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Abstract: The present study investigated the macroscopical and histological features of two sponta-
neous seminomas developed by zebrafish adults. Two wild-type male zebrafish of AB/TU strain
aged 2 and 3 years, respectively, developed gross pathological signs consisting of asymmetrical
swollen abdomens. In one fish, named fish 1, the testicular alteration is referred to as one testis (the
right one), while in fish 2, both testes were altered in their size and shape. No signs of invasion
were reported. The histological analysis revealed an extensive differentiation of germ cells in various
developmental stages without any oocyte, and both lesions were compatible with spermatocytic and
intratubular seminomas. The etiology and the pathogenesis of the reported lesions could be related
to an intricate and interconnected network of intrinsic and extrinsic factors, including the housing
condition, diet, genetic background, and operator training.
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1. Introduction

Zebrafish has emerged as a valuable vertebrate model system widely used to investi-
gate the signaling pathways involved in the development of disease, including cancer [1].
This aquatic species has become a popular model organism for cancer biology due to
several advantages, including its cost-effective maintenance, high fecundity, fast external
development, optical clarity, and small embryo size [2]. Moreover, the genetic amenability
of the zebrafish model modulates, through different techniques, specific gene-targeted
mutations and stable transgenes [3]. However, the high level of sophistication of the ge-
nomic tools available for the zebrafish model is not followed by the acquisition of basic
pathology data for this species. Although there is available information on the chemical
and genetic induction of specific cancer types in zebrafish, little data are published regard-
ing the incidences of spontaneous tumors or histologic lesions developed by wild-type
zebrafish strains.

The most common neoplasm reported in the zebrafish model is the seminoma. The
Zebrafish International Resource Center (ZIRC) diagnosticated 182 zebrafish seminomas
out of 16,169 total fish examined by histology between 2006 and 2016 [4].

In Danio rerio, most of the potential seminomas that are described in the literature
exhibit minimal deviation from normal testis tissue at the histological level, posing a
challenge for their definition as a true neoplasm, rather than a proliferative process. In this
study, we reported the clinical and histological alterations developed by two wild-type
zebrafish bred for laboratory use, highlighting the complexity of the histological definition
of these masses.
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2. Materials and Methods
2.1. Zebrafish Maintenance

Adult zebrafish were bred in the facilities at the University of Teramo. The fish were
keptin 3.5 L ZebTec tanks (Tecniplast S.p.a., Buguggiate, Italy) in a recirculating aquatic
system. The physical parameters were standardized as follows: the temperature was
28 °C; the pH was 7 £ 0.2; the conductivity was 500 £ 100 uS cm~L; and the dissolved
O, was 6.1 mg L™!. The photoperiod was 14 h light-10 h dark. The chemical parameters
were checked weekly and kept as follows: ammonia 0.02 mg L~!, nitrite 0.02 mg L1,
and nitrate 21.3 mg L~!. Animals were fed twice per day with live food (Artemia salina)
and supplemented with Zebrafeed 400-600 (Sparos, Olhao, Portugal). The fish were not
chemically treated; rather, they were reared for spawning.

2.2. Necropsy and Histological Analysis

Two wild-type male zebrafish of AB/TU strain and aged 2 and 3 years, respectively,
developed asymmetrical swollen abdomens (Figures 1A and 2A). That was the only ab-
normal clinical sign observed. The fish were euthanized with an overdose of tricaine
methanesulfonate (MS-222) in accordance with the law of the country in which the study
was performed (Italy, D.L. 26/2014) and the principle of the Humane Endpoint. Necropsy
was performed to evaluate gross lesions.

Figure 1. (A) Macroscopic appearance of wild-type male zebrafish of AB/TU strain Fish 1. The
abdomen was considerably distended. (B,D) The mass filled the coelom. (C) Hematoxylin & eosin-
stained sections from formalin-fixed, paraffin-embedded zebrafish testis’ mass: proliferation of
atypical pale-staining spermatogones (red arrow), with hyperchromatic nuclei and poorly defined
eosinophilic cytoplasm. Spermatocytes and spermatids were present. Bar = 10 um.
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Figure 2. (A) Macroscopic appearance of wild-type male zebrafish of AB/TU strain, fish 2. The

s

abdomen was considerably distended. (B,D) The masses filled the abdominal cavity. (C) Hematoxylin
and eosin-stained sections from the formalin-fixed, paraffin-embedded zebrafish testis’ mass. The
cells were arranged in a lobular pattern, and spermatogones (red arrow), spermatocytes (yellow
arrow), and spermatids (green arrow) proliferated. Bar = 10 um.

For microscopic examination, whole testis samples were collected, fixed in a 10%
neutral buffered formalin (NBF), and dehydrated by hand through an ascending series of
graded ethanol solutions to minimize artifacts. The specimens were treated by modifying
the standard procedure of hydration/dehydration in order to adapt them to manipulate
very small pieces of tissue. The procedure steps are listed in Supplementary Table S1.
In the next step, the tissues were cleared in xylene and embedded in a block of paraffin.
The samples were then sectioned at 5 pm using a rotary microtome (Leica 2030 Biocut,
Reichert-Jung, Bensheim, Germany), floated in a 37 °C water bath, and quickly mounted
on glass slides (Super-Frost, Menzel-Glaser, Braunschweig, Germany). The slides were
put in an incubation oven at 37 °C for 24 h, and then they were stained manually with
Hematoxylin and Eosin (H&E), as described in Supplementary Table S2. After staining, the
sections were protected by mounting a coverslip over the tissue using a mounting medium
to adhere the coverslip to the slide, and they were also examined under a light microscope
(Leika DM4000B, Milan, Italy). Digital photos were taken with an OLYMPUS-DP12 camera
for the detection of histopathological alterations.

3. Results
3.1. Macroscopic Evaluation

The fish showed abdominal distension, and the skin overlaying the enlargement
appeared thinned (Figures 1A and 2A). Changes in the skin and fins were not detected.
The visceral cavity was opened according to Kent et al. [5]. Specifically, the operculum was
removed, and the first incision was made starting at the dorsal posterior of the opercular
cavity and extending toward the anus. Then, a connect incision with a cut starting at the
ventral posterior of the opercular cavity was done, and this cut was connected dorsally to
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the first one. The fish were opened with the right side down. When they were opened, the
coelom was filled with a whitish lardaceous and a fleshy mass. In particular, in fish 1, a
soft lobate mass, sized 5.5 x 6.5 x 3 mm with an uneven surface, was located dorsally to
the intestine and caudally to the swim bladder (Figure 1B). The mass was confined to the
right testis (Figure 1D); indeed, the left testis was regular in size and shape (Figure S1A). In
fish 2, the coelom was filled by two white masses, with an irregular and unsmooth surface
ascribed to the left and right testis (Figure 2D). The topography of the masses was the
same as fish 1. The right mass (5 x 6 x 3 mm) was larger than the left one (3 x 4 x 2 mm)
(Figure 2B). Both of the masses appeared soft, white, and lobulated, and they were confined
to the testis. All the other visceral organs were macroscopically normal in size and shape.

3.2. Histopathological Analysis

In fish 1 the mass confined to the right testis was non-encapsulated and poorly de-
marcated, appeared highly cellular, and showed an extensive differentiation of germ cells
in various developmental stages. In particular, the architecture of the lobule appeared
overrun by a predominant proliferation of atypical pale-staining spermatogones, with
hyperchromatic and centrally located nuclei of various sizes, a single nucleolus, and a
poorly defined eosinophilic cytoplasm. There was moderate anisocytosis and anisokaryosis.
Spermatocytes and spermatids were also present (Figure 1C). Orchitis, metastasis, or inva-
sions of the cells were not observed. A microscopic evaluation of the left testis showed no
evident microscopic alterations (Figure S1B). During the microscopic examination of fish 2,
the masses were mildly cellular and, as in case 1, they contained the lobular proliferation
of cell types that was expected in spermatogenesis (spermatogonia, spermatocytes, and
spermatids) (Figure 2C). Both cases were diagnosed as seminoma, and particularly, the
lower malignancy of the masses, the lack of undifferentiated seminal stem cells, and the
presence of neoplastic cells resembling spermatogonia and primary spermatocytes led
us to define it as a spermatocytic type, according to the WHO classification of testicular
tumors in humans [6]. According to the WHO International Histological Classification of
the Tumors of the Genital System of Domestic Animals, seminomas can be classified into
two types: (i) an intratubular type or type free of infiltration, and (ii) a diffuse type [7]. In
both our cases, the lack of invasion of the fibrous connective tissue prompts us to define
our seminomas as intratubular.

4. Discussion

Published data from rodents and other laboratory animal species revealed as specific
mutations and transgenes are critical to determine both spontaneous and carcinogen-
induced neoplasm incidences as well as the histologic pattern of tumors [8]. In the context
of testicular lesions, zebrafish carrying a heterozygous nonsense mutation in Leucine-Rich
Repeat Containing protein 50 (LRRC50, also called DNAAF1), associated previously with
ciliary function, are found to be highly susceptible to the formation of seminomas [9].

In the present case, adult male zebrafish that developed seminomas were not inten-
tionally treated with chemicals, and they were not screened for the presence of genetic
mutations. Spitsbergen et al. (2012) noted that seminomas are one of the most frequently
diagnosed tumors associated with carcinogen exposure [10]. Zebrafish were responsive to
the carcinogenic effects of N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) when they were
treated as embryos or fry. The housing system and diet could influence the development
of non-experimentally spontaneous tumor incidences in zebrafish [10]. One of the most
pressing problems in the field of cancer research using the zebrafish model is the need to
standardize aquaculture systems and diets to eliminate contamination by natural carcino-
gens and to minimize the potential tumor promoters that confound research studies [5].
For example, when spontaneous seminomas and other neoplasms have been diagnosed
in older fish living in flow-through systems using semi-purified diets, these tumors are
typically quite small (1-4 mm rather than 10-14 mm), as are many seminomas identified in
fishes that come from recirculating systems using commercial diets [10].
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Another alarming factor to consider in the field of zebrafish pathology is the critical role
of genetic background in determining tumor incidences. To avoid inbreeding depression,
each new generation should be produced by an outcross, and sibling mating should be
performed only when necessary [11]. In the present study;, it is difficult to establish the
etiology and the pathogenesis of the reported lesions; however, the housing condition
and the diet were highly standardized, and no other type of tumors were reported in the
zebrafish colony. The potential underestimation of these lesions could also be related to the
ability of the operator to recognize the alterations. While egg-associated inflammation of
female zebrafish is a common and recognized lesion by animal care attendants, swollen
abdomens in males related to seminoma are less frequently detected and notified.

Seminoma is the most common germ cells tumor type (GCT) in humans, accounting
for 30-50% of GCT [12]. In humans, three subtypes of seminoma have been described:
typical (85% of the cases), anaplastic (5% to 10%), and spermatocytic (2% to 10%). The
anaplastic and typical subtypes are associated with the worst prognosis for the patient.
Indeed, spermatocytic seminoma usually presents later in the patient’s life and its prognosis
is excellent, and cases of metastasis are extremely rare [13].

Seminomas are also common tumors in mammals that have been reported in canine,
bull, boar, stallion, mule, ram, buck, tomcat, and bull camelids testes [14]. They occur
in older animals, and they are disproportionately common in cryptorchid testes. Their
phenotype is usually spermatocytic, and there is subclassification into classical and sper-
matocytic types based on immunohistochemical biomarkers, such as the placental alkaline
phosphatase (PLAP) staining [14]. The main macroscopic presenting sign is testicular
enlargement, and microscopically, intratubular, and diffuse types are recognized. The
earliest development of the tumor is intratubular, then rupture of the tubules occurs, and
growth becomes confluent, forming broad sheets of closely packed cells with scant sup-
porting stroma [14]. Seminomas in horses are thought to behave more aggressively than
those in other domestic animal species, with a similar tendency to metastasize [15]. In a
recent case report, an 18-year-old Salernitano stallion presented with enlargement of the
left testicle with no other clinical signs, and the sonoelastographic examination showed
parenchymal changes with deformation of the normal testis, and based on gross, micro-
scopic, and immunohistochemical findings, a definitive diagnosis of diffuse seminoma was
confirmed [16]. Moreover, the invasion of tumor cells throughout the testicular parenchyma
has been reported in malignant seminomas of rats, and there was also a description of
metastasis in canine seminomas [17,18].

Spontaneous testicular tumors of gonadic germ cells have been identified in barbel,
African lungfish species, black seabass, yellow perch, koi carp, goldfish, and medaka [19-24].
The histological features of fish seminoma are very diversified. The two spermatocytic
seminomas described by Nigrelli and Jakowska (1953) [19] and Masahito et al. (1984) [20]
in African lungfish were characterized by neoplastic spermatocytes in various stages of
maturation. Like in our cases, they maintained the normal spermatogenetic stages, while
the seminoma described by Sirri et al. (2010) [23] in koi carp showed undifferentiated
neoplastic cells that were consistent with the immature neoplastic elements typical of clas-
sical seminoma but not of the spermatocytic type. The seminoma described by Hubbard
& Fletcher (1985) [20] in African lungfish consisted of well-differentiated populations of
large neoplastic cells with a high mitotic rate and no remarkable inflammation and necrosis.
Finally, the seminoma described by Palikova et al. (2007) [22] in barbel displayed poorly
differentiated neoplastic germ cells. In Japanese medaka, a recent case report reported the
diagnosis of two spontaneous seminomas that exhibited different histologic characteristics.
One tumor had partly invaded the dorsal muscular tissue and metastasized to the liver, kid-
ney, and eye, and the tumor cells were arranged in solid and cord patterns and resembled
spermatogonia, spermatocytes, and spermatids. The spermatogonia-like cells had round
nuclei with prominent nucleoli and moderate amounts of cytoplasm. Additionally, a small
number of large cells resembling oocytes were scattered within the tumor [24]. Indeed,
the other medaka testicular tumor was not detected during the macroscopic examination,
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and it did not exhibit local invasion or metastasis. As for the first case, spermatocyst-like
structures comprising the same type of tumor cells (spermatogonia-, spermatocyte-, or
spermatid-like cells) were characteristically present in this tumor [24]. However, no clear
suspicious definition of the type of seminomas (e.g., spermatocytic vs. classical or diffuse
vs. intratubular) was reported by these authors.

In the present study, the suspected diagnosis of spermatocytic and intratubular semino-
mas was supported by the histological features of the lesions. To the best of our knowledge,
there have been no reports on the distinction between benign and malignant seminomas in
fishes. The age of the sampled animals, who live approximately 3 years in laboratory con-
ditions, is in agreement with the development of spermatocytic seminomas in human older
patients. The relative older age of the sampled zebrafish also made the prediction of tumor
development complex. At the time of sampling, it was ascribed as an intratubular type,
without invasion of testis stroma, but this stage could just be prodromic to the diffusion of
the neoplastic cells out of the seminiferous tubules.

Moreover, our results showed the complexity of defining this mass as a true neoplasm
or just as testicular hyperplasia. There is a fine line between benign neoplasia and hyperpla-
sia, particularly because hyperplasia generally precedes and predisposes the development
of neoplasia. While this neoplasm is defined and called seminoma, the presence of normal
tissue could indicate that, rather than a neoplastic process of testicular tissue, it is, in fact,
diffuse testis hyperplasia [4]. Evidence supporting the hypothesis is that neoplasia is related
to the fact that this mass is presented as a large, ovoid, multinodular, and expensive mass
in which the overall architecture of the testis is profoundly distorted, although there is a
progression of spermatogenic process, and there is no sign of cellular atypia. Usually, hyper-
plastic lesions theoretically regress following the removal of the stimulus of proliferation.
However, to date, the spontaneous regression of this lesion has not been documented, but
this could be related to the fact that these masses are diagnosed by post-mortem histology
of healthier zebrafish. Further studies should ascertain the pathogenetic mechanisms at
the basis of the observed neoplastic background. Previous studies have found germ cell
tumors in zebrafish that are associated with mutations in the gene alk6b/bmpr1bb, encoding
a type IB BMP receptor, and nonsense mutations in the llrc50 gene [25]. The diagnostical
interest of those mutations is undoubtful, as they can be the target of specific molecular
tests. Additionally, in human pathology, new tissue-based immunohistochemical and
molecular biomarkers, including zing-finger transcription factors, have demonstrated po-
tential value for the diagnosis and prognostication of testicular lesions, which need to be
used in combination and interpreted according to the general neoplastic background [26].

5. Conclusions

The results of the present preliminary study showed the spontaneous development
of testicular tumors in the zebrafish model. In contrast with other mammal models, such
as mice, there has been relatively little documentation or control of subclinical disease
in zebrafish research facilities, and several infectious and non-infectious conditions are
frequently detected by histopathology in apparently healthy fish. To date, there is little
information on the impact of these conditions on experimental procedures involving sub-
clinically affected fish, but there is reason to believe that they should be considered as a
potentially significant confounding factor leading to non-protocol variation of experimental
plans. Further investigations are warranted to evaluate the presence of genetic variants
in the zebrafish population. Moreover, the immunohistochemical characterization of the
lesions could be helpful to elucidate the potential pathways involved in the development
of these alterations and to make a definitive diagnosis. The education of animal care
attendants and the execution of good health monitoring practices for laboratory fish could
also contribute to the diagnosis of testicular lesions, avoiding the underestimation of this
pathology in the zebrafish colony.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fishes7060314/s1. Figure S1: (A) macroscopic appearance of
fish 1 left testis (B) hematoxylin and eosin-stained sections from formalin-fixed, paraffin-embedded
zebrafish fish 1 left testis. Bar = 80 um; Table S1: Tissue processing steps; Table S2: Haematoxylin and
eosin staining steps.
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