehyde solution prepared with 0.1 M phosphate buffer, postfixed in 
1% osmium tetroxide for 1hr, dehydrated in graded acetone and propy-
lene oxide, and embedded in Araldite (Electron Microscopy Sciences, 
USA) (Timakova et al., 2014).  

Superoxide dismutase, catalase, and glutathione S-transferase activiti-
es were analyzed according to conventional spectrophotometric proto-
cols described earlier (Morozov & Yurchenko, 2018) using a Perkin 
Elmer Lambda 25 spectrometer (UK). Ethoxyresorufin-O-deethylase 
activity was measured fluorometrically (described previously in Yur-
chenko & Morozov, 2018) using a Perkin Elmer LS 55 spectrometer (UK).  

Microanatomical study of the mesonephros was carried out accor-
ding to the standard methods. Semi-thin sections (2–3 μm) were cut with a 
UMTP-3 microtome (Russia). Dry sections were stained with methy-
lene blue. Using a Micromed-6 light microscope (Russia), digital 
photographs were taken, which were then processed with Image Tool 
3.0 software. The outer diameter (OD) of blood vessels, renal 
corpuscles and tubules were measured. The area of hematopoietic tissue 
was calculated as the difference between the total area of a section and 
the sum of the areas of blood vessels, renal corpuscles and tubules 
(Timakova et al., 2014).  

Ultra-thin sections were cut using a Leica EM UC7 Ultracut (Ger-
many). Sections were stained with uranyl acetate and lead citrate and 
analyzed using a JEM 1011 transmission electron microscope (Japan). 
Measurements were carried out on digital pictures.  

A white blood cell (WBC) differential was studied on the Roma-
nowsky-Giemsa-stained organ-smears using a Micromed-6 light micro-
scope (Russia). A WBC differential analysis was performed on at least 
200 cells at each organ-smear (Timakova et al., 2014). Data were 
reported as the mean ± standard error of the mean (x ± SE).  
 
Results  
 

Biochemical analyses. Enzyme activities in the mesonephros of 
grayling were as follows: ethoxyresorufin-O-deethylase – 0.22 ± 0.05 
pmol/mg/min, superoxide dismutase – 1.08 ± 0.27, catalase – 1.23 ± 
0.21, and glutathione S-transferase – 0.91 ± 0.19 μmol/mg/min.  

Mesonephros microanatomy. In the mesonephros of grayling, the 
area of hematopoietic tissue was 46.9 ± 2.7% of the total area of the 
sections. The average OD of the blood vessels was 36.13 ± 2.28 μm 
(Fig. 2). In the mesonephros interstitial tissue, erythrocytes and leucocy-
tes were distinguishable at the light-microscopy level (Fig. 2). Among 
the mature leucocytes, the lymphocytes were the most abundant and 
comprised 74.4 ± 2.8%. The second largest group (10.8 ± 2.3%) was 
represented by multipotential hematopoietic stem cells, hemocytoblasts. 
Granulocyte progenitors varied from 3 to 4% (promyelocytes 4.1 ± 
0.8%, myelocytes 3.0 ± 0.9%, metamyelocytes 2.9 ± 0.9%). The 
amount of granulocytes decreased in the following order: banded neut-
rophils 2.5 ± 0.4%, segmented neutrophils 1.0 ± 0.5%, macrophages 
0.90 ± 0.29%, and plasma cells 0.50 ± 0.10%.  

The nephron segments were well distinguishable on the sections. 
The Bowman’s capsule was composed of epithelium, surrounded by an 
intensely stained basement membrane. A tuft of capillaries, the glome-
rulus, enclosed in the sac was distinguishable. These segments together, 
known as a renal corpuscle, had a size of 62.44 ± 3.82 μm. On the 
cross-sections of the proximal tubule, with an OD of 53.07 ± 1.77 μm, a 
brush border was distinguishable. The proximal tubule was composed 
of epithelial cells, enclosed by an intensely stained basement membrane. 
Each epithelial cell had an intensely stained oval or rounded nucleus, 
which in most cells, was located at the basal side. The distal tubule (OD 
56.71 ± 2.59 μm) was also composed by epithelial cells, enclosed by the 
basement membrane; intensely stained oval or rounded nuclei were lo-
cated at the central part of the cells. On the cross-sections of the distal 
tubule, a brush border was not present.  

Mesonephros ultrastructure. Mesonephros interstitial tissue con-
tained the following types of leukocytes: lymphocytes, plasma cells, 
macrophages, neutrophils, eosinophils, cells with a radial vesicle array, 
and chloride cells. A characteristic feature of grayling’s lymphocytes 
was a large rounded nucleus, which occupied almost the entire cell 
volume. Heterochromatin was evenly localized to the periphery of the 
nucleus. The thin rim of the electron-light cytoplasm contained free 
ribosomes and two mitochondria on average (Table 2, Fig. 3b).  

Plasma cells, mostly oval-shaped, contained a rounded nucleus loca-
ted in the center of the cell. In most cells, heterochromatin was segmen-
ted, evenly localized to the periphery of the nucleus. The cytoplasm 
contained stacks of a well-developed rough endoplasmic reticulum, 
0.68 ± 0.06 μm wide, free ribosomes, one mitochondrion on average, 
and the electron-dense lysosomes (Table 2, Fig. 2c).  

Macrophages are the largest leukocyte cells. The nuclei were ec-
centrically shifted; heterochromatin was evenly localized to the periphe-
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ry of the nucleus. The cytoplasm contained electron-dense phagosomes 
of various sizes (Table 2), which occupied almost the entire cell volume. 
The cytoplasm also contained mitochondria, short double membrane 

sheets of the rough endoplasmic reticulum, free ribosomes, lysosomes, 
and small light vesicles (Table 2, Fig. 2d). In some cells, a large number 
of the electron-dense pigment granules were found.  

 
Fig. 2. Microanatomy of the mesonephros of grayling, Thymallus thymallus: a – mesonephros tissues; b – lymphocyte; c – plasma cell;  

d – macrophage; e – neutrophil; f – intra-cellular granule of a neutrophil; g – eosinophil; h – cell with a radial vesicle array; i – chloride cell;  
j, k – cytoplasm of a chloride cell; 1 – blood vessel; 2 – hematopoietic tissue; 3 – renal corpuscle; 4 – proximal tubule; 5 – distal tubule; 6 – nucleus;  
7 – heterochromatin; 8 – euchromatin; 9 – mitochondrion; 10 – rough endoplasmic reticulum; 11 – phagosome; 12 – intra-cellular granule of a neu-
trophil; 13 – Golgi apparatus; 14 – intra-cellular granules of an eosinophil; 15 – radial vesicle array; 16 – tubular reticulum; 17 – secondary lysosome  
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Fig. 3. Ultrastructure of nephron in mesonephros of grayling, Thymallus thymallus: a – renal corpuscle; b – podocyte; c – section of the proximal tubule;  

d – brush border; e – cytoplasm of the type I epithelial cell of the proximal tubule; f – basal part of the type I epithelial cell of the proximal tubule;  
g – section of the proximal tubule with a ciliated cell; h – basal part of the type II epithelial cell of the proximal tubule; i – zone of endocytosis; j – basal part 
of the distal tubule; k – apical part of the distal tubule; 1 – glomerular capillary; 2 – podocyte; 3 – epithelial cell of the parietal layer of the Bowman's capsu-
le; 4 – Bowman’s space; 5 – basement membrane of the parietal layer; 6 – basement membrane of the visceral layer; 7 – nucleus; 8 – pedicels of a podo-
cyte; 9 – podocyte; 10 – tubular basement membrane; 11 – secretory granules; 12 – mitochondrion; 13 – smooth endoplasmic reticulum; 14 – tubular-
vesicular network; 15 – brush border; 16 – brush border microvilli; 17 – basal body of a cilium; 18 – cilium; 19 – blade-shaped cytoplasmic processes  
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Table 2  
Dimensions (μm) and number of leukocyte subcellular structures in mesonephros of grayling, Thymallus thymallus (x ± SE, n = 20)  

Parameter Lymphocytes Plasma cells Macrophages Neutrophils Eosinophils 
Cell size 6.17 ± 0.36 × 5.09 ± 0.41 11.07 ± 1.04 × 7.47 ± 0.93 15.35 ± 1.28 × 10.46 ± 0.38 9.18 ± 0.65 × 7.07 ± 0.43 9.92 ± 1.01 × 6.63 ± 0.45 
Nucleus size 5.10 ± 0.23 × 4.36 ± 0.33 5.54 ± 1.34 × 4.49 ± 0.63 4.72 ± 0.40 × 3.75 ± 0.53 4.33 ± 0.52 × 2.77 ± 0.35 5.68 ± 1.85 × 3.42 ± 0.59 
Mitochondrion size 0.53 ± 0.11 × 0.31 ± 0.05 0.42 ± 0.06 × 0.20 ± 0.02 – – – 
Number of mitochondria on a cell section 2.00 ± 0.71 1.00 ± 0.82 – – – 
Large phagosome size – – 2.57 ± 0.39 × 2.14 ± 0.36 – – 
Number of large phagosomes on a cell section – – 3.83 ± 0.87 – – 
Small phagosome size – – 0.30 ± 0.01× 0.22 ± 0.02 – – 
Number of small phagosomes on a cell section – – 23.40 ± 4.92 – – 
Size of specific granules, type I – – – 0.39 ± 0.02 × 0.23 ± 0.02 0.44 ± 0.03 × 0.36 ± 0.02 
Size of specific granules, type II – – – 0.49 ± 0.04 × 0.41 ± 0.02 – 
Number of granules on a cell section – – – 6.25 ± 1.66 11.67 ± 1.08 

 

Neutrophils were rounded (Fig. 2e). The shape of a nucleus varied 
from bean-like to segmental. Heterochromatin was segmented, locali-
zed mostly along the nucleus membrane. The cytoplasm contained 
mitochondria, the double membrane sheets of the rough and smooth 
endoplasmic reticula; in single cells, the Golgi apparatus was identified. 
Characteristic feature of neutrophils are specific intra-cellular granules 
that fill the cytoplasm. In the grayling’s mesonephros, these granules 
had thin electron-dense stripes, fibrils, located along the granules. Two 
types of granules were found. The first type had fibrils located evenly 
along the granules. The second type had a lighter central part and dark 
fibrillar edges (Table 2, Fig. 2f).  

Eosinophils also have specific granules that fill the cytoplasm. 
In the grayling’s mesonephros, eosinophils had rounded electron-dense 
granules with a homogenous structure (Table 2, Fig. 2g).  

Cells with a radial vesicle array are the rounded cells similar in size 
to lymphocytes (Table 3). These cells had eccentrically shifted nuclei. 
The nucleus was rounded, with a large amount of segmented hetero-
chromatin. The cytoplasm was acinose; contained short stacks of the 
smooth endoplasmic reticulum and one mitochondrion. In the apical 
part of the cells, from three to six electron-transparent vesicles were 
observed (Fig. 2h).  

Chloride cells were diffused throughout the parenchyma, and also 
surrounded renal tubules and blood vessels. The rounded nucleus was 
located closer to the periphery of the cell, heterochromatin was segmen-
ted. The cytoplasm was electron-light with a large amount of mito-
chondria. On the cell sections, single-membrane organelles were obser-
ved and identified as the secondary lysosomes. Also, large electron-
dense granules and two double-membrane organelles, tubular and rough 
endoplasmic reticula were distinguished. Single tubules were distributed 
throughout the cell. Stacks of the rough endoplasmic reticulum were 
mainly located in the perinuclear area and were few in number (Table 3, 
Fig. 2i, 2j, 2k).  

Table 3  
Dimensions (μm) and number of cells with a radial vesicle array, 
chloride cells, and their subcellular structures in the mesonephros  
of grayling, Thymallus thymallus (x ± SE, n = 20)  

Parameter Cells with a radial vesicle array Chloride cells 
Cell size 5.27 ± 0.67 × 4.78 ± 0.68 17.67 ± 3.16 × 5.22 ± 0.89 
Nucleus size 4.02 ± 0.40 × 3.44 ± 0.15 3.86 ± 0.63 × 3.72 ± 0.61 
Vesicle size 0.69 ± 0.08 × 0.48 ± 0.04 – 
Number of vesicles 
on a cell section 4.50 ± 0.75 – 

Mitochondrion size – 0.67 ± 0.09 × 0.54 ± 0.15 
Number of mitochondria 
on a cell section – 6.33 ± 1.78 

 

Bowman’s capsule has the parietal layer and visceral layer and the 
Bowman’s space in between, into which the filtrate enters after passing 
through the filtration slits. In grayling, the Bowman’s space was 3.81 ± 
0.78 μm in size. The parietal layer was composed by a single layer of 
flat epithelial cells in contact with the basement membrane. Epithelial 
cells were elongated, with a centrally located nucleus. Heterochromatin 
was both located along the nuclear membrane and diffused in the nucle-
us. The cytoplasm contained mitochondria, reticulum sheets; sporadi-
cally vesicles were noted. The visceral layer was made of podocytes, 
4.18–7.89 μm in size. Podocytes were located on the outer side of the 

glomerulus capillaries. The nuclei of the podocytes had large invagina-
tions, a well-developed rough endoplasmic reticulum, and from three to 
five mitochondria. The thickness of the glomerular basement membra-
ne was 0.18 ± 0.01 μm (Fig. 3a, 3b).  

Ultrastructure analysis of the proximal tubules in the nephrons of 
grayling showed two types of epithelial cells. The type I epithelial cells 
were located at the beginning of the proximal tubule; these were the 
largest cells in the proximal tubule. These epithelial cells had an 
elongated pyramidal shape, were tightly adjacent to each other, and had 
round-shaped nuclei located in the basal part of the cells. The cytoplasm 
was acinose and contained a large amount of mitochondria (Table 4, 
Fig. 3c). Basal cell membrane formed projections turning into the sheets 
of the smooth endoplasmic reticulum (Fig. 3f). These membrane pro-
jections were characteristic for all types of epithelial cells in all divisions 
of the tubule. Lysosomes and the large electron-dense secretory granu-
les characteristic of this nephron segment were present (Table 4, Fig. 3e). 
In the apical part of the cells, adjacent to the brush border, there was a 
well-developed zone of endocytosis (Table 4, Fig. 3d). This zone was 
characterized by the presence of the tubulo-vesicular network (Fig. 3). 
The epithelial cells of this type had the longest microvilli. Furthermore, 
single cells, the brush border of which was formed by cilia, were found 
there (Table 4, Fig. 3g). Epithelial cells having cilia had a slightly diffe-
rent ultrastructure. The cytoplasm of these cells was less acinose; the 
apical edge of the cells was more electron-dense than that of epithelial 
cells having microvilli (Fig. 3g).  

Table 4  
Dimensions (μm) and number of nephron subcellular structures in 
mesonephros of grayling, Thymallus thymallus (x ± SE, n = 20)  

Parameter 
Bowman’s 

capsule 
podocytes 

Epithelial cells 
type I, 

proximal 
tubule 

type II, 
proximal 
tubule 

distal  
tubule 

Cell size 6.37 ± 0.60 × 
4.89 ± 0.38 

15.45 ± 0.60 × 
7.66 ± 0.48 

14.70 ± 1.18 × 
8.38 ± 0.74 

16.67 ± 0.14 × 
8.69 ± 0.20 

Nucleus size 4.35 ± 0.42 × 
2.73 ± 0.12 

6.45 ± 0.26 × 
3.16 ± 0.32 

8.16 ± 0.37 × 
4.21 ± 0.38 

6.56 ± 0.25× 
4.45 ± 0.33 

Mitochondrion size – 0.65 ± 0.07 × 
0.10 ± 0.01 

1.44 ± 0.07 × 
0.40 ± 0.04 

2.41 ± 0.28× 
0.65 ± 0.11 

Number of mitochond-
ria on a cell section – 22.40 ± 2.23 36.33 ± 4.16 28.25 ± 1.28 

Secretory  
granules size – 1.46 ± 0.09 × 

0.80 ± 0.17 – – 

Number of granules 
on a cell section – 13.0 ± 3.02 – – 

Endocytosis zone size – 3.53 ± 0.24 2.26 ± 0.17 – 
Brush border size – 2.33 ± 0.41 1.68 ± 0.12 – 
Microvilli size – 0.32 ± 0.06 0.29 ± 0.07 – 
Cilia size – 0.20 ± 0.01 0.20 ± 0.01 – 

 

The type II epithelial cells were similar to the type I epithelial cells 
in general, but they were smaller in height (Table 4). The type II 
epithelial cells also had round-shaped nuclei located in the basal part of 
the cells. The heterochromatin was segmented, most of it located along 
the nuclear membrane, between the nuclear pores. The cytoplasm of 
these cells was less acinose, in comparison with that in the type I epi-
thelial cells, and had a greater amount of larger mitochondria (Table 4). 
The membrane projections of the basal cell membrane were better develo-
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ped. A characteristic feature of the type II epithelial cells was the absence 
of secretory granules in the cytoplasm. Although the tubulo-vesicular 
network was present, the endocytosis zone was smaller in comparison 
with the type I epithelial cells (Table 4, Fig. 3h, 3i). The brush border 
was shorter; it was formed by both cilia, from ciliated epithelial cells, 
and microvilli (Table 4). In the ciliated type II epithelial cells, the 
cytoplasm had a greater amount of larger mitochondria in comparison 
with the main type II epithelial cells.  

The epithelial cells in the distal tubule were high and very wide in the 
base (Table 4). The nuclei of most cells occupied the central part, some-
times were shifted to the basal part. Heterochromatin was both concen-
trated at the periphery of the nucleus between nuclear pores and diffused 
over the entire surface. In the cytoplasm of these cells, a large number of 
membrane projections were present. Large elongated electron-dense mito-
chondria, located strictly along the longitudinal axis throughout the cell, 
were observed (Fig. 3j). By the number of mitochondria, the epithelial 
cells of the distal tubule were superior to the type I epithelial cells and 
inferior to the type II epithelial cells of proximal tubules. The endocyto-
sis zone was absent. In the apical part of the cells, the blade-shaped 
cytoplasmic processes, facing the lumen of the tubule, were observed. 
Some processes were rugose (Fig. 3k).  
 
Discussion  
 

Physiological endpoints of interest, i.e. antioxidant enzyme activi-
ties and monooxygenase activities, are well established biomarkers of 
chemical exposure (Whyte et al., 2000; Sayeed et al., 2003; Atli & 
Canli, 2010; Sinha et al., 2014). Our results provide baseline data on 
superoxide dismutase, catalase, glutathione S-transferase, and ethoxyre-
sorufin-O-deethylase activities in the grayling kidney. These endpoints 
are considered components of an “early-warning system” for fish health 
and thus can be used in further studies addressing the health status of the 
grayling population in the Unya River. In an attempt to conduct a discus-
sion of the results from a comparative-evolutionary perspective, we used 
data obtained earlier for the grayling’s close freshwater relative, the 
Northern pike Esox lucius (Lapirova et al., 2017). Northern pike is a 
member of the Esociformes, the sister order to the Salmoniformes within 
the Protacanthopterygii superorder, and it takes an ancestral position to 
Coregoninae, Thymallinae, and Salmoninae (Yasuike et al., 2010; Ron-
deau et al., 2014). Comparison of the studied physiological endpoints in 
the mesonephros of grayling and Northern pike showed some differen-
ces in the superoxide dismutase, glutathione S-transferase, and ethoxy-
resorufin-O-deethylase activities. The grayling had greater ethoxyreso-
rufin-O-deethylase activity and smaller superoxide dismutase and gluta-
thione S-transferase activities, compared with the Northern pike. At this 
stage of the ongoing study, we cannot distinguish between the evolutio-
nary traits and the habitat conditions or dietary preferences in their 
capacity to contribute to the differences observed in these two species.  

Histological analysis showed that the mesonephros organization of 
the grayling is similar to that of salmonid fishes inhabiting fresh waters 
(Balabanova, 2006; Katoh et al., 2008; Flerova & Balabanova, 2013). 
In the interstitial tissue, erythrocytes, lymphocytes, plasma cells, as well 
as macrophages, neutrophils and eosinophils at different maturation sta-
ges were observed. Also, the cells with a radial vesicle array and chloride 
cells were identified; the latter were mostly found in the proximity to the 
nephron tubules. Agranulocytes, eosinophils, cells with a radial vesicle 
array, and chloride cells in grayling did not show any species-specific 
features in their ultrastructure, compared to those of the members of 
Salmoniformes and Esociformes studied earlier (Balabanova, 2006; 
Katoh et al., 2008; Flerova & Balabanova, 2013; Flerova, 2017).  

Yet, there were some differences found in the microanatomy of the 
mesonephros between the Protacanthopterygii members. In the meso-
nephros of grayling, the hematopoietic tissue was less developed in 
comparison with that of the Northern pike (Flerova, 2017; Lapirova 
et al., 2017). It seems that distinctive features of the anatomical organi-
zation of the mesonephros are associated with the processes of blood 
cell formation in the renal-spleen-type hematopoiesis, and, within the 
Protacanthopterygii superorder, are evident at the order level. A WBC 
differential analyses showed two types of granulocytes, neutrophils and 

eosinophils, in the mesonephros hematopoietic tissue in grayling. It was 
reported earlier (Kocabatmaz & Ekingen, 1987) that in the mesoneph-
ros hematopoietic tissue of a salmonid member, rainbow trout Salmo 
gairdneri, only one type of granulocyte, the neutrophils, was found. 
However, in the mesonephros of the Northern pike, two types of granu-
locyte were observed (Flerova, 2017; Lapirova et al., 2017). The num-
ber of mature granulocytes may be considered a systematic characteristic 
of a species. In mesonephros of grayling, the percentage of each type of 
leukocyte varied within a short range. The greatest intra-specific varia-
bility was shown by lymphocytes and hemocytoblasts. A WBC diffe-
rential is known to be a sensitive indicator of the physiological state of 
an organism and highly responsive to changes in an environment. A WBC 
differential has a wide reaction norm, which depends on the systematic 
position of the species as well. It was reported earlier (Keyster, 2009) 
that in vendace Coregonus albula from different parts of Lake Beloye, 
the percentage of neutrophils varied from 41% to 88%, which made 
74% on average. In grayling, a WBC differential, in general, was simi-
lar to that found in the Northern pike (Lapirova et al., 2017).  

The differences between members of the Protacanthopterygii were 
observed not only in the granulocyte differential, but also in the quantity 
of granules on the sections of neutrophils and eosinophils as well as in 
the structure of specific granules in neutrophils. By the quantity of gra-
nules on the sections of neutrophils and eosinophils, the grayling had a 
resemblance to the Northern pike rather than to the more closely related 
rainbow trout and vendace (Flerova & Balabanova, 2013). It was repor-
ted earlier (Flerova, 2017) that in the mesonephros of the Northern pike, 
the neutrophils had specific fibrillar granules, which could be conditio-
nally divided into three types. In the mesonephros of grayling, the 
neutrophils had specific fibrillar granules with the ultrastructure similar 
to the type I and type II specific fibrillar granules of the Northern pike. 
The characteristic feature of the type III specific fibrillar granules was 
that the fibrils were located close to the central part of the cell. In neutro-
phils of rainbow trout and vendace, only one type of specific fibrillar 
granule was found, with a light central part and dark fibrillar edges (Fle-
rova & Balabanova, 2013). It was presumed earlier that the differences 
in the quantity of fibrils and their distribution between the granules of 
neutrophils are associated with a stage of the granule maturation rather 
than the species-specificity (Flerova & Balabanova, 2013). The fre-
quency of neutrophils having granules of a certain type on the sections 
of mesonephros and the quantity of granules on the sections of neutro-
phils and eosinophils are possibly characteristic to the cellular immunity 
functioning in the particular environmental conditions typical of the 
species habitats.  

A lack of mesangial cells, small amount of podocytes on the sec-
tions of the renal corpuscle, and a thin basement membrane indicate the 
high glomerular filtration rate, which is characteristic of freshwater 
fishes (Ojeda et al., 2006). In grayling, the nephron does not possess a 
neck segment, which was observed earlier in the mesonephros of some 
fish (Ojeda et al., 2006; Flerova, 2017) and mammalian species (Ojeda 
& Icardo, 1991). On sections of the proximal tubules, ciliated cells were 
rare, and large amounts of the tubulo-vesicular network in the zone of 
endocytosis of the type II epithelial cells were observed. On sections of 
the distal tubules, short blade-shaped cytoplasmic processes, with large 
numbers of invaginations of cytoplasmic membrane, were witnessed. 
It is well established that ciliated segments of nephron (neck segment 
and ciliated cells of proximal tubules) are involved in the processing the 
fluid. The cilia move the urine toward the proximal tubule, reducing the 
pressure in the urinary space and, consequently, increasing the glomeru-
lar filtration rate (Ojeda et al., 2006). Development of the tubular-vesi-
cular network promotes the reabsorption rate in the proximal tubules 
(Flerova, 2017). Lumen enlargement due to short blade-shaped cyto-
plasmic processes probably lowers the resistance to urinary flow.  

In the study of Na+/K+/2Cl–-cotransporter localization in the kid-
neys of an euryhaline salmonid, rainbow trout (Katoh et al., 2008), a 
lack of the neck segment and a small amount of cilia, which were 
mostly found in the tubule lumen, was recorded. Rainbow trout was lac-
king the Na+/K+/2Cl–-cotransporter, which mediates the electroneutral 
transport of Na+, K+, and Cl– across epithelial membranes, in the basola-
teral membrane of the proximal tubules. In the distal tubules, the apically 
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located Na+/K+/2Cl–-cotransporters were observed, which it has been 
suggested play a role in Na+, K+, and 2Cl– absorption allowing the ions 
to be transported back into the body through basolateral-specific ion 
channels. Thus, the distal tubules could probably switch between secre-
tion and absorption, depending on the osmoregulatory needs of the fish 
(Katoh et al., 2008). It is possible that the ultrastructural features obser-
ved in the grayling mesonephros in our study are the cytological markers 
of grayling being adapted to euryhalinity since it can occur in brackish 
waters and on small river rifts in the tidal backwater zones.  
 
Conclusion  
 

Our study provides new data on morpho-functional characteristics 
of the mesonephros in the grayling. The degree of the hematopoietic 
tissue development was determined. New data on the ultrastructure of 
leukocytes, cells with a radial vesicle array, chloride cells, and nephron 
segments were obtained. Common and distinctive features, as compa-
red with members of Salmoniformes and Esociformes, in the meso-
nephros organization of grayling were reported. From the species pro-
tection standpoint, our study provides baseline data on a WBC differen-
tial in the mesonephros as well as superoxide dismutase, catalase, gluta-
thione S-transferase, and ethoxyresorufin-O-deethylase activities, which 
can be used in further studies addressing the health status of grayling 
populations.  
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