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ARTICLE INFO ABSTRACT

Keywords: Endoparasites of the Sarcocystidae family share the ability to form tissue cysts in their intermediate hosts, ul-
L“_gosf"mus maximus timately leading to pathogenesis in the definitive hosts that include various mammals, reptiles and birds. In our
wildlife research on the endocrinology of the female vizcachas (Lagostomus maximus), we have found abnormal cystic
Intermediate host in th . £ P 1 : £ infection by ti " . ites h

Coccidia structures in the ovaries of some individuals. So far, no cases of infection by tissue cyst-forming parasites have
Bradyzoites been reported in this species. To evaluate whether this autochthonous wild rodent is an intermediate host of an

undescribed endoparasite, histological sections from various organs were examined. Pinhead-sized tissue cysts
were found in the ovaries, mammary glands, uterus, pituitary, brain, adrenals and spleen, of both pregnant and
non-pregnant females. The presence of cysts in the adult brain and embryonic tissue is indicative of the ability of
the parasite to cross both the blood-brain and placental barriers. The infected brains exhibited a lower cyst
density than that seen in other organs. Regardless of their location in superficial or deep tissue, the cysts were
surrounded by a layer of connective tissue. Histologically, the cyst wall consisted of an outer layer of fibroblasts
and collagen fibers, and an inner, granular-looking layer composed of host nucleated cells surrounding thousands
of spindle-shaped bradyzoites. Outside the cysts, the host cellular structures showed normal appearance. The
remarkable morphological similarities between the cysts studied here with those reported in naturally infected
rabbits from an area neighboring the one inhabited by the vizcachas point to Besnoitia sp. as a plausible
candidate. More studies will be necessary to confirm the identity of the parasite. Nevertheless, this is the first
report of L. maximus as an intermediate host for a tissue cyst-forming coccidia.

Tissue cyst

1. Introduction

The South American plains vizcacha, Lagostomus maximus (Desmar-
est, 1817) (Rodentia: Chinchillidae), is an autochthonous rodent that
inhabits lowland areas of southern South America and lives in
communal underground burrow systems called "vizcacheras". In-
dividuals from each vizcachera share a common home range with
overlaps between neighboring vizcacheras (Branch, 1993). This species
has nocturnal habits, and its diet base is mainly herbivorous, mostly
grasses and forbs (Puig et al., 1998).

Vizcachas belong to the Caviomorpha infraorder, which groups the
South American Hystrichognathi such as chinchillas, guinea pigs, wild

cavies, capybaras, and pacaranas. Various hystrichognathi, either wild
or in captivity, have been reported as reservoir hosts of endo and ecto-
parasites (Dittmar, 2002; de la Cruz et al., 2003; Gressler et al., 2010;
Regolin et al., 2015; Jones and Garcia, 2019). Among those, Cavia sp and
the broad-headed spiny rat Clyomys laticeps, are examples of interme-
diate hosts of important endemic South American zoonosis such as
leishmaniosis and helminthosis (Cassia-Pires et al., 2014; Cardoso et al.,
2015; Paranaiba et al., 2018; Rodrigues et al., 2020).

Particularly, it was shown that vizcachas are hosts for twelve species
of parasites comprised of four different species of ectoparasites (lice and
fleas) and eight helminth endoparasites (nematodes and cestodes)
(Rossanigo et al., 1986; Jackson et al., 1996; Foster et al., 2002; Nava
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etal., 2010; Canova et al., 2021). In addition, sporocysts of the protozoa
Eimeria (Eimeriidae, Apicomplexa) were found in the feces of vizcachas,
being the only coccidian infection reported to date for this species
(Couch et al., 2001).

Female vizcachas have long been used as an unconventional model
for reproductive endocrinology studies (Dorfman et al., 2016). Over the
past years, the recurrent appearance of abnormal cyst-like structures in
the organs of the female reproductive axis, mainly ovaries and mam-
mary glands, motivated our concern about the potential role of this
species as a host for an endoparasite. Therefore, a retrospective exami-
nation of tissue material stored during the past years was carried out to
evaluate morphological aspects of the tissue cysts and establish whether
Lagostomus maximus is an intermediate host of a cyst-forming coccidian
parasite.

2. Materials and methods
2.1. Ethics statement

All experimental protocols performed in the present study were
reviewed and authorized by the Institutional Committee on Use and
Care of Experimental Animals of Universidad Maimoénides, Argentina
(Resolutions 1/16 and 59/17). Handling and sacrifice of animals were
conducted in compliance with all local, state, and federal guidelines for
the care and use of laboratory animals. Husbandry of the animals met
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (National Research Council , 2011).

2.2. Animals

Throughout the present study, stored tissue samples from adult fe-
male plains vizcachas, Lagostomus maximus, captured for the past seven
years were examined. At the time, animals were collected using live
traps placed at the entrance of the burrows in a resident natural popu-
lation site at the Estacion de Cria de Animales Silvestres (ECAS), La Plata,
Buenos Aires province, Argentina (34°51'0”S, 58°6'37”W) under a
framework cooperation agreement established between the Universidad
Maimoénides and the Agroindustry Office, Flora and Fauna Department
of Buenos Aires province. The captured animals were transferred to the
Animal Facility of Universidad Maimoénides and housed for 2 days before
euthanasia, under a 12:12 h light cycle, and 22 + 2 °C room tempera-
ture, with ad libitum access to food and tap water.

Specifically, stored paraformaldehyde-fixed tissue samples of
ovaries, adrenals, mammary glands, uterus, pituitary, brain, liver, and
spleen from 128 adult individuals that had been captured between the
years 2012-2019 for reproductive endocrinology studies were used. The
availability of tissue samples belonging to each individual was uneven,
that is, for some individuals, samples of several organs were available,
while for others there was only availability of samples of a particular
tissue. Also, the stored samples of ovaries and mammary glands were
more numerous than the rest of the tissues. The tissue samples studied
came from animals ranged from 2.5 to 3.5 years old as determined by the
dry lens weight according to Jackson (1986). In addition, tissue samples
from two term-embryos were examined.

2.3. Tissue collection and processing

Animal surgery was performed as previously described by Proietto
et al. (2018). Briefly, animals were weighed and anesthetized by an
intramuscular injection of ketamine clorhydrate 13.5 mg/kg body
weight (Holliday Scott S.A., Buenos Aires, Argentina) and xilacine clo-
rhydrate 0.6 mg/kg body weight (Laboratorios Richmond, Buenos Aires,
Argentina). After bleeding animals were sacrificed by an intracardiac
injection of Euthanyle 0.5 ml/kg body weight (sodic pentobarbital, sodic
diphenyl hydantoinate; Brouwer S.A., Buenos Aires, Argentina).
Ovaries, mammary glands, uterus, liver, adrenal, spleen, brain,
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pituitary, and superficial fascia were immediately removed, sectioned
and fixed in cold 4% paraformaldehyde (PFA) (Sigma Aldrich Inc., St.
Louis, Missouri, USA) in 0.1 M phosphate-buffered saline (PBS, pH 7.4)
for 72 h, dehydrated through a graded series of ethanol and embedded in
paraffin for histological studies. In addition, tissues of the two embryos
were evaluated.

2.4. Histology and imaging

Each organ was sectioned at 5 pm thick with a microtome (Leica,
Wetzlar, Germany) and mounted onto coated slides. Before staining,
sections were dewaxed in xylene and rehydrated through a decreasing
series of ethanol. Morphology was assessed with hematoxylin-eosin,
Masson’s trichrome and Giemsa stains, and with silver impregnation
technique. A qualitative determination of the tissue density cysts was
carried out using a score system according to the number of cysts
counted per optical field at a magnification of 100x: no cyst (-); 1 cyst
(+); 2 to 4 cysts (++); 5-10 cysts (+++) and> 10 cysts (++++). Four
sections per tissue sample, separated by 300 pm, were analyzed. The
images of histological staining were captured using an Olympus mi-
croscope (BX40, Olympus Optical Corporation, Tokyo, Japan) fitted
with a digital camera (390CU 3.2 Megapixel CCD Camera, Micrometrics,
Spain) and the Micrometrics SE P4 software (Standard Edition Premium
4, Micrometrics, Spain).

3. Results

Parasitic cysts were found in 15 out of 128 evaluated animals. Most
of the infected animals showed tissue cysts simultaneously in several
organs, located either superficially or in deep tissue (Table 1 and Fig. 1).
Tissue cysts could be macroscopically evident due to their size reaching
up to 400 pm in diameter. These pinhead-sized cysts were found in the
ovaries, mammary glands, uterus, brain, spleen, and adrenal of both
pregnant and non-pregnant females (Figs. 1 and 2). Tissue cyst load was
substantially higher in mammary glands and ovaries compared to the
other analyzed organs (Table 1 and Fig. 1). Mammary glands, uterus,
ovaries, and adrenals exhibited deep tissue cysts and they were sur-
rounded by a layer of connective tissue (i.e., fibroblasts, collagen fibers,
and small capillaries) (Fig. 1A-E). In the case of the spleen, the cysts
were superficial and located in the serosa (Fig. 1 F). The macroscopical
examination of the visceral fascia of infected animals exhibited

Table 1
Histopathological lesions in various organs of plains vizcachas (Lagostomus
maximus).

Tissue Number of analyzed =~ Number of samples Score for cysts
samples” with cyst(s) density”
Ovary 75 9 +++
Uterus 12 3 +
Mammary gland 45 9 +++
Superficial 2 2 4+
fascia
Spleen 10 2 +
Adrenal 12 2 +
Liver 10 0 -
Brain 12 3 +
Pituitary 9 0 -
Amniotic sac 1 1 ++++
Embryonic 1 0 -
testis®
Embryonic 1 1 ++
pituitary®

? Note that histological samples of all organs were not always available for
each animal.

b Scores of tissue cysts: (+) 1; (++)2-4; (+++)5-10 and (++++)>10 cysts
counted per optical field.

¢ Tissue samples from a single embryo taken from an infected pregnant
animal.
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Fig. 1. Tissue cysts in various organs of plains
vizcachas. Representative photomicrographs of
histological sections of ovary (A-B), uterus (C),
mammary gland (D), adrenal (E), spleen (F), and
suspension of cysts recovered from the superficial
fascia (G), all of them collected from infected adult
vizcachas. Suspension of cysts recovered from
amniotic sac of an infected embryo (H). Note that
while the ovaries, mammary glands, superficial
fascia and fluid from amniotic sac show a high
density of cysts, the rest of the organs tend to show
only one or very few cysts per section. White ar-
rowheads indicate corpora lutea and black arrow-
heads indicate tissue cysts. A, B, C, E and F:
hematoxilin-eosin staining. D: Masson’s trichrome
staining.

thousands of tiny white/translucent particles that resembled grains of
sand. These particles were easily collected, pelleted, and resuspended in
PBS. Microscopic observation of these allowed establishing the
morphological similarity with those cysts found embedded in the organs
of infected animals (Fig. 1 G). Outside the cysts, the host cellular
structures showed normal appearance (Figs. 1 and 2). Neither marked
infiltration nor inflammatory processes associated with the presence of
tissue cysts were observed. Both adrenal and spleen cells of infected
glands showed regular cytology (Fig. 1E and F). The mammary gland
acini of infected pregnant females showed normal morphology and the
ovaries exhibited follicles in different stages of development despite the
presence of cysts (Fig. 1 A, B and D). Nevertheless, lesions on the skin
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such as skin thickening, folding or wrinkling, with hair loss, either
widespread or localized, were observed in some of the infected animals
(not shown).

Solitary bilaterally cysts with random distribution and parenchymal
localization were found in the brain, especially at striatum and cerebral
cortical areas (Fig. 2A-C). A few infiltrations of inflammatory cells were
observed under the layer of ependymal cells in the infected brains
(Fig. 2A and B) or with perivascular and meningeal localization (not
shown). However, histopathological lesions like necrosis or vacuoliza-
tion were not detected.

Gross examination of the fluid from the amniotic sac of an infected
term pregnant female showed the same translucent particles as those
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Fig. 2. Cysts localized in adult brain and in an embryonic pituitary gland
of plains vizcachas. Representative photomicrographs of histological sections
of adult brains of infected vizcachas. Black arrowhead indicates a solitary tissue
cyst in the striatum (A). A detailed view shows signs of inflammatory cells
infiltration (arrow) (B). Silver impregnation staining allows visualization of the
wall of a cortical tissue cyst (white arrowhead)(C). Embryonic pituitary
exhibited multiple of cysts per section (black arrowheads) (D). Arrows indicate
the radial arrangement of bradyzoites in the cyst wall in a detailed view of the
embryo pituitary (E). A-B: Giemsa staining. C: silver impregnation technique.
D-E: hematoxilin-eosin staining.

seen in its own visceral fascia, and subsequent microscopic observation
confirmed that these were thousands of cysts as well (Fig. 1 H).
Furthermore, cysts were detected in the pituitary gland of one of its
embryos (Fig. 2D and E).

The cysts were characterized by a diameter ranging from 150 to 400
pm, although those observed in the brain were smaller than those
located in non-neural tissues (Figs. 1 and 2). The tissue cysts lacked any
kind of septa. Histologically, the cyst-wall exhibited a ~7 pm thick
eosinophilic hyaline outer capsule with distinctive borders made up of
collagen fibers, and a subcapsular of 8-13 pm thick ring of eosinophilic
granular looking layer containing multiple fusiform host nuclei. The
wall often showed a wavy contour in tissue sections, but without pro-
trusions (Figs. 2C and 3). Surrounded by the cyst-wall, many thousands
of ~4 pm in diameter, distinctly bordered, spindle-shaped bradyzoites
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Fig. 3. Morphology of the tissue cyst recorded in plains vizcachas. Mam-
mary gland photomicrograph illustrating a tissue cyst with a thick wall made up
of a collagen fibers outer layer and the inner layer consisting of nucleated host
cells enclosing thousands of spindle-shaped bradyzoites (Bz). Inset: the brady-
zoites showed a conoidal (anterior) and a nonconoidal (posterior) end where
the nucleus is located, and they exhibit cluster arrangements where they are
ordered parallel to each other. Masson’s trichrome staining.

were densely packed. Bradyzoites showed eosinophilic cytoplasm with a
conoidal (anterior) and a nonconoidal (posterior) end where the nucleus
was located. In addition, they exhibited parallel arrangements grouped
in bundles or clusters (Fig. 3, inset). Most of the tissue cysts showed a
similar morphology, except those observed in the brain that exhibited a
thinner cyst-wall. (Fig. 4A-C). The embryonic pituitary cysts also
showed a tinner cyst-wall and a markedly lower density of bradyzoites.
In addition, radially arranged bradyzoite clusters were observed on the
periphery of these embryonic cysts. These clusters exhibited an orderly
arrangement with the nuclei of each bradyzoite pointing towards the
center of the cyst (Fig. 4 D).

4. Discussion

From the thorough retrospective examination of the stored tissues
from animals captured over the past years, it was estimated that about
12% of the evaluated vizcachas showed signs of infection, i.e., they
exhibited cysts in, at least, one of their organs. The infection affected
multiple organs of the female reproductive axis (ovaries, uterus, and
mammary glands), as well as other organs. Although the present study
was conducted only on stored samples of female tissue (as this labora-
tory does not research on males), the cysts observed in the pituitary of a
male embryo would indicate that this endoparasite also infects males.
The striking bradyzoites-layout in the cysts observed in the embryonic
pituitary is most probably related to ongoing cell division mechanisms
that will lead to filling the cyst with thousands of bradyzoites (Francia
and Striepen, 2014). Not least, the embryonic cysts reveal two aspects:
1) the ability of the parasite to cross the placental barrier and 2) the fact
that they were observed in a full-term embryo indicates that infection
with this parasite does not interfere with embryonic development.
Moreover, the normal morphology depicted by the reproductive organs
of infected pregnant vizcachas, with adequate uterine, mammary, and
fetal development, and ovaries with follicles in different stages of
development despite the presence of cysts, indicates that infection with
this parasite would not interfere with the reproductive process. Never-
theless, this work was conducted with tissue samples from animals
whose health status was good enough to let them leave the vizcacheras
to forage (at which time they were captured). It cannot be asserted that a
more advanced infection could lead to greater health deterioration and
affect different biological processes.

Of all the coccidia species described for rodents to date, the only ones
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Fig. 4. Morphological structure of the cyst
wall. Cortical brain photomicrograph shows a
thin cyst wall (A). A detailed view shows that the
cyst wall is made up of host-nucleated cells
indicated by black arrowheads (B). In contrast,
tissue cysts seen in organs other than the nervous
system show a thicker cystic wall. Such is the
case for those tissue cysts observed in the mam-
mary (C-D), adrenal (E) and spleen (F) glands.
The most notorious differential feature is the
thick collagen outer layer in cysts outside the
nervous system (white arrowheads). Bz: brady-
zoites. A-B: Giemsa staining; C-D: Masson’s tri-
chrome staining. E-F: hematoxilin-eosin staining.

described for L. maximus belong to the genus Eimeria: E. chinchillidae,
E. lagostomi, and E. vizcacho, and all of them were found as sporocysts in
fecal samples (Couch et al., 2001). With few exceptions, Eimeria spp are
intracellular parasites of the epithelial cells of the intestinal tract and
they are mostly monoxenic coccidia (i.e., life cycle occurs in one host)
(Martorelli Di Genova and Knoll, 2020 for a review). In contrast, the
cysts described here were observed in multiple extra-intestinal tissues
and such types of cysts, with the morphology described in this study, are
generally associated with the asexual phase of the parasite life cycle that
occurs in an (herbivore) intermediate host (Duszynski and Couch, 2013
for a review). For all this, it would be unlikely that the cysts observed in
vizcachas organs belong to Eimeria spp.

Among the tissue cyst-forming coccidia, the Sarcocystidae family
contains heteroxenic coccidia such as Besnoitia, Sarcocystis, Neospora
and Toxoplasma whose life cycle is developed in two (or more) hosts: an
intermediate host (the prey), in which asexual development produces
cysts in the prey’s tissues that are then ingested by a definitive host (the
predator), where sexual reproduction and oocyst formation both occur
in the intestinal epithelium (Duszynski and Couch, 2013).

A low score of cysts was recorded in the brain of infected vizcachas
which is still indicative of the parasite ability to cross the blood-brain
barrier. Moreover, the cyst’s location in the striatum suggests that
compact myelinated bodies do not constitute a barrier for this parasite.
Such anatomical location is distinctive of intermediate hosts for
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Toxoplasma gondii and Neospora caninum (Dubey et al., 2017; Abdu-
lai-Saiku et al., 2017) and of Sarcocystis spp., whose detection in the
brain and myocardium of periurban micromammals was described
recently by Fernandez-Escobar et al. (2020). Toxoplasma is known for its
ability to easily overcome the restrictiveness of the blood-brain barrier
using the microglia as “Trojan horses” for the parasitic spreading in the
parenchyma (Dellacasa-Lindberg et al., 2011; Schliiter and Barragan,
2019) where it produces brain cysts that are often spheroidal and rarely
reach a diameter of 70 pm (Weiss and Dubey, 2009; Dubey et al., 1998).
Toxoplasma and Neospora may develop tissue cysts in visceral organs,
however, they are most common in neural and muscle tissues. The fact
that the diameter of the neural cyst recorded here for vizcachas doubles
that reported for intermediate hosts of Toxoplasma, and that vizcachas
exhibit the highest load of cysts in non-neural tissues (i.e., ovaries and
mammary glands) would point to another cyst-forming candidate.
Moreover, the more loosely arrangement that bradyzoites tend to adopt
in Toxoplasma gondii cysts (Frenkel and Smith, 2003) compared to that
of tightly packed bradyzoites observed in tissue cysts of vizcachas also
point to a Sarcocystidae species other than Toxoplasma.

Although to date the vertical transmission of Besnoitia has not been
conclusively demonstrated (Abdulai-Saiku et al., 2017), other aspects of
parasitosis by Besnoitia including the cyst morphology observed here
allow targeting it as the parasite responsible for the tissue cysts in
infected L. maximus. Typically, Besnoitia tissue cysts develop on serosal
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surfaces of viscera or are wrapped in a layer of connective tissue in
different organs of the intermediate host, and they can have a diameter
of 200-600 pm (Olias et al., 2011). These characteristics were observed
in the tissue cysts in infected vizcachas. In addition, the morphology of
the tissue cysts found in the vizcachas is remarkably similar to the one
exhibited by rabbits infected with Besnoitia oryctofelisi, which belong to
a rabbit breeder neighboring the vizcacheras (Venturini et al., 2002;
Dubey et al., 2003a). As in the rabbit’s cysts, the cyst wall observed in
vizcacha’s tissue cysts exhibited two layers under optical microscopy: an
outer made of fibroblasts and collagen fibers, and an inner one, with a
granular appearance, composed by host nucleated cells enclosing
thousands of spindle-shaped bradyzoites. The morphological resem-
blance of both groups of cysts, plus to the geographical proximity be-
tween the rabbit breeder site and the vizcacheras from which the
animals in this study come, suggest that it could be the same parasite.

Interestingly, an autochthonous semifossorial armadillo of Argentina
known as “pichi” or “quirquincho” (Mammalia, Cingulata, Dasypodidae)
have been also reported as a host for Besnoitia sp. (Superina et al., 2009).
Although Superina’s report describes pichis that inhabits a different
geographical region (Patagonia Austral Argentina), it is worth noting
that such region overlaps with the geographical distribution of the plains
vizcachas, which covers the territory from the north of Argentine
Patagonia to southeastern of Bolivia and western Paraguay (Jackson
et al., 1996). All this suggests that Besnoitia has successfully found
species in Argentina that would serve as reservoir hosts where it can
reproduce part of its life cycle.

The Besnoitia life cycle is not yet fully known and may be complex
with various intermediate, definitive hosts and vectors. So far, there
have been described ten Besnoitia species, of which three occur in do-
mestic livestock (Alvarez-Garcia et al., 2013; Oryan et al.,, 2014;
Gutiérrez-Exposito et al., 2017; Elsheikha et al., 2020). Among those
species infecting wildlife, the recently mentioned B. oryctofelisi is
responsible for infection in lagomorphs (Dubey et al., 2003a) and at least
four species have been identified in rodents: B. neotomofelis (Dubey and
Yabsley, 2010), B. akodoni (Dubey et al., 2003b), B. wallacei (Frenkel,
1977) and B. jellisoni (Ernst et al., 1968; Olias et al., 2011). Whether
vizcachas are intermediate hosts of a Besnotia sp or other cyst-forming
coccidia will require a more in-depth examination.

Finally, the differences in the cyst-wall composition between the
neural cysts and the tissue cysts observed in other organs of infected
vizcachas could be probably due to the absence of fibroblasts in the
neural tissue that synthesize collagen fibers, which are the main
component of the outer wall of all the tissue cysts. In any case, further
examination with specific antibodies will be required in order to
determine the type of fibers and cells that make up the wall of each type
of cyst and also to confirm that both of them belong to the same parasite
species.

Regardless of the need for further testing to identify the genus and
species of this endoparasite, this is the first report of Lagostomus maximus
as an intermediate host for a tissue cyst-forming coccidia.
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