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A B S T R A C T

Elasmobranchs are the most primitive jawed vertebrates, and their immune system is similar to those of am
niotes. Therefore, sharks and rays represent excellent models for investigating the evolution of immune system 
components and functions. In addition to the typical lymphoid tissues, namely the thymus and spleen, elas
mobranchs have Leydig (LO) and epigonal organs instead of bone marrow. The LO is located between the 
submucosa and muscular layers of the esophagus. Here, we report the cell composition of the LO in two elas
mobranch species, the thornback ray (Raja clavata) and the small-spotted catshark (Scyliorhinus canicula). In 
February 2021, ten specimens of each species were collected from North Sardinia (Italy), and the esophagus was 
excised and studied using immunohistochemistry to characterize the immune cells in the LO. The anti- 
proliferating cell nuclear antigen antibody showed that approximately 44 % of cells were in DNA synthesis 
activity, and approximately 14 % were myeloid progenitors positive for the anti-c-kit antibody. A panel of an
tibodies targeting the main molecules of immune system cells was employed, showing that the LO of R. clavata 
and S. canicula had similar percentages of areas occupied by granulocyte types containing lysozyme, serotonin, 
histamine, tumor necrosis factor-like peptide, and inducible nitric oxide synthase. A comparison of the current 
data on these two species with previous results on the blackmouth catshark, Galeus melastomus, revealed some 
differences in the percentages of areas with granulocyte populations that express histamine, serotonin, and tumor 
necrosis factor-like peptide.

1. Introduction

Elasmobranchs share many features of mammalian innate and 
adaptive immunity, “but often in its most basic form” [1]. Studies on the 
immune cells of these ancient vertebrates are useful for a better un
derstanding of early immune evolution and immune system physiology. 
Among jawed vertebrates, elasmobranchs are one of the most primitive 
groups that possess true lymphoid organs, namely the thymus, spleen, 
and gut-associated lymphoid tissue [2]. In addition, sharks and rays 
have lymphoid tissues associated with the esophagus and gonads, the 
Leydig organ (LO), and the epigonal organ, respectively [2]. Both organs 
have a lympho-myeloid structure and are equivalent to the bone marrow 

of amniotes [2,3], but do not differentiate erythrocytes [4]. The LO is 
formed by two masses of tissue located in the dorsal and ventral posi
tions of the esophagus, between the submucosal and muscular layers, 
and extending from the oral cavity to the stomach [3]. Histologically, 
the LO is formed by lobes of mature and developing granulocytes, 
lymphocytes, and plasma cells contained in a stroma of fibrocytes and 
collagen fibers, traversed by arterioles and venules, and separated from 
each other by large blood lacunae [2–6].

Several ultrastructural studies on the LO of many elasmobranchs 
indicate that the production, differentiation, and storage of granulocytes 
are its main roles [3,4]. Granulocytes can be identified using 
Giemsa-stained smears and tissue sections. Although there is great 
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variability in the staining properties of granulocytes, most studies have 
reported three main types of granulocytes [4,7–10]: (I) cells with coarse, 
strongly eosinophilic granules and a simple or bi-lobed nucleus called 
“coarse eosinophilic granulocytes” (CEGs); (II) cells with fine eosino
philic granules and a simple or polymorphous nucleus named “fine 
eosinophilic granulocytes” (FEGs); and (III) neutrophilic cells lacking or 
with fine granules called “non-eosinophilic granulocytes” or simply 
“neutrophils” [9,10].

Despite the well-known histology and cells ultrastructure of the LO in 
elasmobranchs, we are the first to characterize and quantify the cell 
types in this hematopoietic site. Initial findings have documented the 
presence of granulocytes containing nine distinct immunological mole
cules in the LO of the blackmouth catshark Galeus melastomus [6]. In the 
present study, a similar array of immunological markers, as used for 
G. melastomus, was applied to the LO of the thornback ray, Raja clavata, 
and the small-spotted catshark, Scyliorhinus canicula, to quantify the 
different granulocyte population types and compare their composition 
in these two species.

2. Materials and methods

Ten specimens of each of R. clavata and S. canicula from the Gulf of 
Asinara (Sardinia, western Mediterranean Sea) were caught in February 
2021 during a haul at a depth of 500–800 m from commercial trawl 
fishing. The catsharks weighed 197–253 g (mean total weight ± stan
dard deviation: 231.0 ± 20.9 g), and rays weighed 104–162 g (mean 
total weight ± standard deviation: 141.3 ± 12.5 g). The specimens 
destined to the fish market were eviscerated on board, and the visceral 
organs were promptly fixed in 10 % neutral-buffered formalin. After 
landing, the organs were sectioned and processed within 24 h of fixation 
at the Department of Veterinary Medicine, University of Sassari. Several 
1 cm thick rings were excised from the esophagus of each specimen, 
rinsed several times with chilled 70 % ethanol, and sent to the University 
of Ferrara for embedding in paraffin wax [11,12]. Sections from 
paraffin-embedded samples were stained with hematoxylin and eosin, 
Giemsa, and Sirius red, and images were captured using a Nikon mi
croscope (ECLIPSE 80i; Nikon, Tokyo, Japan).

Sections from paraffin-embedded samples were sent to the Univer
sity of Milan for immunohistochemical (IHC) testing. Ten antibodies 
(Table 1) were applied to the esophageal sections, according to a stan
dard laboratory protocol. Briefly, the sections were rehydrated, washed 
twice in 1 × phosphate-buffered saline (PBS) pH 7.4 for 2 × 5 min, and 
treated with 3 % H2O2 (Sigma-Aldrich, USA) in PBS for 20 min to block 
endogenous peroxidase activity. The slides were then washed with PBS, 
placed in a humid chamber, and covered with 1:20 goat normal serum 
for 30 min to block non-specific staining. Subsequently, the sections 
were incubated with polyclonal rabbit or monoclonal mouse antibodies 
(Table 1) for 24 h at room temperature. According to the recommen
dations provided by the antibody manufacturer, the sections intended 
for anti-proliferating cell nuclear antigen (PCNA), tumor necrosis factor- 
α (TNF-α), inducible nitric oxide synthase (i-NOS), and c-kit protein 
(CD117) were subjected to antigen retrieval through pretreatment with 
two microwave cycles (2 × 5 min at 450 W in 0.01 M citrate buffer, pH 
6.0). Slides processed with rabbit polyclonal antibodies were washed 
twice in PBS for 5 min and treated with biotinylated goat anti-rabbit 
immunoglobulins (Table 1, Vector Lab., USA) diluted 1:200 in PBS for 
60 min. The sections incubated with mouse monoclonal antibodies were 
washed as described above and treated with goat anti-mouse immuno
globulins (Table 1, Vector Lab., USA) diluted 1:200 in PBS for 60 min. 
All slides were then washed twice with PBS for 5 min and treated with 
streptavidin-biotin/horseradish-peroxidase complex (Vectastain® ABC 
Kit, Vector Labs., USA) for 60 min. After a brief wash in PBS, the slides 
were incubated with freshly prepared 0.04 % diaminobenzidine tetra
hydrochloride (DAB; Sigma-Aldrich, St. Louis, MO, USA) solution in PBS 
containing 0.1 ml of 1 % H2O2 for 7–14 min, and counterstained with 
Mayer's hematoxylin. The slides were dehydrated and mounted using 

Eukitt (Sigma-Aldrich, USA). Negative controls (Fig. S1) were estab
lished by (1) incubation with PBS instead of the primary antibody, (2) 
treatment with PBS instead of the secondary antibody, (3) pre- 
adsorption of certain antibodies with their corresponding blocking 
molecules (Table 2), and (4) for the anti-histamine, -lysozyme, and 
-serotonin antibodies, the use of two antibodies targeting distinct epi
topes [13]. Sections of mammalian tissues served as positive controls 
and yielded the expected results. Images of the experiments were 
captured using a B-1000FL-HBO microscope (Optika, Bergamo, Italy) 
equipped with a digital camera (C-P20CC, 20 MP, Optika) and image 
analysis software (Proview v. x64, Optika).

Table 1 
Antibodies used in this study, their specificity, working dilution, source and 
code.

Mouse 
monoclonal 
antibody anti-

Source Code Isotype Working 
dilution

PCNAa Dako (now part of Agilent 
Technologies, Santa 
Clara, CA, USA)

M0879 IgG2a 1:100

CD117 (c-kit 
protein)a

Dako (now part of Agilent 
Technologies, Santa 
Clara, CA, USA)

A4502 IgG1 1:50

Lysozyme Santa Cruz 
Biotechnology, Inc., 
Santa Cruz, CA, USA

sc- 
518012

IgG1 1:50

i-NOSa Santa Cruz 
Biotechnology, Inc., 
Santa Cruz, CA, USA

sc-7271 IgG1 1:50

Rabbit polyclonal 
antibody anti-

Source Code Isotype Working 
dilution

Histamine Novus Biologicals, 
Centennial, CO, USA

NBP2- 
45266

IgG 1:50

Histamine Sigma-Aldrich, Saint 
Louis, MO, USA

H7403 IgG 1:50

Lysozyme Dako (now part of 
Agilent Technologies, 
Santa Clara, CA, USA)

A0099 IgG 1:100

Serotonin Novus Biologicals, 
Centennial, CO, USA

NB100- 
65218

IgG 1:100

Serotonin Sigma-Aldrich, Saint 
Louis, MO, USA

S5545 WA 1:50

TNF-αa Abcam, Cambridge, 
UK

ab6671 IgG 1:50

Goat biotinylated anti-

Mouse 
immunoglobulinG

Vector Labs, 
Burlingame, CA, USA

BA- 
9200

IgG 1:200

​ Used for indirect immunochemistry against mouse 
monoclonal antibodies

Rabbit 
immunoglobulinG

Vector Labs, 
Burlingame, CA, USA

BA- 
1000

IgG 1:200

​ Used for indirect immunochemistry against 
rabbit polyclonal antibodies

​

a Antigen retrivial: 2 × 5min in citrate buffer pH6.0 in microwave owen at 
450–500W; PCNA: proliferating cell nuclear antigen; CD117: cluster of differ
entiation 117; i-NOS: inducible-nitric oxide synthase; TNF-α: tumor necrosis 
factor-α. IgG: immunoglobulin G; IgG1: Immunoglobulin G subclasses 1; IgG2a: 
immunoglobulin G subclasses 2a; WA: whole antiserum.

Table 2 
Blocking molecules used for the antibody pre-adsorption test.

Blocking 
molecules

Source Code

Histamine Sigma-Aldrich, Saint Louis, MO, USA 59964
Serotonin Sigma-Aldrich, Saint Louis, MO, USA 14927
i-NOS Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 

USA
sc-7271 P

TNF-α Abcam, Cambridge, UK ab259410

i-NOS: inducible-nitric oxide synthase; TNF-α: tumor necrosis factor-α.
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Moreover, the western blot molecular analyses were used for the 
validation of the antibodies anti-i-NOS, and -TNF-α, for which there are 
different isoforms in elasmobranchs compared to humans. A section (8 
μm) from each catshark and ray was processed for the protein extraction 
method and the western blot analysis according to the protocol by 
Mansour et al. [14]. Briefly, the deparaffinization process was per
formed with hot distilled water (approx. 95 ◦C). The paraffin was 
washed off placing the slide three times for 3min in clean beaker con
taining distilled water on temperature controlled hot plate and heat until 
temperature 90–95 ◦C. Then, the tissue specimen was scraped off the 
slide using a clean cell scraper and transferred into a clean 1.5 ml tube 
thereafter. A volume of 250 μl of lysis buffer (50 mM Tris-HCL pH7.4, 1 
% Triton X-100, 0.2 % Sodium deoxycolate, 1 mM disodium EDTA, 0.2 
% SDS) containing the PMSF solution was added to the 1.5 ml micro
centrifuge tube. The sample was homogenized using ultrasonic sonicator 
and then incubated again at 100 ◦C for 10 min. After 1h incubation at 
4 ◦C, the sample was centrifuged at 2300g for 5 min at 4 ◦C, and the 
supernatant was collected into a new clean 1.5 ml microcentrifuge tube. 
The concentration of total protein isolated from tissue sections was 
quantified using Lowry assay. Western blot was performed to validate 
the protein expression extracted from the catshark and ray tissues. 
Protein extracts were separated on SDS denaturing 12 % polyacrylamide 
gel and electrophoretically transferred to polyvinylidene difluoride 
membranes (PVDF). The membranes were blocked with 5 % milk for 1 h 
for i-NOS2 analysis and 5 % BSA for TNF-α, washed, and then probed 
with primary antibodies raised against i-NOS2 and TNF-α proteins at 
4 ◦C overnight. Finally, the membranes were treated with HRP-coupled 
secondary antibodies for 1 h, and the membranes were then washed 
three times with TBST (1x) for 10 min each thereafter. Protein detection 
is revealed using the ECL detection kit (Euroclone). Blot images were 
obtained with the Image Studio Software (Li-COR imaging system). The 
protein expression for the two antibodies is shown in Fig. S2.

The average areas occupied by immunoreactive granulocytes were 
obtained as follows. Five randomly selected and homogeneous micro
scopic images from four specimens each of ray and catshark were used 
for the quantification of immunoreactive cells. Twenty images were 
obtained using the 100 × objective (NA 1.30, Optika) of the microscope. 
For each antibody used, the mean percentage of the area occupied by 
immunoreactive cells was calculated from the 20 images using the open- 
source software ImageJ 1.52p (Table 3) and accompanied by the stan
dard error (S.E.). The procedure employed for quantification has been 
reported in our previous study [6]. To confirm the results obtained from 
images captured at 100 × magnification, the procedure was applied to 

microscopic images obtained using a 40 × objective (NA 0.75, Optika). 
Tables S1 and S2 report the comparison of the mean areas obtained 
using the two microscopic objectives. Statistical analyses using the 
Mann–Whitney test demonstrate the similarity between the two sets of 
measurements (Tables S1 and S2). The comparison between the mean 
percentage area occupied by immunoreactive cells for each antibody in 
the two species was performed using the Mann–Whitney test (Table 3).

Datasets concerning the immune markers identified in the LO of 
G. melastomus [6] alongside data from the present study on the LO of 
S. canicula and R. clavata, were compared using the Kruskal–Wallis test 
with Dunn's multiple comparison test (Table 4). Given that the data did 
not satisfy the assumptions of normality and homogeneity of variances, 
non-parametric statistical methods, specifically the Mann–Whitney and 
Kruskal–Wallis tests, were used. All statistical analyses were conducted 
using Prism 5 for Windows, version 5.03.

For the evaluation of the percentage of PCNA-positive nuclei, we 
followed the method reported by Bosi et al. [6]. Sections from each ray 
and catshark specimen were treated with anti-PCNA antibody (Table 1). 
Slides were mounted using Vectashield mounting medium containing 
DAPI (Vector Labs; H-1200). Five microscopic images were acquired 
from ten specimens of ray and ten specimens of catshark using a confocal 
laser scanning microscope FV300 (Olympus, Tokyo, Japan) equipped 
with Fluoview v.5.0 software (Olympus). For each species, the 60 × oil 
objective (n.a. 1.40, Olympus) was used to acquire the 50 pairs of images 
for anti-PCNA and DAPI. Fig. S3A and S3B show examples of images 
obtained using anti-PCNA antibody and DAPI, respectively. After pro
cessing with ImageJ 1.54f software [6], the resulting images are shown 
in Fig. S3C and S3D. For each image pair, the percentage of 
PCNA-positive nuclei was calculated relative to the total number of 
DAPI-positive nuclei. The mean % ± S.E., corresponding to the mean 
percentage of proliferating cells, was obtained from 50 datasets (five 
images × ten specimens) from each of the two species studied.

3. Results

In both R. clavata and S. canicula, the LO contained a high number of 
packed leukocytes forming lobes interspersed with irregular venous 
lacunae (Fig. 1A). The lobes consisted of heterogeneous clusters of 
leukocytes arterioles and venules (Fig. 1A, B, and 2). In the LO paren
chyma of the ray, several eosinophil structures similar to Hassall-like 
corpuscles were observed (Fig. 1B). Sirius red and Alcian blue/peri
odic acid-Schiff staining excluded the presence of collagen and glyco
conjugates in the Hassall-like structures (Fig. 1C and D). In the LO of the 
ray and catshark, FEGs and CEGs, lymphocytes, neutrophils, and 

Table 3 
Comparison between the mean percentage of the area occupied by immunore
active cells in the Leydig organ of Raja clavata and Scyliorhinus canicula. The 
mean was calculated on microscopic images (n = 20) acquired with 100 × ob
jectives. The mean percent value ± standard error (S.E.), and the minimum and 
maximum percent are reported for each used antibody. The Mann–Whitney test 
is performed to establish the similarity between the two sets of values.

Antibody anti- Mean % area ±S.E. Mann-Whitney test (U) p

R. clavata S. canicula

CD117 (c-kit) 14.7 ± 0.9 13.0 ± 0.5 148.0 0.1632
(min-max) (7.4–20.5) (7.5–15.9)

Serotonin 11.9 ± 0.7 10.4 ± 0.6 138.0 0.0961
(min-max) (5.9–15.8) (6.4–15.0)

Histamine 16.6 ± 0.8 14.4 ± 0.7 133.5 0.0833
(min-max) (11.3–23.3) (9.5–19.9)

Lysozyme 16.5 ± 0.4 15.7 ± 0.7 166.5 0.3718
(min-max) (13.5–19.0) (10.7–21.3)

TNF-α 13.8 ± 0.4 12.8 ± 0.6 151.5 0.1940
(min-max) (11.1–16.8) (8.7–16.7)

i-NOS 8.8 ± 0.3 10.1 ± 0.5 154.5 0.2230
(min-max) (7.1–10.9) (7.2–14.0)

CD117: cluster of differentiation 117; i-NOS: inducible-nitric oxide synthase; 
TNF-α: tumor necrosis factor-α; p: probability value.

Table 4 
Comparison between the mean percentage of the area occupied by immunore
active cells in the Leydig organ of Raja clavata, Scyliorhinus canicula, and Galeus 
melastomus. The mean percent value ± standard error (S.E.) was calculated on 
microscopic images (n = 20) acquired with 100x objectives for each used anti
body. Data sets for G. melastomus were obtained from our previous survey [6]. 
The Kruskall-Wallis test was performed to establish the similarity between the 
three sets of values.

Antibody 
anti-

Mean % area ±S.E. Kruskall- 
Wallis 
test

p

R. clavata S. canicula G. melastomusa

CD117 (c- 
kit)

14.7 ± 0.9 13.0 ± 0.5 14.8 ± 0.7 2.204 0.3322

Serotonin 11.9 ± 0.7 10.4 ± 0.6 18.5 ± 0.5* 37.460 <0.0500
Histamine 16.6 ± 0.8 14.4 ± 0.7 12.5 ± 1.1* 10.720 <0.0500
Lysozyme 16.5 ± 0.4 15.7 ± 0.7 15.3 ± 0.8 1.295 0.5235
TNF-α 13.8 ± 0.4 12.8 ± 0.6 11.2 ± 0.8* 8.002 <0.0500
i-NOS 8.8 ± 0.3 10.1 ± 0.5 11.5 ± 0.9 4.123 0.1273

*p < 0.05, by Dunn's multiple comparison test.
a Values from Bosi et al., 2025 [6]; CD117: cluster of differentiation 117; 

i-NOS: inducible-nitric oxide synthase; TNF-α: tumor necrosis factor-α; p: 
probability value.
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undifferentiated progenitors were observed (Fig. 2). Presumably 
differentiated leukocytes were visible in the venous lacunae (Fig. 2B–D).

In the LO of R. clavata, 44.0 ± 1.1 % (mean ± S.E.) of total cells were 

positive for anti-PCNA, with a percentage range of 28.4–67.0 %. The 
proportion of total cells immunoreactive to anti-PCNA was 44.9 ± 0.8 % 
in the LO of S. canicula, ranging from 31.5 % to 63.8 %. The cells positive 

Fig. 1. Histology of the Leydig organ (LO) of Scyliorhinus canicula (Sc) and Raja clavata (Rc). (A) The LO of Sc shows compact clusters of leukocytes (asterisks) 
separated by venous lacunae (vl). Hematoxylin and eosin, scale bar 100 μm. (B) High number of leukocytes in the LO of Rc with several Hassall-like corpuscles 
(arrows) interspersed in the parenchyma. The insert shows high magnification of a Hassall-like corpuscle. Hematoxylin and eosin, scale bars 100 μm, insert 20 μm. 
(C) A network of thin red collagen fibers (curved arrows) supports the clusters of leukocytes in the LO of Rc. Note two unstained Hassall-like corpuscles (arrows), with 
only the cores stained red (arrowheads). Sirius red, scale bar 50 μm. (D) High magnification of a Hassall-like corpuscle in the LO of Rc. A thin alcianophilic layer 
surrounds the concentric structure (arrows), and the core shows a violet color, indicating positivity for both Alcian blue and periodic acid-Schiff (arrowhead). Most of 
the corpuscle appears unstained. Alcian blue/periodic acid-Schiff, scale bar 20 μm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 2. Giemsa staining of the Leydig organ (LO) of Scyliorhinus canicula (Sc) and Raja clavata (Rc). (A) In the LO of Sc, numerous fine eosinophilic granulocytes 
(FEGs, thin arrows) and coarse eosinophilic granulocytes (CEGs, thick arrows) are observed. Curved arrows show very few neutrophils, and the arrowhead and 
yellow arrow indicate a blast cell and lymphoblast/cyte, respectively. (B) Magnification of an LO section of Sc close to a venous lacuna (vl) shows a region with FEGs 
(thin arrows), CEGs (thick arrows), and neutrophils (curved arrows). Note the erythrocytes (asterisk) in the lacuna, and a granulocyte (arrowhead) leaving the 
parenchyma to enter the bloodstream. (C) Section of the LO of Rc with clusters of FEGs (thin arrows) and CEGs (thick arrows). (D) In a region of the Rc LO near a vl, 
some FEGs (thin arrows) and neutrophils (curved arrows) are visible in the parenchyma. In the vl, a probable macrophage (thick arrow) is close to a lymphocyte-like 
cell (arrowhead), plasma cell (yellow arrow), and several erythrocytes (asterisk). Scale bars 20 μm. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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for anti-CD117 covered an average area of 14.7 ± 0.9 % and 13.0 ± 0.5 
% in the LO of the ray and catshark, respectively (Table 3).

The CEGs were immunoreactive to the anti-serotonin antibodies used 
in the LO of both species (Fig. 3A and B), with average occupied areas of 
11.9 ± 0.7 % in the ray and 10.4 ± 0.6 % in the catshark (Table 3). The 
CEGs were also positive to the anti-histamine antibodies (Fig. 3C and D), 
and the mean percentage areas of reactive cells were 16.6 ± 0.8 % and 
14.4 ± 0.7 % in R. clavata and S. canicula, respectively (Table 3). Several 
cells were immunoreactive to the anti-lysozyme antibodies tested 
(Fig. 4A and B), covering mean areas of 16.5 ± 0.4 % and 15.7 ± 0.7 % 
in the LO sections of R. clavata and S. canicula, respectively (Table 3). In 
addition, the LO of the catshark exhibited FEGs that were positive to 
anti-TNF-α, and anti-i-NOS (Fig. 4C–E) occupying average areas of 12.8 
± 0.6 %, and 10.1 ± 0.5 %, respectively (Table 3). In the LO of the ray, 
several FEGs were immunoreactive to anti-TNF-α (Fig. 4C), and anti-i- 
NOS (Fig. 4D and E). The mean area covered by immunoreactive cells 
was 13.8 ± 0.4 % for anti-TNF-α, and 8.8 ± 0.3 % for i-NOS (Table 3). 
The Western Blot analysis on proteins extracted from sections of cat
shark and ray tissues validates the immunohistochemical results for 
antibodies anti- TNF-α and -i-NOS (Fig. S2). No CEGs exhibited immu
noreactivity to anti-lysozyme or anti-i-NOS (Fig. 4F) in the LO of the ray 
or catshark.

Statistical analysis indicated a significant difference in the percent
age area occupied by granulocytes immunoreactive to histamine, sero
tonin, and TNF-α between the two species in the present study and 
G. melastomus (Table 4).

4. Discussion

Sharks and rays diverged from a common ancestor of other carti
laginous fish approximately 420 million years ago [15]. Elasmobranchs 
represent an important research model for evolutionary investigations 
of several vertebrate characteristics that first appeared in sharks and 
rays or were found only in this taxon [15]. The LO is an 
elasmobranch-specific leukopoietic organ associated with the esophagus 
and there is a lack of LO homologs in amniotes [16]. Studies on the 
structure of vertebrate lymphoid organs from a phylogenetic perspective 

will help us understand the sequence of steps in the evolution of their 
immune systems [17,18].

The LO histology in S. canicula and R. clavata resembles that of other 
studied elasmobranch species [4,6,19]. Hematoxylin and eosin and Gi
emsa staining showed that the LO of the small-spotted catshark and 
thornback ray differed owing to the tinctorial properties of their cells, a 
finding similar to that reported for other elasmobranch species [10]. In 
this study, several Hassall-like corpuscles were observed exclusively in 
the parenchyma of the ray LO, and the components of these structures 
lacked both collagen fibers and glycoconjugate molecules. Hassall 
bodies have been found in the thymus of several teleosts, but not in all 
species [18,20]. In the thymus of starlet, Acipenser ruthenus, Hassall-like 
corpuscles were immunoreactive to an anti-cytokeratin antibody [21], 
and the same result was reported earlier for the lungfish thymus [22]. In 
amniotes, Hassall's bodies are multilayered epithelial cell structures 
related to the differentiation of medullary thymic epithelial cells [18]. In 
teleosts, the occurrence and number of Hassall-like bodies appear to be 
variable, and there is a dearth of information on these structures [18].

This study showed that approximately 44 % of cells in the LO of both 
species were in DNA synthesis activity, as confirmed by immunofluo
rescence with an anti-PCNA antibody. The gene sequence and functions 
of PCNA are considerably conserved among eukaryotes, and an increase 
of cell number expressing PCNA is a signal of marked rise in the rate of 
cellular division [23]. This result aligns well with the percentage of 
proliferating cells previously observed in the LO of G. melastomus [6]. In 
histological sections of the LO of the small-spotted catshark and thorn
back ray, a mean area of 13–14 % was occupied by cells in a differen
tiation stage, as shown by the immunoreaction with anti-CD117 (KIT 
receptor tyrosine kinase). CD117 is a transmembrane receptor expressed 
in cells during differentiation/activation [24,25]. A similar mean per
centage area of cells immunoreactive to anti-CD117 was found in the LO 
of the blackmouth catshark [6]. Our data on anti-PCNA and anti-CD117 
are consistent with the statement that the elasmobranch LO is the site of 
proliferation and activation of immune cells [2,6,19].

Two types of granulocytes, FEGs and CEGs, were the most prevalent 
cell types in the LO of both species. Other cell types encountered 
included neutrophils, lymphoblastoid cells packed in clusters, and 

Fig. 3. Immunohistochemistry of granulocytes in the Leydig organ (LO) of Scyliorhinus canicula (Sc) and Raja clavata (Rc). (A) In the LO of Rc, numerous granulocytes 
with coarse granules (CEGs, thick arrows) were immunoreactive to anti-serotonin antibody. Scale bar 50 μm. (B) The LO of Sc shows several CEGs (thick arrows) 
reactive to anti-serotonin, most of which are located near a venule (v). Scale bar 50 μm. (C) Anti-histamine antibody is detected by CEGs (thick arrows) in the LO of 
Rc. Not all CEGs are positive to the antibody (curved arrows). vl: venous lacuna. Scale bar 50 μm. (D) High magnification shows the CEGs (thick arrows) immu
noreactive to anti-histamine in the LO of Rc. The thin arrows indicate a lymphoblast/cyte cluster. Scale bar 20 μm.
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rarely, basophils. Some leukocytes were found in the blood vessels and 
venous lacunae; presumably, these differentiated cells leave the LO 
parenchyma and migrate to the tissues where they are needed [6].

In differentiating cells, protein synthesis drives the appearance and 
maturation of cytoplasmic specific granules of each granulocyte type 
[3]. The composition of cytoplasmic granules can be investigated using 
immunohistochemical analysis. Despite the lack of specific cell markers 
for elasmobranch leukocytes, several studies have used antibodies pro
duced for mammals and teleosts [26–28]. The implementation of 
stringent control protocols, incubation of tissue sections with various 
antibodies targeting distinct epitopes of the target molecules, detection 
of an antibody signal in compatible cells or cell structures, and molec
ular procedures to validate antibodies against proteins derived from 
multiple genes in evolutionary distant organisms, constitute definitive 
evidence of cross-reactivity [6,11,28–30].

The biogenic amines serotonin and histamine were detected using 
immunohistochemical tests in the granulocytes of the LO of the small- 
spotted catshark and thornback ray, showing a comparable mean per
centage area of approximately 10–12 % for serotonin and 14.5–16.5 % 
for histamine. The CEGs were positive to anti-histamine and anti- 
serotonin, as was also observed in the LO of G. melastomus [6]. These 
two small amines are widely expressed in plants and animals [31–33]. 
Statistical analysis showed a significant difference in the percentage 

area occupied by serotonin- and histamine-reactive granulocytes when 
the data for the two species in this study were compared with those 
obtained for the blackmouth catshark. These differences were most 
likely due to species-specific patterns, as reported for granulocyte 
morphology and content in other elasmobranch species [2].

Lysozyme is the most important enzyme produced by the animal 
innate immune system and is stored in macrophages and neutrophils 
[34,35]. Lysozyme has been demonstrated in immune cells in the 
lympho-myeloid tissues of some elasmobranch species and in the spiral 
intestine of R. clavata and G. melastomus [11,29,36]. Approximately 
16.5 % and 15.7 % of the LO histological sections of the thornback ray 
and small-spotted catshark, respectively, were immunoreactive to the 
two anti-lysozyme antibodies used. In the LO histological sections of 
G. melastomus, the area positive for lysozyme was 15.3 % [6]. The area 
occupied by lysozyme-reactive cells was similar in the LO of the three 
elasmobranch species. Another important antimicrobial enzyme 
secreted by mast cells, macrophages, and neutrophils is i-NOS [12,37]. 
The amino acid L-arginine is rapidly converted to L-citrulline and nitric 
oxide (NO) through the catalyst i-NOS [38]. Gaseous NO generated by 
immune cells induces apoptosis in nearby cells and damages pathogens 
[12,39]. The anti-i-NOS antibody revealed no difference in the areas of 
the LO histological sections occupied by the immunoreactive cells in the 
small-spotted catshark and thornback ray. Granulocytes positive for 

Fig. 4. Immunohistochemistry of granulocytes in the Leydig organ (LO) of Scyliorhinus canicula (Sc) and Raja clavata (Rc). (A) Several granulocytes with fine granules 
(FEGs, thin arrows) immunoreactive to anti-lysozyme antibody in the LO of Sc. Scale bar 50 μm. (B) High magnification shows FEGs (thin arrows) positive to anti- 
lysozyme in the LO of Rc. Scale bar 20 μm. (C) Numerous FEGs (thin arrows) are immunoreactive to anti-TNF-α antibody in the LO of Rc. Scale bar 50 μm. (D) In the 
LO of Sc, the FEGs (thin arrows) positive to anti-i-NOS antibody are mainly close to vl. Scale bar 50 μm. (E) High magnification shows some FEGs (thin arrows) 
immunoreactive to anti-i-NOS antibody near to a vl in the LO of Sc. Scale bar 20 μm. (F) Some FEGs immunoreactive to i-NOS (thin arrows) in a loose region of the LO 
parenchyma of Rc. Note the unstained granulocytes with coarse granules (thick arrows). Scale bar 20 μm.
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anti-i-NOS antibody were often located at the border of the paren
chymatic lobes, close to the venous lacunae. In the LO of the blackmouth 
catshark, a similar area was positive to anti-i-NOS [6]. NO in the im
mune system promotes a local non-specific inflammatory response 
against pathogens [40].

The cytokine TNF-α is a small peptide secreted by fish neutrophils 
and macrophages that is involved in immune function modulation [29,
41–44]. It was not possible to identify the exact TNF paralog detected by 
the used antibody anti-TNF-α. However, the granulocytes immunore
activity to the anti-TNF-α, validated by western blot analysis, revealed 
the presence of a TNF-like protein in the LO of the two studied species. 
Approximately 12.8–13.8 % of the LO histological sections of the two 
species studied were positive to anti- TNF-α. In the LO of G. melastomus, 
granulocytes positive to anti-TNF-α occupied an area equal to 11.2 % 
[6]. This indicates a significant difference in the area of the LO immu
noreactive to anti-TNF-α between the two species in the present study 
and the blackmouth catshark. TNF-α is highly expressed during in
flammatory responses [29,44]. Consequently, it is reasonable to hy
pothesize that the observed differences may be attributed to the 
physiological state of the shark and ray specimens and species-specific 
differences [2]. The areas of the LO histological sections occupied by 
granulocytes immunoreactive to anti-CD117, -lysozyme, and i-NOS did 
not differ among the three elasmobranch species. In the LO of the 
small-spotted catshark and thornback ray, the immunohistochemical 
analyses confirmed the presence of the immune markers detected in the 
LO of G. melastomus [6]. As observed in the LO of the blackmouth cat
shark [6], two primary cell lineages were identified in the LO of 
S. canicula and R. clavata. These include a macrophage lineage repre
sented by granulocytes with fine granules containing lysozyme, i-NOS, 
and TNF-α, and a mast cell lineage of granulocytes with coarse granules 
containing serotonin and histamine.

The LO of elasmobranchs serves as a site for the proliferation and 
differentiation of granulocytes and plays a role in immune defense 
mechanisms against pathogens [2,6]. Studies on the immune systems of 
elasmobranchs represent a recent and rapidly growing field of investi
gation [15,43,45,46]. This interest is partly driven by the limited un
derstanding of elasmobranch diseases in nature [47] and the 
identification of several molecules from shark tissues with active phar
macological properties that are effective against various human dis
eases, including cancer [48,49]. It has been suggested that anticancer 
peptides derived from elasmobranchs offer several advantages over 
conventional chemotherapeutic drugs [49,50]. The data presented in 
this article constitute a first attempt to characterize and quantify gran
ulocytes in the LO of S. canicula and R. clavata with the aim of expanding 
the knowledge on this peculiar immunological organ. These exploratory 
results partially fill an information gap and hopefully provide a basis for 
further research.
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