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ABSTRACT

Sharks and rays present an osmoregulatory mechanism essentially exercised by a rectal salt gland. Histological
assessments of this gland, however, are notoriously lacking. In this sense, histological assessments of the rectal
gland of the Brazilian guitarfish, Pseudobatos horkelii obtained from off the coast of Rio de Janeiro, Brazil, were
carried out herein. Rectal gland samples were histologically processed with hematoxylin/eosin and special
Masson’s Trichrome stain. Three main regions were identified: the capsule, secretory parenchyma and central
duct. Highly vascularized connective tissue was observed in the capsular region, surrounded by a superficial
epithelium composed of a layer of cubic cells. Lymphoid tissue was present outside the capsule. The capsule
presented connective tissue invaginations, forming interlobular septa. Each septum, surrounded by fibroelastic
tissue, delimited the secretory lobes filled with secretory tubules, whose lumens exhibited a larger diameter and a
greater number of secretory cells as they approached the central duct. The duct to which the organ’s secretory
tubules open, at the center of the rectal gland, presents a lumen lined with stratified epithelium, containing
acidophilic intraepithelial and mucous cells. Most analyzed morphological characteristics are in accordance with
morphological aspects reported in previous ray studies concerning other species presenting similar phylogeny,
habitat and feeding characteristics as P. horkelii. These assessments are paramount in understanding species-
specific osmoregulation and informing conservation strategies, particularly for threatened species like the Bra-
zilian guitarfish.

1. Introduction

Elasmobranchs are K-strategists, characterized by slow growth rates,
late sexual maturity, low fecundity and long lifespans, resulting in low

Cartilaginous fishes belong to the Chondrichthyes class and are rep-
resented by two subclasses, Holocephali (comprising chimaeras) and
Elasmobranchii (sharks and rays) (Chenhong et al., 2012; Amaral et al.,
2017). The Chondrichthyes class is monophyletic, with all species pre-
senting a superficially mineralized cartilaginous skeleton (Lund and
Grogan, 1997).

* Corresponding authors.

population increases and limited potential to recover from overfishing,
chemical pollution and habitat destruction (Stevens et al., 2000). Given
the cumulative impacts of fishing activities and low population growth
rates, these animals are increasingly vulnerable to anthropogenic ac-
tivities, although studies concerning their physiology and stress re-
sponses are still scarce.
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To maintain their internal homeostasis, elasmobranchs rely on ureo-
osmoregulation, where urea synthesis occurs in the liver and accumu-
lates in body fluids due to low gill permeability and active reabsorption
by the kidneys (Boylan et al., 1967). As elasmobranch kidneys are
incapable of producing urine more concentrated than blood plasma
(Dantzler, 1989), these cartilaginous fishes display an extra-renal organ,
the rectal gland, located in the caudal region, whose function of carrying
out salt secretion, mainly sodium (Na) and chloride (Cl) ions, was
discovered in the 1960s by Burger and Hess (1960). These ions are
excreted in response to osmotic and volume changes in the internal
elamsobranch environment. Specifically, when blood volume increases
due to osmotic water influx in marine environments, the gland activates
to expel excess salts, preventing hypernatremia and ensuring adequate
osmotic balance, allowing elasmobranchs to maintain salt and fluid
homeostasis in seawater, which is hyperosmotic to their body fluids
(Solomon et al., 1984; Solomon et al., 1985; Erlij and Rubio, 1986).
Because of this function, this organ is also termed the "rectal salt gland",
as the secretory cells of this organ share characteristics with salt glands
in reptiles and salt-secreting cells in birds (Doyle, 1962). The transport
mechanism in the rectal gland epithelium involves chloride entering
cells alongside Na and potassium (K) through a transporter located in
the basolateral membrane, powered by the sodium electrochemical
gradient maintained by Na*K"ATPase. Chloride exits the gland cells
through a channel of the apical membrane, following an electrical
gradient, while Na ions move into the rectal gland lumen down an
electrical gradient through a paracellular pathway (Silva and Evans,
2024). For more details, please refer to a recent and comprehensive
review on the subject, published by Silva and Evans (2024).

The unique contribution that the rectal gland offers to extrarenal
osmo- and ionoregulation is related to its complex structure, responsible
for secreting significant volumes of a hyperosmotic sodium chloride
solution at about twice the plasma concentration (Forbush et al., 1992;
Newbound and O’Shea, 2001). Several environmental contaminants,
such as metals, have been noted as accumulating in this organ
(Eyckmans et al., 2013; Wosnick et al., 2021), potentially leading to
morphological changes and osmoregulation alterations. In this sense, a
lack of information regarding rectal gland morphology in general is
noted, even more so concerning rays, as this group is less studied than
sharks, even though they are more endangered (Dulvy et al., 2021).

Guitarfish belong to the order Rhinopristiformes, within the subclass
Elasmobranchii and the superorder Batoidea, allocated in the Rhino-
batidae family. Phylogenetically, they used to be considered one of the
more basal groups within Batoidea (McEachran and Carvalho, 1999;
Nishida, 1990). However, a more recent study carried out in 2012 by
Aschliman et al. examined the phylogenetic relationships among
Batoidea skates and rays using molecular data and suggested that gui-
tarfishes, traditionally grouped within the order Rhinopristiformes, do
not form a monophyletic group. Instead, they appear to be paraphyletic,
indicating that the evolution of body plans among these species is more
complex than previously understood (Aschliman et al., 2012).

Guitarfish comprise about 35 species distributed across three genera:
Acroteriobatus, Rhinobatos, and Pseudobatos (Fricke et al., 2024), the
latter composed of Pseudobatos horkelii and Pseudobatos percellens, both
of which occur in Brazil and are categorized as under threat according to
the International Union for Conservation of Nature, with P. percellens
listed as Endangered and P. horkelii, as Critically Endangered. These
species are benthic, directly associated with sandy and muddy bottoms
(McEachran and Carvalho, 1999) and abundant in deeper waters of up
to 100 m (Martins and Schwingel, 2003). Guitarfish are caught as
bycatch in various types of fisheries, particularly those targeting shrimp,
employing beach seines and pair trawls (Leibold et al., 2004; Lessa et al.,
1986; Vooren et al., 2005) in Brazil, and, due to heightened fisheries
impacts, P. horkelii populations have declined by about 90 % off the
southern Brazilian shelf from 1972 to 2002 (Vooren et al., 2005).
Despite its highly endangered status and the increasing chemical
contamination noted throughout this species habitat in southeastern Rio
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de Janeiro (Leite et al., 2023), studies concerning this species morpho-
physiology are still notoriously lacking. In this context, this study aimed
to investigate macroscopic and microscopic rectal gland features of this
organ in the endangered Brazilian Guitarfish Pseudobatos horkelii.

2. Material and methods

The Pseudobatos horkelii individual analyzed herein, a male spec-
imen, weighing and 1.825 kg and 82.0 cm in length, was captured by
artisanal fishers in Copacabana, Metropolitan Region of the state of Rio
de Janeiro, Southeastern Brazil, in April of 2021. Sampling was
permitted by the Brazilian Chico Mendes Institute for Biodiversity
Conservation, through SISBIO license no. 77310-5.

The specimen was dissected, and the rectal gland was removed and
fixed in 10 % neutral buffered formalin for at least 48 hours. The tissue
samples were then cleaved and processed on a Leica ASP300S tissue
processor, dehydrated, clarified and paraffin impregnated for subse-
quent inclusion in paraffin blocks. Serial 5 pm-thick sections were pre-
pared for routine staining with hematoxylin and eosin (HE) and special
staining employing the Masson Trichrome stain. An optical Leica DM4B
microscope (Leica microsystem CMS GmbH, Wetzlar, Germany) was
utilized for microscopic analysis and photographic documentation,

3. Results

Located in the caudal region of the celomatic cavity, the rectal gland
was observed to be connected to the post-valvular intestine, forming a
blind-bottom sac situated between the colon and rectum. Its morphology
resembled that of a pod, featuring a thin appendage with a lobed surface.
Its blood supply is promoted by the posterior mesenteric artery, with
drainage through the large dorsal intestinal vein. The structural dis-
tinctions between the secretory lobes, the central duct, and the venous
vessel were more distinctly discernible in the transverse section, as
depicted in Fig. 1.

The cranial end of the gland terminates in a blind bottom. An
opening is noted in its caudal end, corresponding to the duct that dis-
charges before the intestine and rectum junction, facilitating fluid
elimination containing NaCl, isosmotic to plasma, through the digestive
tract. The distance between the cranial and caudal ends of the rectal
gland was of 3.6 centimeters, with a width of 1.2 centimeters (Fig. 2).

A microscopic analysis of the rectal gland indicated three main re-
gions, namely the capsule, secretory parenchyma, and central duct
(Fig. 3). Utilizing special trichromatic staining (Masson), the blood
vessels comprising the gland’s structure were visualized, with the tunica
adventitia stained blue (Fig. 4). A small artery was discerned via
trichromatic staining, highlighted by the presence of red-stained smooth
muscle fibers. The superficial epithelium surrounding the capsule con-
tains a layer of cuboidal cells, evident through basophilic staining using
the Hematoxylin-eosin stain (Fig. 5). Lymphomyeloid tissue, containing
myeloid cells indicative of extracellular hematopoiesis, was observed in
the external capsule region (Fig. 6).

Composed of fibrous connective tissue and surrounded by a dense
network of blood vessels, the capsule begins to fold inward as it ap-
proaches the secretory parenchyma, penetrating into the rectal gland
and forming the interlobular septa (Fig. 7). Upon closer microscopic
examination, fibroelastic tissue was observed between the secretory
tubules, encasing them as a defining structure for each tubule, referred
to as the intertubular septum (Fig. 8). Both the fibrous connective tissue
of the capsule and the interlobular septa, as well as the fibroelastic tissue
between the secretory tubules, were distinctly stained blue using
trichromatic staining.

The interlobular septa were readily discernible in both staining
methods, also allowing for the identification of an interlobular blood
vessel (Fig. 9). Each interlobular septum divides the secretory paren-
chyma of the rectal gland into lobes containing multiple secretory tu-
bules that converge towards the central duct.
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Fig. 1. Illustrative depiction of the anatomical location and macroscopic
morphology of the rectal gland in Pseudobatos horkelii. The rectal gland (RG)
resides within the caudal region of the animal’s abdominal cavity (1). Accessing
the abdominal cavity (2) and displacing the liver (L) facilitates identification of
the rectal gland (3) positioned at the terminus of the post-valvular intestine (I),
posterior to other organs within the cavity such as the stomach (S), pancreas
(P), and spleen (SPL). The gland functions to expel excess salt absorbed by the
animal into the colon (CO) and cloaca (CL) for elimination. Its lobulated surface
(4) results from multiple secretory lobes, clearly discernible in cross-Section (5),
where delineation of the connective tissue capsule (CA), secretory parenchyma
(SP), central duct (CD), and venous blood vessel (VE) is evident. Source: Author
compilation (2023). Adapted from Rutledge (2019); Melo et al. (2021); Suzer
et al. (2022).

A pattern was observed in the orientation and dimensions of the
secretory tubules, characterized by larger luminal diameters and
increased numbers of basophilic secretory cells in H/E staining as they
approach the central duct, categorized as small, medium, and large
(Fig. 10).

The central duct at the center of the rectal gland (Fig. 11a) functions
as the conduit through which the secretory tubules from the entire
secretory parenchyma of the organ discharge fluid. Its lumen is lined
with pseudostratified epithelium, featuring acidophilic intraepithelial
cells and mucous cells (Fig. 11b).

4. Discussion

The rectal gland of Pseudobatos horkelii, exhibits a digitiform
morphology and modest dimensions, similar to that noted by Crofts
(1925) for the bluntnose guitarfish Rhinobatos blochii. Rectal gland
configuration, however, appears to vary among elasmobranch species.
Notably, Ernst et al. (1981) described it as cylindrical in the Atlantic
stingray Dasyatis sabina, now Hypanus sabinus, due to a taxonomic
revision carried out in 2016), while Melo et al. (2021) reported an "S"
shape in the longnose stingray Hypanus guttatus and the Brazilian
large-eyed stingray Hypanus mariane. However, discrepancies in shape
nomenclature also exist within studies on the same species. In the case of
the spiny dogfish Squalus acanthias, Bulger (1965) described the rectal
gland as a finger-shaped organ, whereas Ernst (1981) characterized it as
cylindrical. Its digitiform structure arises from the characteristics of its
lobulated surface, which, consequently, is influenced by a thin capsule
and a small muscle layer enveloping the organ. This structural

Fig. 2. Macroscopic appearance of the rectal gland in Pseudobatos horkelii, 1.2
centimeters in width and 3.6 centimeters in height. The gland’s surface displays
prominent lobulation, with the cranial termination (dashed white arrow)
marking its blind termination, and the caudal termination (white arrow) indi-
cating the opening into the post-valvular intestine.

Fig. 3. Microscopic image a transverse section of the rectal gland in Pseudo-
batos horkelii, illustrating the capsule (CA), secretory parenchyma (SP), divided
by the interlobular septum (IS), secretory tubules (asterisks), central duct (CD),
and superficial epithelium (arrow). H/E stain.

arrangement results in regions lacking lobular ducts, defining the
gland’s distinctive shape, similar to that reported by Melo et al. (2021)
for H. marianae.

The rectal gland in P. horkelii is also characterized by a thin capsule
and a small layer of smooth muscle, similar to H. marianae analyzed by
Melo et al. (2021). The thin smooth muscle layer enveloping the rectal
gland capsule is responsive to vasoactive stimuli, which regulates its
contraction and relaxation, facilitating the excess salt secretion
(Piermarini and Evans, 2000). In contrast, the spotted eagle ray Aeto-
batus narinari exhibits a thick muscle layer surrounding the capsule,
which may be associated with habitat type or species phylogeny (Melo
et al., 2021).

Lymphomyeloid tissue containing myeloid cells indicative of extra-
cellular hematopoiesis was observed outside the capsule in P. horkelii,
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Fig. 4. Microscopy cross-section image of the rectal gland in Pseudobatos hor-
kelii depicting the artery (ART) and venous blood vessel (VE) situated within
the connective tissue forming the capsule (CA) and secretory parenchyma (SP),
delineated by the interlobular septum (IS). Masson’s Trichome stain.

Fig. 5. Cross-sectional microscopy image of the rectal gland in Pseudobatos
horkelii. The capsule (CA) encasing the secretory parenchyma (SP). Noticeable
superficial epithelium consisting of a layer of cubic cells (arrow). Blood vessels
(asterisks) containing red blood cells (circle) are evident within the capsule. H/
E stain.

Fig. 6. Cross-sectional microscopy image of the rectal gland in Pseudobatos
horkelii, depicting lymphomyeloid tissue (LT) containing lymphocytes (circles)
and myeloid cells (arrows) surrounding the capsule (CA). A blood vessel (VE) is
observed within the connective tissue of the capsule and secretory parenchyma
(SP). H/E stain.
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Fig. 7. Microscopy image of the rectal gland in Pseudobatos horkelii, revealing a
distinct simple cuboidal superficial epithelium (black arrow), a capsule (CA)
composed of fibrous connective tissue abundant in blood vessels (VE), an
interlobular septum (IS) formed by the infolding of the capsule into the secre-
tory parenchyma, and fibroelastic tissue (yellow arrow) surrounding the
secretory tubules. Masson’s Trichrome stain.

Fig. 8. Microscopy image of the rectal gland in Pseudobatos horkelii, illustrating
the secretory parenchyma at higher magnification, with secretory tubules sur-
rounded by fibroelastic tissue (arrows) and an interlobular blood vessel (circle).
Masson’s Trichrome stain.

similar to A. narinari (Melo et al., 2021) and R. blochi (Crofts, 1925).
Melo et al. (2021) also report that the longnose stingray H. guttatus, a
euryhaline species, i.e., able to tolerate wide salinity ranges, exhibited
acidophilic cells within the stratified epithelium of the central duct,
similar to that observed in H. sabinus (Piermarini and Evans, 2000), and
the P. horkelii analyzed herein. According to Dezfuli et al., 2018), the
function of these acidophilic cells is likely associated to primary intes-
tinal defense mechanisms. although further research is required to fully
elucidate their role within the rectal gland (Melo et al., 2021).

The central duct epithelium in P. horkelii appears pseudostratified,
with no regular cuboidal cell layering. This contrasts with the findings of
Ernst et al. (1981) and Bulger (1965), who described the epithelium of
the central duct as stratified. Bulger (1965), in contrast, compared the
ultrastructural characteristics of the central duct epithelium to those of
the amphibian urinary bladder, noting their shared ultrastructural fea-
tures. The pseudostratified epithelium in P. horkelii consists of 4-8 cells,
in agreement with the initial study of Ernst et al. (1981). The surface of
the epithelium of the central duct consists of specialized cells, classified
into four distinct types by Bulger (1965): granular cells, mucous cells,
flask-shaped cells, and cells with large mitochondria. Most cells in the
luminal layer of the central duct in P. horkelii are similar to the granular
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Fig. 9. Microscopy image of the rectal gland in Pseudobatos horkelii, revealing a
delicate interlobular septum (arrows) dividing three secretory lobes comprising
numerous secretory tubules. Basophilic secretory cells (square), interlobular
blood vessel (circle), and cytoplasmic vacuoles (triangles) are observerd within
the tubular epithelium. H/E stain.

Fig. 10. Microscopy image of the secretory parenchyma of the rectal gland in
Pseudobatos horkelii, featuring small (S), medium (M), and large (L) tubules
along with the central duct (CD). Masson’s Trichrome stain.

cells found in the amphibian urinary bladder, as observed by Ernst et al.
(1981) in the spiny dogfish Squalus acanthias, by Bulger (1965) in the
Pacific spiny dogfish Squalus suckleyi and by Melo et al. (2021) in
H. marianae.

The mucous cells described by Bulger (1965) are likewise observed
in the central duct of P. horkelii. However, while Bulger (1965) reported
a higher abundance of these cells near the glandular duct, in the present
study, they are observed exclusively in the vicinity of the central duct.
The differentiation between flask-shaped cells, cells containing large
mitochondria and cells located in the intermediate and basal region of
the central duct was not possible, as it would require higher magnifi-
cation in the microscopy analyses.

The secretory parenchyma of P. horkelii is composed of simple and
branched secretory tubules lined with a simple columnar epithelium.
These tubules radiate from the central duct and end blindly against an
external fibromuscular capsule, creating a convoluted cytoarchitecture
when observed in cross-section, these findings are consistent with those
reported by Ernst et al. (1981) in the spiny dogfish, Squalus acanthias.
The secretory tubules vary in size - small, medium, and large - and
demonstrate an increase in the number of secretory cells as well as an
enlargement of their luminal diameter as they approach the central duct,
similar to that reported by Melo et al. (2021) for H. guttatus and
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Fig. 11. Microscopy image of the rectal gland in Pseudobatos horkelii. A — Cross-
section of the central lumen (CL) lined with pseudostratified epithelium
(asterisk), acidophilic intraepithelial cells (square), and mucous cells (circle). A
blood vessel (VE) is located within the secretory parenchyma (SP). H/E stain. B —
Higher magnification view of the central duct lumen of the rectal gland in cross-
section, showing pseudostratified epithelium (asterisk), acidophilic intraepithelial
cells (square), and mucous cells (circle). H/E stain.

A. narinari. Lumen dilation near the central duct is attributed to an
increased surface area required for salt secretion, while the specialized
epithelium of the central duct likely functions to maintain the balance of
its contents with systemic fluids (Newbound and O’Shea, 2001).

The findings reported herein are similar to those reported by Melo
et al. (2021) regarding H. guttatus, a ray capable of transitioning be-
tween saltwater and brackish water habitats (Thorson and Brooks.,
1983) that engages in benthic feeding, similar to P. horkelii (McEachran
and Carvalho, 1999). This adaptive behavior requires the ability to
rapidly modulate NaCl secretion in the rectal gland in response to
varying environmental salinities, a trait also observed in the euryhaline
stingray H. sabinus (Piermarini and Evans, 1998; Piermarini and Evans,
2000), as well as in H. guttatus (Melo et al., 2021) and notably in
P. horkelii as evidenced herein.

In this sense, cytoplasmic vacuoles in the secretory cells of rectal
glands are associated with low secretory activity or fasting (Chan and
Phillips, 1967). In this sense, Melo et al. (2021) proposed that
morphological rectal gland changes are influenced not only by envi-
ronmental salinity but also significantly by diet, although these authors
also suggest that vacuolated cytoplasm in the secretory cells of
H. guttatus likely results from habitat preference for brackish water
rather than feeding challenges. Given that P. horkelii shares similar
benthic habitat and feeding characteristics, occupying a mesotrophic
position (Bornatowski et al., 2010; Stevens et al., 2000), the occurrence
of cytoplasmic vacuoles in rectal gland secretory cells may potentially be
attributed to its ability to tolerate brackish water. In the present study,
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however, few cytoplasmic vacuoles were observed in the rectal gland of
the P. horkelii individual analyzed herein, possibly due to the fact that
the specimen was captured in an oceanic environment, and not brackish.

Most findings reported herein align with those observed in other
euryhaline species inhabiting benthic-demersal habitats and engaging in
benthic feeding. Although morphological rectal gland distinctions
among species are subtle, they become particularly noticeable when
compared with freshwater and saltwater species due to the direct in-
fluence of environmental salinity on the functionality of osmoregulatory
organs. Given that the Pseudobatos genus comprises euryhaline species,
the rectal gland of P. horkelii exhibits macroscopic and microscopic
features indicative of heightened functionality, closely associated to the
species’ capacity to transition between brackish and saline waters while
foraging in benthic-demersal environments.

This study represents the first comprehensive investigation to
conduct a morphological analysis encompassing both macroscopic and
microscopic rectal gland aspects in P. horkelii. Most morphological fea-
tures align with those documented in prior studies involving other rays
sharing similar phylogeny, habitat, and feeding characteristics
compared to P. horkelii. The findings regarding secretory parenchyma
cytoplasmic vacuoles, the presence of numerous acidophilic cells in the
stratified central duct epithelium, and the enlargement of the secretory
tubule lumens near the central duct provide insights into the behavioral
adaptations of this species concerning osmoregulation. Additionally, the
evident lobulation observed macroscopically on the organ’s surface in-
dicates high functional rectal gland capacity.

The contribution of this histological rectal gland assessment in
P. horkelii is particularly valuable given the species highly endangered
status, facilitates pathological assessments in highly contaminated en-
vironments that may compromise this species resilience.
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