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Abstract: The bulbus arteriosus of goldfish, Carassius auratus, possesses unique structural features.
The wall of the bulbus arteriosus is exceptionally thick, with an inner surface characterized by
longitudinally arranged finger-like ridges, resulting in an uneven luminal appearance. These ridges
are covered by endocardium and encased in an amorphous extracellular matrix. The inner surface
of the bulbus arteriosus also contains rodlet cells at different developmental stages, often clustered
beneath the endothelium lining the bulbar lumen. Ruptured rodlet cells release their contents via
a holocrine secretion process. The high abundance of rodlet cells in the bulbus arteriosus suggests
that this is the site of origin for these cells. Within the middle layer of the bulbus arteriosus, smooth
muscle cells, branched telocytes (TCs), and collagen bundles coexist. TCs and their telopodes form
complex connections within a dense collagen matrix, extending to rodlet cells and macrophages.
Moreover, the endothelium makes direct contact with telopodes. The endocardial cells within the
bulbus arteriosus display irregular, stellate shapes and numerous cell processes that establish direct
contact with TCs. TEM reveals that they contain moderately dense bodies and membrane-bound
vacuoles, suggesting a secretory activity. TCs exhibit robust secretory activity, evident from their
telopodes containing numerous secretory vesicles. Furthermore, TCs release excretory vesicles
containing bioactive molecules into the extracellular matrix, which strengthens evidence for telocytes
as promising candidates for cellular therapies and regeneration in various heart pathologies.

Keywords: endocardium; rodlet cells; telocytes; secretory activity; heart regeneration

Key Contribution: Telocytes (TCs) play a crucial role in the bulbus arteriosus of goldfish, forming
intricate connections with various cells and tissues and engaging in robust secretory activity. The
findings of this study highlight the potential of TCs for cellular therapies and heart regeneration.

1. Introduction

Goldfish (Carassius auratus, Linnaeus 1758) is one of the most popular fish used as a
biological model in many laboratories. It is a freshwater fish in the family Cyprinidae of
the order Cypriniformes. It is one of the most popular aquarium fish and is frequently kept
as a pet in indoor tanks. Breeds of goldfish differ significantly in terms of size, form of the
body, arrangement of the fins, and color (different shades of white, orange, yellow, brown,
red, and black) [1].

Fish only have one circuit in their circulatory system. Blood is oxygenated at the gill
after exiting the heart and traveling through the outflow tract (OFT) to the ventral aorta.
The aorta transports blood to the gills for oxygenation before it travels throughout the
body to perfuse the tissues and return to the heart [2]. Strong ventricular contraction is
necessary to pump out blood at a pressure high enough to circulate the body. Therefore,
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the OFT of teleost fish is very specialized and consists of a chamber known as the bulbus
arteriosus to prevent injury to the delicate gill capillary network [3]. The bulbus arteriosus
is the thick-walled chamber found in most teleost fish that sits between the ventral aorta
and the single ventricle. It is an onion- or pear-shaped fibroelastic cylindrical structure [4].
Three layers make up the bulbus wall: the endocardium and endocardial ridges, which
make up the inner layer, middle layer, and outer subepicardial layer [5]. As the ventricle
pumps blood, the elastic bulbus acts as a “shock absorber”. According to Jones et al. [6],
the enlargement of the heart during ventricular ejection stores a considerable amount of
the heart stroke volume. Waveform recordings of both flow and pressure have been made
synchronously to study the functional properties of this heart chamber.

A concept from cardiovascular physiology called the Windkessel theory models the
elasticity and compliance of the major arteries and aorta, helping to explain how blood
pressure and flow are regulated during the cardiac cycle. This hypothesis is very helpful for
comprehending how fish and other vertebrates’ circulatory systems work [7]. According to
the current limitations of the “Windkessel” theory [8], the dilatation of the bulbus during
systolic ejection protects the branchial vasculature from abrupt increases in flow and abrupt
changes in pressure. For effective gas exchange, constant blood flow through the gills is
made possible by the bulbus wall’s elastic recoil during diastole. It is also crucial for the
bulbus’s Windkessel function to lower myocardial tension and increase cardiac efficiency.
Accordingly, the bulbus is essential to the teleost’s circulatory adaptations [6,8]. The bulbus
wall probably controls bulbus compliance by limiting circumferential deformation because
of its high elastin content and collagen fibers in its exterior (subepicardial) collagen layer [9].
Icardo et al. [10,11] found remarkable differences in bulbus morphology between two
species similar in phylogeny and ecotype, the hemoglobin-less (icefish) Chionodraco hamatus,
and the red-blooded Trematomus bernacchii.

However, detailed morphological analysis of the bulbus arteriosus in different teleost
species may reveal unique structural characteristics that emphasize the importance of
interspecific differences and their wider biological significance. This study aims to provide
a detailed description of the cellular structure of C. auratus bulbous arteriosus, and to
provide a morphological framework that can be used in further comparative studies on the
morpho-functional design of the teleost bulbus.

2. Materials and Methods
2.1. Sample Collection

The Ethics Committee of Assiut University in Egypt approved the study. A total of
twelve healthy one-year-old goldfish (Carassius auratus, Linnaeus 1758) (20 to 30 g) were
obtained from ornamental fish shops in Assiut City, Egypt. They were acclimated to their
new environment (20 gal flowthrough aquaria with a water temperature of 20 ± 2 ◦C
and a photoperiod of 16 h light and 8 h dark). The fish were kept in glass aquaria (60 L)
capacity. About 25% of aquarium water (tap water free from chlorine) was exchanged
daily. The aquaria were supplied with continuous aeration by air stone and fish were
fed with a basal diet. After 2 weeks of acclimation, the fish were randomly selected from
the aquariums and euthanized with an overdose of MS-222 (3% tricaine) (Merck KGaA,
Darmstadt, Germany) [12]. Then, the hearts were extracted, flushed with PBS to clear
the blood, and processed for histological analysis. All procedures were carried out in
conformity with the applicable guidelines and ethical regulations; 06/2024/0191 is the
ethical number.

2.2. Semithin Sections and TEM Preparations

The hearts were fixed by immersion in a combination of 2.5% paraformaldehyde–
glutaraldehyde fixative for 24 h [13]. After fixation, the samples were washed in 0.1 Mol/L
phosphate buffer and osmicated in 0.1 Mol/L sodium–cacodylate buffer at pH 7.3 with 1%
osmium tetroxide. Then, the samples were dehydrated with ethanol 50%, 70%, 90%, 95%,
and 100%, followed by propylene oxide, before being embedded in Araldite. Using Richert
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Ultracuts (Leica, Wetzlar, Germany), semithin sections (1 µm thick) were performed and
stained with toluidine blue. Ultrotom VRV (LKB Bromma, Burladingen, Germany) was
used to cut ultrathin sections. Sections measuring 70 nm were stained with a combination
of lead citrate and uranyl acetate [14] and analyzed using JEOL 100CX II (JEOL, Tokyo,
Japan) transmission electron microscope at Assiut University’s Electron Microscopy Unit;
5–10 fields of view were analyzed for each specimen.

3. Results
3.1. Light Microscopy

The wall of the goldfish bulbus arteriosus was thick and the inner surface of the bulbus
was characterized by the presence of finger-like ridges in the form of longitudinal columns,
giving the luminal surface an irregular appearance (Figure 1A,B). The endocardium covers
the inside surface of the ridges and is in direct contact with the blood flow. The ridge
endocardium was formed of squamous epithelium, surrounded by an amorphous extracel-
lular matrix (Figure 1C,D). The middle layer of the bulbus contained smooth muscle cells,
telocytes (TCs), and collagen bundles (Figure 1C). The bulbus opens to the aorta (Figure 1E).
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Figure 1. Semithin sections of the wall of the bulbus arteriosus. (A,B) The wall of the bulbus (B) is
characterized by the presence of ridges (arrowheads). (C,D) The inner surface of the ridges is covered
by endocardium (white arrowheads). The middle layer of the bulbus contains branched telocytes
(black arrowheads), smooth muscle fibers (asterisk), and collagen fibers (C). (E) The bulbus (B) opens
to the aorta (black arrowhead). Note the presence of aortic valves (white arrowhead).
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The inner surfaces of the bulbous contained various stages of rodlet cells. These cells
were frequently found in groups, under the endothelium facing the bulbar lumen. The
rodlet cells contained many cytoplasmic rodlet inclusions ranging from rounded to rod-like
(Figure 2A–E). Different stages of the rodlet cells could be observed in the endocardial
region, ranging from the vesicular stages that contained small vesicles and granules to
mature stages that were filled with rodlet inclusions and contained an eccentric nucleus
surrounded by a thick capsule (Figure 2F).
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Figure 2. Semithin sections of rodlet cells in the bulbous. (A–E) The inner surfaces of the bulbous
contain various stages of rodlet cells (arrowheads) that occur between the endocardial cells (E).
(F) Different stages of the rodlet cells could be observed in the endocardial region (E), ranging from
the vesicular stages (black arrowhead) to mature stages (white arrowheads) that were filled with
rodlet inclusions.

The middle layer consisted of smooth muscle cells intermingled between many
branched TCs with expanded telopodes (Figure 3A,B). The subepicardium is a thin layer,
rich in collagen. Also, it contained lymphocytes, dendritic cells, plasma cells, telocytes,
nerve fibers, and blood capillaries (Figure 3C–F). The lymphocytes were characterized by
their small size, dark nucleus, and high nuclear-to-cytoplasmic ratio. The dendritic cells
were similar to lymphocytes but possessed dendrite-like processes. Plasma cells displayed
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eccentric clock-face nucleus and basophilic cytoplasm. The telocytes were characterized by
oval-shaped cell bodies with distended processes called telopodes.
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Figure 3. Semithin sections of the middle layer and subepicardium of the bulbous. (A,B) The
middle layer consisted of smooth muscle cells (asterisks) intermingled between many branched
TCs (arrowheads). (C,D) The subepicardium contained lymphocytes (L), dendritic cells (black
arrowheads), nerve fibers (white arrowheads), and telocytes (TC). (E,F) The subepicardium con-
tains blood capillaries (BC), nerve fibers (white arrowheads), lymphocytes (L), and plasma cells
(black arrowheads).

3.2. Electron Microscopy

TCs established direct heterocellular contact with rodlet cells both with their cell
bodies and telopodes (Figure 4A–C). TCs and rodlet cells showed a direct connection with
the simple squamous endocardial cells (Figure 4A,B) and underlying smooth muscle cells
(Figure 4D). The rodlet cells were characterized by eccentric heterochromatic nucleus and
cytoplasmic rounded to club-shaped inclusions of moderate electron density, vesicles, and
ribosomes, and surrounded by a thick capsule (Figure 4A–C).
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signs of secretory activity (Figure 5A,B). Furthermore, ruptured rodlet cells could be seen 
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Figure 4. Digitally colored TEM images of rodlets cells and telocytes (TCs). (A–C) TCs (blue) and
their telopodes (Tps) established direct heterocellular contact with rodlet cells (pink). Note their
relationship to the endocardium (E). The rodlet cells are characterized by cytoplasmic rounded to
rodlet-like inclusions (black arrowheads) and surrounded by a thick capsule (white arrowhead).
(D) Mature rodlet cells with club-shaped inclusions (arrowhead) connected with smooth muscle
fibers (SM, red).

In the mature stages, the cytoplasm of rodlet cells contained an electron-dense line in
the center of rodlet bodies and numerous ribosomes (Figure 5A). The rodlet cells showed
signs of secretory activity (Figure 5A,B). Furthermore, ruptured rodlet cells could be seen
with the holocrine mode of secretion (Figure 5C,D). Macrophages with distinct kidney-
shaped nuclei and cytoplasmic vacuoles were seen in association with the ruptured rodlet
cells (Figure 5D). Also, TCs extended their telopodes around the ruptured rodlet cells and
macrophages (Figure 5D).

TCs and their telopodes were embedded in a dense collagenous matrix and showed
3D connections with rodlet cells, smooth muscle fibers, and macrophages (Figure 6A–D).
The endocardium showed direct contact with telopodes (Figure 6C). Macrophages could be
observed in association with the endothelium (Figure 6C).

The endocardial cells were irregular, stellate in shape, and showed many cell processes
that established direct contact with TCs (Figure 7A). The endocardial cells showed irregular-
shaped nuclei with peripheral heterochromatin and contained moderately dense bodies
as well as membrane-bound vacuoles (Figure 7B). TCs showed high secretory activity in
the bulbous arteriosus as their telopodes showed many secretory vesicles. The telopodes
showed heterocellular contact with smooth muscle fibers (Figure 7C). TCs shed some
excretory vesicles to the extracellular matrix (Figure 7D).
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their telopodes (Tps) showed 3D connections with rodlet cells (pink, arrowheads) and macrophages 
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(red, M) could be observed in association with the endothelium. Note the presence of rodlet cell 
(pink, arrowhead). (D) Numerous rodlet cells (pink, arrowheads) were seen in connection with Tps 
and macrophages (red, M). 

The endocardial cells were irregular, stellate in shape, and showed many cell pro-
cesses that established direct contact with TCs (Figure 7A). The endocardial cells showed 
irregular-shaped nuclei with peripheral heterochromatin and contained moderately 
dense bodies as well as membrane-bound vacuoles (Figure 7B). TCs showed high secre-
tory activity in the bulbous arteriosus as their telopodes showed many secretory vesicles. 
The telopodes showed heterocellular contact with smooth muscle fibers (Figure 7C). TCs 
shed some excretory vesicles to the extracellular matrix (Figure 7D). 

Figure 6. Digitally colored TEM images of rodlets cells, TCs, and macrophages. (A,B) TCs (blue) and
their telopodes (Tps) showed 3D connections with rodlet cells (pink, arrowheads) and macrophages
(red, M). Note the presence of the underlying smooth muscle (SM) fibers. (C) The endocardium (E,
red) showed a direct contact with telopodes (Tp, blue) and smooth muscle (SM) fibers. Macrophages
(red, M) could be observed in association with the endothelium. Note the presence of rodlet cell
(pink, arrowhead). (D) Numerous rodlet cells (pink, arrowheads) were seen in connection with Tps
and macrophages (red, M).



Fishes 2024, 9, 203 8 of 13Fishes 2024, 9, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 7. Digitally colored TEM images of the endocardial cells and TCs. (A) The endocardial cells 
(violet) established direct contact with TCs (blue). (B) The endocardial cells contained dense bodies 
(arrowheads). (C) The telopodes (Tp, blue) of TCs showed many secretory vesicles (arrowheads). 
They showed a direct homocellular contact with smooth muscle fibers (SM violet). Note the presence 
of macrophages (red, M). (D) TCs shed some excretory vesicles to the extracellular matrix (arrow-
head). 

4. Discussion 
In more evolved teleosts, a structurally significant component of the outflow tract 

(OFT) is the bulbus arteriosus. It performs the role of an elastic reservoir, “Windkessel”, 
extending to accommodate a significant portion of the stroke volume during ventricular 
contraction [15]. To prevent gill damage from high arterial systolic blood pressure and to 
provide a more equal perfusion of gill lamellae for gas exchange during each cardiac cycle, 
subsequent elastic recoil progressively releases this volume [16]. The proximity of teleost’s 
heart and gills, as well as their low systolic pressures, may be linked to numerous charac-
teristics of the bulbus arteriosus. As a result, the bulbus can expand more than the human 
aorta and needs to be positioned inside the pericardial cavity to allow for its larger excur-
sions. The bulbus contains elastic fibers instead of lamellae, possibly due to its great dis-
tensibility [17]. According to Licht and Harris [18], the distensibility of the carp bulbus is 
nearly 30 times greater than that of the human thoracic aorta. Serafini-Fracassini et al. [19] 
report that the elastic tissue in the bulbus is different from mammalian protein in compo-
sition and does not include the form of lamellae. 

Like other teleosts, the goldfish has multiple different layers in its bulbus wall. The 
continuous endothelium that is in contact with blood flow is known as the endocardium. 
Secretory vacuoles are seen by TEM in many endocardial cells. In agreement with our 

Figure 7. Digitally colored TEM images of the endocardial cells and TCs. (A) The endocardial cells
(violet) established direct contact with TCs (blue). (B) The endocardial cells contained dense bodies
(arrowheads). (C) The telopodes (Tp, blue) of TCs showed many secretory vesicles (arrowheads). They
showed a direct homocellular contact with smooth muscle fibers (SM violet). Note the presence of
macrophages (red, M). (D) TCs shed some excretory vesicles to the extracellular matrix (arrowhead).

4. Discussion

In more evolved teleosts, a structurally significant component of the outflow tract (OFT)
is the bulbus arteriosus. It performs the role of an elastic reservoir, “Windkessel”, extending
to accommodate a significant portion of the stroke volume during ventricular contraction [15].
To prevent gill damage from high arterial systolic blood pressure and to provide a more
equal perfusion of gill lamellae for gas exchange during each cardiac cycle, subsequent elastic
recoil progressively releases this volume [16]. The proximity of teleost’s heart and gills, as
well as their low systolic pressures, may be linked to numerous characteristics of the bulbus
arteriosus. As a result, the bulbus can expand more than the human aorta and needs to be
positioned inside the pericardial cavity to allow for its larger excursions. The bulbus contains
elastic fibers instead of lamellae, possibly due to its great distensibility [17]. According to
Licht and Harris [18], the distensibility of the carp bulbus is nearly 30 times greater than that
of the human thoracic aorta. Serafini-Fracassini et al. [19] report that the elastic tissue in the
bulbus is different from mammalian protein in composition and does not include the form
of lamellae.

Like other teleosts, the goldfish has multiple different layers in its bulbus wall. The
continuous endothelium that is in contact with blood flow is known as the endocardium.
Secretory vacuoles are seen by TEM in many endocardial cells. In agreement with our
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study, Icardo et al. [10,11] mentioned that the endocardium invaginates the ridge tissue to
create structures that resemble epithelial cells and have secretory function.

The current study showed that the endocardial cells contained dense bodies that
were implicated in many functions, such as the secretory function as in the Antarctic
teleosts [10,11] and eel bulbus arteriosus [17], where they are involved in the produc-
tion of anti-freeze mucins. Many dense bodies are composed of homogeneous material
and are thought to be the storage site for glycosaminoglycans (GAGs) [20,21]. In other
heart chambers, the endocardial cells show scavenger functions [22], bind natriuretic pep-
tides [23], or act as a source of endogenous nitric oxide [24], or may be involved in the
autocrine/paracrine regulation of the subjacent tissue [25].

Collagen bundles, blood vessels, and nerves may be present in the middle layer of
the bulbous, as in tuna [16], or it may have a few collagen layers interspersed with elastin
material, as in the common eel [26]. But like the Antarctic teleosts and the goldfish under
study, it might be devoid of elastin. A fibrillar network, most likely composed of gly-
cosaminoglycans (GAGs), replaces the elastin material in these species [10,11]. According
to Priede [27], the bulbus arteriosus could still function as an elastic reservoir in the absence
of elastic fibers, preserving steady aortic flow throughout ventricular diastole. A matrix rich
in GAGs can withstand cyclical pressure fluctuations since GAGs are instantly compressible
molecules [28]. It is debatable whether smooth muscle cells contribute to the bulbus wall’s
elastic qualities [9,18,27]. These cells may be able to contract based on the existence of
directed bundles of microfilaments and irregular nuclei. The bulbus matrix appears to
receive this tension, based on the direction of the matrix filaments.

The present study showed that the outer layer of the bulbus is made of connective
tissue and comprises blood vessels, immune cells, and unmyelinated nerve fibers. The
immune cells include lymphocytes, dendritic cells, and mast cells. In contrast to the tunica
adventitia of an elastic artery, the epicardium is made up of flattened cells (mesothelium)
with numerous pinocytotic vesicles, suggesting an active exchange of solutes with the peri-
cardial cavity [17,26]. The subepicardium of the sturgeon contains thymus-like tissue [29],
which has been implicated in the establishment and maintenance of the cellular immune
responses. Plasma cells and dendritic cells were described in the bulbus arteriosus of the
Antarctic teleosts [10]. These cells are involved in presenting antigens to B lymphocytes to
stimulate the humoral response. In this context, the presence of macrophages and granu-
locytes is important since these cells have been suggested to play important roles in the
induction of the immune response in fish by stimulating the differentiation of plasma cells
and the secretion of cytokines [30].

The present study clearly shows that rodlet cells are abundant throughout the lumi-
nal region of the bulbus arteriosus. Vascular endothelium was found to be connected to
the rodlet cells. However, rodlet cells were consistently observed beneath or in between
endothelial cells in the circulatory system of cyprinids, particularly in the bulbus arte-
riosus, but they were never linked to the vascular endothelia of gadids, salmonids, or
labrids [31,32]. The contents of ruptured rodlet cells are secreted through apical pores and
extruded to the bulbus arteriosus lumen (holocrine mode of secretion); this was demon-
strated by the TEM analysis of the current work. There are several roles that these cells
have been reported to play, one of which is a defensive secretory function [33], particularly
against parasite helminths [34]. Their possible functions include pH regulation, lubrication,
and the movement of water or electrolytes [35]. The presence of numerous rodlet cells at
different developmental stages with their secretory activities along the luminal part of the
bulbous indicated that the bulbous arteriosus is the origin of these cells.

In this study, macrophages were observed both in the endocardium and in the mid-
dle layer, they were in direct contact with rodlet cells and TCs. Macrophages were also
seen in association with the ruptured rodlet cells, indicating their role in degradation and
phagocytosis. These cells play a major role in the immune response involving mechanisms
as phagocytosis, the breakdown of foreign antigens, tissue remodeling, and the synthe-
sis of growth factors, cytokines, and chemokines [36]. According to a recent study by
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Huang et al. [37] TCs are thought to be involved in the apoptosis, mitochondrial pathway,
apoptosis, and macrophages differentiation.

Telocytes are interstitial cells recorded in many organs, including the heart [38,39].
Their functions include cell-to-cell signaling, stem-cell nursing, mechanical support, and im-
munoregulation [40,41]. Based on their localization and cell interactions during heart devel-
opment, telocytes are thought to have a role in establishing the intricate three-dimensional
structure of the organ and guiding tissue organization throughout morphogenesis [42]. TCs
possibly perform significant tasks during cardiogenesis, including the organization of the
cytoarchitecture of the myocardial constituents, mechanical support, and supervision of the
correct sequence of stem-cell differentiation [43]. Moreover, the proximity of TC processes
to heart endothelial cells raises the possibility that they are involved in the development
of the blood–heart or blood–myocardial barrier [44]. TCs were shown to “nurse” cardiac
progenitor cells in the epicardium’s stem-cell niches.

The present study showed that TCs shed extracellular vesicles containing bioactive
molecules to the extracellular matrix, through which TCs may influence their surroundings
in a paracrine manner [45]. TCs may coordinate the differentiation of stem cells and use
paracrine signaling to regulate all the surrounding interstitial compartment [46]. A study
of frogs concluded that TC renewal might be the first essential step in any further fruitful
regeneration of the tissue architecture [47].

In this study, we were unable to perform immunohistochemistry due to several
limitations, including the lack of specific antibodies for fish tissue, technical challenges with
optimizing protocols, and limited access to specialized equipment and reagents. Despite
these issues, our research underscores the importance of studying the bulbus arteriosus in
fish, as it plays a vital role in regulating blood flow from the heart to the gills. Understanding
its structure and function can provide valuable insights into cardiovascular adaptations in
aquatic environments. Future studies should focus on developing fish-specific antibodies
and optimized protocols to enable deeper investigation into the cellular and molecular
mechanisms of the bulbus arteriosus.

5. Conclusions

The bulbous arteriosus (Figure 8) possesses unique characteristics, suggesting that
the bulbus arteriosus is the origin of rodlet cells. Telocytes (TCs) play a crucial role in this
structure, forming intricate connections with various cells and tissues and engaging in
robust secretory activity. The direct contact between endothelium and telopodes points to
important interactions within the bulbus. These findings highlight the potential of TCs for
cellular therapies and heart regeneration, offering promising avenues for future research
and treatment strategies in cardiovascular health.
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