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Abstract

The striatum is an essential component of the basal ganglia that regulatessensory processing, motor, cognition, and behavior.
Depending on the species, the striatum shows a unique structure called caudate—putamen as in mice, or its separation into
two regions called caudate and lenticular nuclei, the latter formed by putamen and globus pallidus areas, as in primates.
These structures have two compartments, striosome and matrix. We investigated the structural organization, GABAergic and
tyrosine hydroxylase (TH) expression in the striatum and globus pallidus of the South American plains vizcacha, Lagostomus
maximus. Its striatum showed regionalization arising from the presence of an internal capsule, and a similar organization to
a striosome—matrix compartmentalization. GABAergic neurons in the matrix of caudate exhibited parvalbumin, calretinin,
calbindin, GAD65, and NADPH-d-immunoreactivity. These were also expressed in cells of the putamen with the exception
of calretinin showing neurofibers localization. Globus pallidus showed parvalbumin- and GAD65-immunoreactive cells, and
calretinin- and calbindin-immunoreactive neuropil, plus GABA-A-immunoreactive neurofibers. NADPH-d-, GAD65- and
GABA-A-immunoreactive neurons were larger than parvalbumin-, calretinin-, and calbindin-immunoreactive cells, whereas
calbindin-immunoreactive cells were the most abundant. In addition, TH-immunoreactive neuropil was observed in the
matrix of the striatum. A significant larger TH-immunoreactive area and neuron number was found in females compared to
males. The presence of an internal capsule suggests an adaptive advantage concerning motor and cognitive abilities favoring
reaction time in response to predators. In an anatomy-evolutive perspective, the striatum of vizcacha seems to be closer to
that of humans than to that of laboratory traditional models such as mouse.
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Introduction

The basal ganglia are composed of the striatum, globus pal-
lidus, subthalamic nucleus and substantia nigra (Smith et al.
1998; Shipp 2017). Within these structures, the striatum
(caudate nucleus and putamen) present two distinguishable
types of compartment, striosomes (or patches) that form
a labyrinthine and interconnected structure, and matrix
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that keeps and surrounds the striosomes (Graybiel and
Ragsdale 1978; Herkenham and Pert 1981; Gerfen 1984).
Both compartments have specific properties with GABAe-
rgic, dopaminergic and nitrergic neurons (Graybie land
Ragsdale 1978; Sandell et al. 1986; Graybiel 1983, 1990;
Kubota and Kawaguchi 1993; Holt et al. 1997). The stria-
tum is involved in motor and cognitive functions (DeLong
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and Georgopoulos 1981; DeLong et al. 1984; Middleton
and Strick 1994). In order to build motor patterns based on
the environment information as well as on past experience,
the striatum integrates the incoming information from all
regions of the cerebral cortex (Graybiel 2008). This structure
receives inputs from the dopaminergic, glutamatergic and
serotonergic systems coming different areas of the brain,
including the cortex, mesencephalon, and thalamus (Kubota
et al. 1986; Lavoie and Parent 1990; Fujiyama et al. 2006;
Kawaguchi et al. 1995). On the other hand, its GABAergic
efferents show stimulating or inhibitory effects on movement
according to their projection through direct or indirect path-
ways. In those pathways, the internal and external globus
pallidus are involved, respectively (Gerfenand and Wilson
1996; Smith et al. 1998; Gillies et al. 2002; Micheli and
Luquin-Piudo 2012; Kita and Jaeger 2016).

The structural organization of the striatum differs among
species. In rodents such as mice and rats, the striatum is a
unique structure formed by the caudate and putamen areas
called caudate-putamen, without internal defined limits
(Paxinos and Franklin 2004). However, in primates, the pres-
ence of a tract of white matter crossing the striatum, called
internal capsule, separates the caudate—putamen into two
regions: caudate and lenticular nuclei, the latter formed by
putamen and globus pallidus areas (Carpenter 1994; Snell
2007).

The South American plains vizcacha, Lagostomus maxi-
mus, is a basal hystricognathe rodent belonging to the fam-
ily Chinchillidae (Fig. 1), distributed in the Pampas region
of Argentina extending up to the South of Paraguay and
Bolivia (Jackson et al. 1996). This species is a large herbi-
vore fossorial rodent living in communal burrow systems
with nocturnal foraging outings (Llanos and Crespo 1952).
Night-time outputs expose them to predation, especially by
puma (Puma concolor) and, eventually, by smaller felids
like the Geoffroy’s cat (Oncifelis geoffroyi). However, the
attack success of predators on vizcacha is low, around 10%
(Branch 1995). Vizcachas convert dense grass around bur-
rows to low-growing forbs which together with loud warn-
ing vocalization prevent predators to get close enough for a
successful ambush (Branch 1993a, 1995). Although these
behaviors are supposed to be the main strategy against pre-
dation, in situ observation of predator—vizcacha interaction
has shown that they have sensorial and motor skills that
guarantee their quick escape (Branch 1995). Much of the
processing information on those skills involves the striatum,
acting together with the cortex and the cerebellum.

Up to the present, there have been no studies on the
striatum in the vizcacha or other Chinchillidae, which are
at the base of rodent phylogeny (Fig. 1b). The aim of the
present work was to analyze the structural organization and
GABAergic expression of the striatum and globus pallidus
of the vizcacha. We also evaluated the possible existence
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of dopaminergic sexual dimorphism. We discuss the results
in the light of habits and behaviour of the species, and the
possible evolutionary meaning of the striatum’s anatomy.

Materials and methods
Animals

Adult plains vizcachas were captured from a resident natural
population at the Estacion de Cria de Animales Silvestres
(ECAS), Villa Elisa, Buenos Aires, Argentina using live-
traps located at the entrance of their burrows. All experimen-
tal protocols concerning animal handling were conducted
in accordance with the guidelines published in the National
Institutes of Health (NIH) guide for the care and use of labo-
ratory animals (National Research Council USA 2011), and
were reviewed and approved by the Institutional Committee
on Use and Care of Experimental Animals (CICUAE) from
Universidad Maimonides, Argentina (Resolution N°16/14).
The capture and transport of animals were approved by the
Ministry of Agriculture Authority of the Buenos Aires Prov-
ince Government. Appropriate procedures were performed
to minimize the number of animals used. Adult non-preg-
nant non-ovulating females (n=13; 2.2-3.5 kg body weight)
were captured in March according to the natural reproduc-
tive cycle described by Llanos and Crespo (1952), and our
own previous field expertise (Jensen et al. 2006; Dorfman
et al. 2011, 2013; Halperin et al. 2013; Charif et al. 2016,
2017; Inserra et al. 2017). Adult males with testicular recru-
descence (n="7; 4.5-6.5 kg body weight) were captured in
June (Gonzalez et al. 2012a, b, 2018). All animals ranged
from 2.5 to 3.5 years old as determined by the dry crystalline
lens weight according to Jackson (1986). The data for the
single animals were introduced in Table 1.

Tissue collection

Animals were anaesthetized by the intramuscular injection
of 13.5 mg/kg body weight ketamine chlorhydrate (Holliday
Scott S.A., Buenos Aires, Argentina) and 0.6 mg/kg body
weight xylazine chlorhydrate (Richmond Laboratories, Vet-
erinary Division, Buenos Aires, Argentina) and sacrificed
by an intracardiac injection of 0.5 ml/kg body weight of
Euthanyl™ (Sodic Pentobarbital, SodicDiphenilhidanthoine,
Brouwer S.A., Buenos Aires, Argentina); brains were imme-
diately removed and processed (see below).

Histological staining
After removal, brains were serially sectioned in a coronal

plate in 5 mm thick blocks, immediately fixed in cold 4%
paraformaldehyde (PFA) (Sigma Aldrich Inc., St. Louis,
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Rodentia
—> Sciuromorpha

> Hystricomorpha
L> Hystricognathi
L> Caviomorpha
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L’ Myomorpha

I Muroidea

Fig.1 The South American plains vizcacha, Lagostomus maximus,
and the phylogenetic tree of the Rodentia. Photograph of a wild viz-
cacha specimen. Courtesy of Francisco Rebollo Paz (a). Cladogram
of the order Rodentia with the suborders Sciuromorpha, Hystrico-

Missouri, USA) in 0.1 M phosphate-buffer saline (PBS)
(pH 7.4) for 72 h, dehydrated through a graded series of
ethanol and embedded in paraffin. For each specimen, the
block containing the brain region comprising the striatum
was entirely cut in serial coronal sections (5 pm thick)
with a microtome (Leica RM2125RT, Wetzlar, Germany)
and mounted individually onto coated slides. Sections
were dewaxed in xylene and rehydrated through a decreas-
ing series of ethanol (100, 95 and 70%). One every seven
slides was separated to visualize neurons by classical
Nissl staining using cresyl violet solution (0.1 g/I crystal

Chinchilloidea

|—> Chinchillidae

——— Dasyproctidae

—— Caviidae

I:: Chinchillinae
Lagostominae (Lagostomus maximus)

morpha and Myomorpha. In the Hystricomorpha suborder, within the
Hystricognathi infraorder, parvorden Caviomorpha, at Chinchilloidea
superfamily, Chinchillidae family, Lagostominae subfamily is located,
the species Lagostomus maximus belongs (b)

violet in 10% glacial acetic acid, pH 7.4), and myelin by
Kliiver—Barrera staining using 0.1 g/l Luxol fast blue and
0.05 g/l lithium carbonate plus counterstaining with cresyl
violet solution (Kliiver and Barrera 1953). The location
of the striatum was established by comparison with rat
(Rattus norvegicus), mouse (Mus musculus), chinchilla
(Chinchilla lanigera) and guinea pig (Cavia porcellus) his-
tological brain atlases (Tindal 1965; Luparello et al. 1964;
Paxinos and Franklin 2004; Paxinos and Watson 2013);
according to the anatomical characteristics, three levels
of striatum (rostral, mid, and caudal) were established.
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Table 1 Single data of

. . Vizcacha number Sex Body mass (kg) Brain mass (g) Years Technique
experimental animals

102063 Male 6.45 15.58 3.50 THQ
107393 Male 4.50 14.80 3.00 THQ
107403 Male 6.00 15.43 3.45 THQ
107533 Male 5.50 15.30 3.20 THQ
109203 Male 4.80 15.10 3.00 THQ
109933 Male 4.50 14.50 2.80 WB
112073 Female 2.90 13.80 2.50 THQ
112123 Female 3.20 12.60 3.00 HQ
117553 Female 3.30 13.10 3.10 THQ
117563 Female 2.30 12.20 2.50 HQ
118263 Female 2.55 13.56 2.60 THQ
118293 Female 2.90 13.80 3.00 THQ
118903 Female 2.60 13.48 2.80 NADPH-d
119023 Female 2.95 14.00 3.00 NADPH-d
119263 Female 3.50 14.06 3.50 NADPH-d
119273 Female 3.30 13.90 3.40 WB

IHQ inmunohistochemistry, NADPH-d NADPH-diaphorase stainning, WB Westen-blot

Immunohistochemistry

All the sections from mid-striatum were dewaxed in xylene
and rehydrated through a decreasing series of ethanol (100,
95 and 70%). Antigen retrieval was performed boiling sec-
tions in 10 mM sodium citrate buffer (pH 6) for 20 min,
followed by 20 min cooling at room temperature. Then,
endogenous peroxidase activity was blocked with 2% hydro-
gen peroxide in methanol for 20 min. After that, sections
were incubated with blocking solution of PBS containing
10% normal serum (pH 7.4) for 1 h. Immunoreactivity was
detected incubating slides overnight at room temperature
with the corresponding primary antibody (Table 2). Speci-
ficity was corroborated in adjacent sections by omission of
the primary antibodies. Immunoreactivity was revealed with
biotinylated goat anti-rabbit IgG or with biotinylated horse
anti-goat IgG followed by incubation with avidin—biotin
complex (ABC Vectastain Elite kit, Vector Laboratories,
Burlingame, California, USA). The reaction was visual-
ized with 3,3'diaminobenzidine (DAB) and intensified with
nickel ammonium sulphate (DAB kit, Vector Laboratories,
Burlingame, California, USA) that yields a black product.

Finally, sections were dehydrated through a graded series of
ethanol (70%, 95% and 100%), cleared in Neo-Clear (Merck
KGaA, Darmstadt, Germany) and cover slipped. Six females
and five males were tested.

NADPH-diaphorasehistochemistry

After removal, brains were coronally sectioned in blocks
of 5-6 mm thick and fixed in cold 4% PFA in 0.1 M PBS
(pH 7.4) for 72 h, cryoprotected in 30% sucrose in 0.1 M
phosphate buffer, frozen with powdered dry ice and stored at
—80 °C. Brain regions containing the striatum were entirely
cut with a cryostat (Leica CM 1850, Wetzlar, Germany) to
serial coronal sections (20 um thick), mounted onto coated
slides, air dried and stored at —80 °C. In order to identify
sections containing mid-striatum, classical Nissl staining
was performed in one out of ten adjacent sections. Sections
were incubated with a solution containing 0.1% p-NADPH
and 0.02% nitroblue tetrazolium diluted in 0.1 M phosphate
buffer, pH 7.4, with 0.3% Triton X-100, for 60 min at 37 °C.
Negative control was performed omitting NADPH in the
incubation mixture. Three females were used.

Table 2 Primary antibodies
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Target Species Dilution Source Reference
Calbindin D28K Rabbit polyclonal 1:200 Santa Cruz Biotech sc-7691
Calretinin (H-5) Mouse monoclonal 1:200 Santa Cruz Biotech sc-365956
GABA A Ral-6 (E-8) Mouse monoclonal 1:200 Santa Cruz Biotech sc-376282
GAD-65 (A-3) Mouse monoclonal 1:200 Santa Cruz Biotech sc-377145
Parvalbumin a (C-19) Goat polyclonal 1:200 Santa Cruz Biotech sc-7449
Tyrosine hydroxilase Rabbit polyclonal 1:200 Millipore AB152
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Image analysis and quantification approach

Anatomically matching areas among animals were selected
for the image analysis. Microscope images of histological,
histochemical and immunoreactive staining were captured
with an optic microscope (BX40, Olympus Optical Corpo-
ration, Tokyo, Japan), fitted with a digital camera (390CU
3.2 Megapixel CCD Camera, Micrometrics, Spain), and the
image software Micrometrics SE P4 (Standard Edition Pre-
mium 4, Micrometrics, Spain). To avoid variations in the
determination of the specific immunoreactivity and in the
quantification process, all the images for the same marker
were obtained the same day and under the same light and
contrast intensity. Immunoreactive cells and NADPH-d
reactive cells were quantified with Image-Pro Plus soft-
ware (Image-Pro Plus 6, Media Cybernetics Inc., Bethesda,
Maryland, USA). In order to check the distribution of each
marker through the mid-striatum three females were used.
In these cases, all the tissue sections containing the mid-
striatum (50 sections) were analyzed. Each of the six anti-
bodies employed was used in a systematic manner in con-
secutive sections followed by the two sections used for Nissl
staining and for Kliiver—Barrera staining. This sequence was
systematically six times repeated in order to cover all the
mid-striatum. In this way, six sections distributed throughout
the whole mid-striatum were stained for each antibody and
cells expressing each marker were counted every eight sec-
tions. In the remaining three females and in the five males,
measures were assayed in just three slices distributed at the
rostral, middle and caudal regions of the mid-striatum. In
order to be comparable with the former mentioned analyzed
slices, sections were chosen in a systematic manner, spaced
at an interval of 120 um from each other within the stria-
tum. At each section, absolutely all the immunostained cells
were measured in an exhaustive fashion. The analyses were
conducted in both left and right sides of the brains. For each
area (caudate, putamen or globus pallidus) the density of
immunoreactive cells (NRC, expressed as the average of the
number of immunoreactive cells/10 mmz), the somatic reac-
tive area (SRA, expressed in um?) and the medial diameter
of reactive cells (MDRC, expressed in um) were determined
using the staining optical density. Only those cells that had
a grey level darker than a defined threshold criteria (defined
as the optical density threefold higher than the mean back-
ground density) were considered as specific immunoreac-
tive stained cells. The background density was measured
in a region devoided of immunoreactivity, immediately
adjacent to the analyzed region. The SRA and the MDRC
were determined as the surface covered by the pixels that
exceed the threshold density criterion. Similar methods were
previously employed by our group (Dorfman et al. 2013)
and by others (Rey-Funes et al. 2013, 2016). The measure-
ments informed as SRA and MDRC have been corrected

by the tissue shrinkage and swelling factor which did not
vary between males and females. Regarding to GAD-65, in
spite that mild-stained cells with a very low optical density
were observed, only those cells showing an optical density
that exceed the defined threshold criteria were considered
for the quantification (referred to as strong-stained). On the
other hand, in order to detect a possible sexual dimorphism,
the percentage of the TH-immunoreactive area (IRA =TH-
immunoreactive area/caudate plus putamen areas) and the
number of TH-immunoreactive neurons/10 mm? of stria-
tum were determined in male and female vizcachas. TH-
immunoreactive area was determined using the optical den-
sity. The area that had a grey level darker than the defined
threshold criteria was considered for the quantification.
Quantifications were done by two independent observers.
Adobe Photoshop software (Adobe Photoshop CS5, Adobe
Systems Inc., Ottawa, Ontario, Canada) was used for digital
manipulation of brightness and contrast when preparing the
shown images.

Sodium dodecylsulphate polyacrylamide gel
electrophoresis (SDS)-PAGE and Western-blotting

Immediately after brain removal, striatum was homogenized
(1:3 w/v) in RIPA buffer (0.1 M PBS with 1% Igepal, 0.5%
sodium deoxycolate and 0.1% SDS, pH 7.4), containing
0.1 pM aprotionin, 0.1 pM leupeptin, 0.1 pM pepstatin and
0.1 mM phenyl methyl sulfonyl fluoride (PMSF). All pro-
cedures were carried out at 4 °C. Homogenate was centri-
fuged for 30 min at 14,000xg and supernatant collected.
Protein concentration was determined by Bradford method
(Bradford 1976) using bovine serum albumin (BSA) as a
standard. Fifty micrograms of solubilized proteins were
mixed with sample buffer (1 M Tris—HCI with 10% w/v
SDS, 30% v/v glycerol, 0.1% w/v bromo phenol blue and
0.15% w/v 2-mercaptoethanol, pH 6.8) and heated for 3 min
at 100 °C. Proteins were separated on an SDS—polyacryla-
mide 10% running gel and 4% stacking gel (29:1 acrylamide:
bis acrylamide, Bio-Rad Laboratories, Hercules, California,
USA), with 0.25 M Tris—glycine, pH 8.3, as the electrolyte
buffer, in an electrophoresis cell (Mini-PROTEAN II Elec-
trophoresis Cell, Bio-Rad Laboratories, Hercules, Califor-
nia, USA). For Western-blot analysis, proteins were electro-
transferred to a 0.2 mm polyvinylidene difluoride (PVDF)
membrane (Immobilon-P, EMD Millipore Corporation,
Billerica, Massachusetts, USA) at 400 mA for 75 min. For
protein identification, membranes were blocked 1 h at room
temperature with 5% powdered skim milk in PBS contain-
ing 0.1% Tween 20. Then, they were incubated overnight at
4°C with the appropriate primary antibody (1:200 dilution.
Table 2). For immunoreactivity development, membranes
were incubated with goat anti-rabbit IgG-HRP (1:3000 dilu-
tion, 170-6515, Bio-Rad Laboratories, California, USA),
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with anti-mouse IgG-HRP (1:3000 dilution, sc-516102,
m-IgGk BP-HRP, Santa Cruz Biotechnology, Santa Cruz,
California, USA), or with horse anti-goat IgG-HRP (PI-
9500, Vector Laboratories, California, USA) as appropri-
ate. For chemiluminiscence development, ECL Plus kit (GE
Healthcare Ltd., Amersham Place, Buckinghamshire, United
Kingdom) was employed. Membranes were scanned with
a ImageQuant 350 Capture Imaging System (GE Health-
care Bio-Sciences AB, Uppsala, Sweden). The estimation
of the band size was performed using a pre-stained protein
ladder (PageRuler, Fermentas UAB, Vilnius, Lithuania) as
molecular weight marker. In this technique, two pools of
proteins were used: one pool of proteins extracted from two
striatum of rats (one male and one female) and another pool
of proteins extracted from two striatum of vizcachas (one
male and one female).

Statistical analysis

Values are expressed as the average among animals + mean
standard deviation. Results of dimorphism were evaluated
using ¢-test for comparisons between two groups. Differ-
ences were considered significant when p < 0.05. Statistical
analysis was performed using Prism 4.0 software (GraphPad
Software Inc., San Diego, California, USA).

Results

Anatomical and histochemical description
of the striatum of the vizcacha

The striatum was dorsally delimited by the extension of the
white matter that separates the striatum from the brain cor-
tex, laterally by the extension of the white matter forming
the external capsule and internally by the lateral ventricle
and a band of white matter forming the internal capsule,
and ventrally by the amygdaloid area (Fig. 2). The mor-
phology of the striatum was studied in a rostro—caudal ori-
entation, and the rostral-, mid-, and caudal-striatum levels
were analyzed. Both rostral- and caudal-striatum showed
homogenous morphology forming a unique caudate—puta-
men structure (Fig. 2a—c, g—i). However, at the mid-striatum
level (spanning about 300 um), an internal capsule dividing
the caudate—putamen structure in caudate and putamen was
observed (Fig. 2d—f). At the three levels, caudate and puta-
men showed a similar organization to a striosome-matrix
compartmentalization. A schematic representation of coro-
nal sections at rostral-, mid- and caudal-striatum, and the
regionalization of the mid-striatum into caudate and puta-
men areas is shown in Fig. 2c, f, i.
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GABAergic system expression in the mid-striatum
and globus pallidus of the vizcacha

Considering the regionalization of the mid-striatum of the
vizcacha, the distribution and the relative abundance of cells
expressing different components of the GABAergic system
were analyzed. GABAergic expression was determined in
the three areas caudate, putamen and globus pallidus of
non-pregnant females. Homogenous distribution of each
marker was determined along the rostro—caudal extension
of complete mid-striatum. Three females were used (Fig. 3).
Considering this homogenous distribution, GABAergic sys-
tem inspection for the remaining animals was developed in
three representative tissue sections corresponding to rostral,
middle, and caudal regions of the mid-striatum respectively.
Specific expression was determined at caudate, putamen and
globus pallidus for each studied marker.

Parvalbumin

Parvalbumin-immunoreactivity, which indicates the pres-
ence of GABAergic aspiny interneurons, was observed in
cells localized in the matrix of the caudate and putamen as
well in the globus pallidus (Fig. 4a—c). The putamen showed
the largest number of immunoreactive cells whereas the cau-
date displayed the lowest number (Table 3). In addition, cells
from globus pallidus were smaller than the cells from other
two areas (Table 3).

NADPH-d

NADPH-d stained cells, which evidences the presence of
GABAergic aspiny interneurons, were distributed in the
matrix of both caudate and putamen (Fig. 4d—e). Big and
scarse NADPH-d stained bipolar or multipolar neurons,
with primary and secondary ramifications, were detected.
Caudate and putamen exhibited a similar number of
NADPH-d stained neurons (8 +2 and 9 + 3, respectively),
whereas NADPH-d cells at both areas showed similar size
(caudate: 104.09 +25.02 pm? somatic reactive area and
11.45+1.37 pm medial diameter; putamen: 144.06 +52.04
pm? somatic reactive area and 13.75+3.01 pm medial diam-
eter). The globus pallidus was devoid of NADPH-d stained
cells. Only randomly distributed microvessels were detected
in this area (Fig. 4f).

Calretinin

Calretinin, a marker of GABAergic aspiny interneu-
rons, was differentially detected in the matrix or in the
patches depending of the nucleus. In the caudate, clusters
of round-shaped calretinin-immunostained neurons with
labelling in the proximal segment of some dendrites, were
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Fig.2 Structural organization of the striatum of the vizcacha, Lagos-
tomus maximus. Representative images of coronal hemi-sections
showing the localization of the rostral-striatum (a—c), mid-striatum
(d—f) and caudal-striatum (g-i). a, d and g Nissl staining; b, e and
h Kliiver—Barrera technique; ¢, f, i Schematic representation showing
the striatum regionalization in caudate nucleus and putamen. White
matter (lined), gray matter (white) and ventricles (grey) are shown.

distributed in the matrix (Fig. 4g, and Table 3), whereas
the putamen showed calretinin-immunoreactive neurofib-
ers with patch localization (Fig. 4h). The globus pallidus
revealed calretinin-immunoreactivity in neuropil (Fig. 41).

ac: anterior commissure; C: caudate nucleus, cc: corpus callosum,
ccg: corpus callosum genu, cing: cingulate, CP: caudate-putamen,
CTX: cortex, ec: external capsule, fx: fornix column, GP: globus pal-
lidus, ic: internal capsule, IIIV: 3rd ventricle, lot: lateral optical tract,
LV: lateral ventricle, MS: medial septal nucleus, och: optic chiasm,
PT: putamen. Scale bars: 5 mm

Calbindin

Calbindin, a marker of GABAergic spiny neurons, pre-
sented immunoreactivity at neuropil and cells of matrix.
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Abundant round-shaped neurons with the proximal seg-
ment of their dendrites positively labeled for calbindin
were localized in the matrix of both caudate and putamen
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with similar abundance and size (Fig. Sa—c and Table 3).
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Glutamic acid decarboxilase 65 (GAD65)

The expression of GAD65, the enzyme involved in
y-aminobutiric acid (GABA) synthesis, showed two sub-
populations of GAD-65 neurons, with mild- or strong-
staining, in striatum and globus pallidus (Fig. 5d—f). Only
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«Fig. 3 Distribution of GABAergic cells throughout the entire section
of mid-striatum and globus pallidus of female vizcacha, Lagostomus
maximus. Parvalbumin (a), calretinin (b), calbindin (¢), GAD-65 (d),
and GABA-A (e)—immunoreactivity was evaluated in the entire sec-
tion of mid-striatum and globus pallildus of female vizcacha. The
complete mid-striatum was studied in its rostro-caudal orientation
and all the sections (a total of 50) were stained for immunohisto-
chemistry. Each antibody was used in consecutive sections, and this
sequence was seven times repeated in order to cover all the mid-stri-
atum. In this way, cells expressing each marker were systematically
counted every seven sections. For each marker, bars represent the
number of immunoreactive cells corresponding to the whole stria-
tum, whereas the number of immunoreactive cells in caudate nucleus,
putamen and globus pallidus was white, grey and black represented.
CB calbindin, CR calretinin, GABA-A y-aminobutiric acidionotropi-
creceptor, GAD-65 glutamic acid decarboxilase 65, /R immunoreac-
tive, S section, PV parvalbumin

the big GAD-65 immunoreactive cells with six times higher
optical density than the background were quantified (referred
to as strong-stained). The caudate nucleus and the putamen
depicted abundant mild stained round multipolar neurons
together with scarce strong stained cells, whereas the glo-
bus pallidus showed scarce mild stained cells together with
abundant strong stained fusiform-bipolar neurons (Fig. 5d—f
and Table 3).

GABA ionotropic receptor A (GABA-A)

Immunoexpression of GABA-A was detected in the neuropil
of the caudate nucleus and putamen, but GABA-A immu-
nolabeled cells were not detected in those areas (Fig. 5g—i).
The globus pallidus displayed large scarse bipolar GABA-A
immunoreactive neurons inmersed among immunopositive
neurofilaments (Fig. 5i and Table 3).

Specific immunoreactivity was not detected when adja-
cent slides were incubated in the same conditions but omit-
ting the primary antibodies (Fig. 6g—i). In addition, single
bands corresponding to the expected molecular weights of
parvalbumin, calretinin, calbindin, GAD 65, and GABA-A
were detected by Western-blot in a protein extract from the
striatum of a female vizcacha and a female rat (Fig. 6a—e).
This reproducible pattern between vizcacha and rat, and the
single band obtained for each marker, reinforced the speci-
ficity of the employed antibodies.

Sexual dimorphism for tyrosine
hydroxylaseexpression in the mid-striatum
of the vizcacha

Tyrosine hydroxylase (TH) expression, a marker of dopa-
mine sinthesis intermediary, was studied throughout stri-
atum. The darkest TH optical density was detected at the
matrix of caudate, whereas the matrix of putamen showed a
lower intensity of TH-immunoreactivity (Fig. 7a). A fibril-
lar TH-immunoreactive pattern was observed in the matrix

of the striatum and in the globus pallidus (Fig. 7b—d). In
the caudate nucleus, TH-immunoreactive nerve endings
were deteted around TH immunonegative neurons (Inset
Fig. 7b), whereas a few and small TH-Immunoreactive
cells were detected in putamen (Fig. 7¢). In the globus pal-
lidus, sparse TH-immunoreactive axonic varicosities were
observed (Fig. 7d). TH-immunoreactivity was not detected
when adjacent slides were incubated in the same condi-
tions but omitting the primary antibody (Fig. 6g). Since
TH-immunoreactivity was previously shown to be sexually
dimorphic in other rodents (Leranth et al. 2000; Daubner
et al. 2011), here we compared TH expression between male
and female vizcachas. Females showed a significant larger
mid-striatum TH-immunoreactive area than males (10% of
increment) (Fig. 7e) and a significantly higher abundance
of TH-immunoreactive cells that were only identified
in the putamen (Fig. 7f). Significant differences between
sexes were not found in the size of TH-immunoreactive
cells (females: 11.26 +3.87 pm? somatic reactive area and
3.79+0.56 pm medial diameter; males: 12.13 +2.18 pm?
somatic reactive area and 4.01 +0.42 pm medial diameter).

In a Western-blot assay, single bands corresponding to the
expected molecular weight were detected for TH (60 kDa)
in the striatum of vizcacha and rat (Fig. 6f). This reproduc-
ible pattern between vizcacha and rat, and the single band
obtained, reinforced the specificity of the anti-TH employed
antibody.

Discussion

The present work describes for the first time the striatum of
the South American plains vizcacha showing its regionaliza-
tion, compartmentalization and GABAergic expression in
the striatum. The striatum structural organization greatly dif-
fers from that described for miomorph rodents and it relates
the basal histricognathe vizcacha to other taxa sharing a
common ancestor. Besides, TH immunoreactivity revealed
the existence of dopaminergic sexual dimorphism.

GABAergic characterization of mid-striatum

In order to describe the GABAergic expression in the mid-
striatum of the vizcacha, several markers previously used
for striatal characterization in other species like mouse, rat,
cat (Felis silvestris), gerbil (Meriones unguiculatus), tree
shrew (Anathana ellioti), monkey (Saimiri sciureus) and
human were studied (Sandell et al. 1986; De Las Heras et al.
1994; Holt et al. 1997; Wu and Parent 2000; Rice et al. 2011;
Bae et al. 2015). Spiny and aspiny GABAergic neurons
have been described in the mid-striatum of the vizcacha:
spiny neurons expressing calbindin and sending projections
from both caudate and putamen regions towards the globus
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Putamen

Globus pallidus

Parvalbumin

NADPH-d

NN

Calret

Fig.4 Distribution of parvalbumin, NADPH-d and calretinin expres-
sion in the mid-striatum and globus pallidus of female vizcacha,
Lagostomus maximus. Parvalbumin-immunoreactivity is observed
in cells of the caudate nucleus (a), the putamen (b) and the globus
pallidus (c). NADPH-d staining is observed in cells and matrix of
the caudate nucleus (d) and the putamen (e); in the globus pallidus,
NADPH-d staining was only detected in microvessels (f). Calretinin-
immunoreactivity is differentially distributed in the striatum areas. In

the caudate nucleus, calretinin-immunoreactivity was detected in cells
and neurofibers (g) and in the putamen, calretinin-immunoreactivity
was detected in neurofibers of patches (h). In the globus pallidus, cal-
retinin-immunoreactivity was detected in neuropil (i). Details of each
immunoreactivity are shown in insets. Somatic immunoreactivity
(arrowhead), neurofibrillar immunoreactivity (arrow) and NADPH-
reactive microvessel (asterisk) are indicated. LV: lateral ventricle.
Scale bars: 50 um; insets scale bars: 10 pm

Table 3 Size and density of immunoreactive cells in the mid-striatum of the vizcacha, L. maximus

Marker Caudate Putamen Globus pallidus

SRA MDRC NRC SRA MDRC NRC SRA MDRC NRC
PV 43.80+10.83  7.37+1.18  23+6 48.2+15.23 7.67+x146  50x13 15.12+4.94 435+0.65 50=x15
CR 24.95+5.38 6.89+0.79 43+14  ND** ND ND ND ND ND
CB 56.71+13.76 ~ 829+0.74  440+91 7233+13.57 9.42+1.04 164+31 ND ND ND
GAD 65* 11495+1841 11.55+0.75 11«3 133.72+61.35 12.46+3.01 21+5 113.67+37.15 11.95+2.11 59+15
GABA A ND ND ND ND ND ND 96.5+33.11 11.02+2.33  26+6

*Only strong stained GAD65-immunoreactive cells were counted
**ND not detected

The same six animals were analyzed for each marker. Values of average + standard deviation are informed

CB Calbindin, CR Calretinin, GABAA 4cido y-aminobutirico receptor A, GAD 65 Glutamic acid decarboxylase 65, MDRC Medial Diameter of
Reactive Cells (um), NRC Number of Reactive Cells/10 mm?, Parvalbumin, SRA somatic reactive area (pmz)
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Caudate

Putamen

Globus pallidus

Calbindin

GAD 65
¢

GABA-A

Fig.5 Distribution of calbindin, GAD-65 and GABA-A expression
in the mid-striatum and globus pallidus of female vizcacha, Lagos-
tomus maximus. Calbindin-immunoreactivityis observed in the somas
of the matrix of the caudate nucleus (a) and the putamen (b); the
globus pallidus showed only neuropil labeling (¢). GAD-65-immu-
noreactivity is observed in cells located in the matrix of the striatum
(d—e); and in cells of the globus pallidus (f). Two subpopulations of
GADG65-immunoreactive cells were detected: mild immunoreactive

pallidus and the substantia nigra, and aspiny interneurons
expressing parvalbumin, NADPH-d, or calretinin, and con-
trolling the action of projection neurons (Kawaguchi et al.
1995). This complex network of GABAergic cell bodies and
processes detected in the striatum of the vizcacha had been
previously found in other mammals (Kawaguchi et al. 1995;
Rice et al. 2011). In addition, the immunoreactivity of the
three calcium binding proteins parvalbumin, calretinin and
calbindin, revealed a similar organization to the classical
striosome—matrix cytoarchitecture in the striatum of vizca-
cha. The three neurochemical markers revealed ovoid cells,
most of them devoid of visible immunoreactive dendrites,
and a homogeneous matrix distribution without differences

cells (white arrowheads) and strong immunoreactive cells (black
arrowheads). GABA-A immunoreactivity is observed in neuropil and
neurofibers of the matrix in the caudate nucleus (g) and the putamen
(h). In addition, GABA-A immunoreactive neurofibers and bipolar
cells were detected in the globus pallidus (i). Detail of each immuno-
reactivity is shown in insets. Somatic (arrowhead) and neurofibrillar
immunoreactivity (arrow) is indicated. Scale bars: 50 pm; insets scale
bars: 10 um

of staining intensity among caudate and putamen as previ-
ously described for tree shrews (Rice et al. 2011). The differ-
ences in the distribution among calretinin-, calbindin-, and
parvalbumin-immunoreactive cells may indicate different
GABAergic pathways. Strikingly, GAD65-immunoreactive
cells were much less abundant and bigger than calretinin-,
calbindin-, and parvalbumin-immunoreactive cells, and
the size is in range with the previously reported for other
rodents, but is smaller than that described for the tree shrew
and primates (Mensah and Deadwyler 1974; Yelniket al.
1991; Rice et al. 2011). However, the different size between
GAD65-immunoreactive cells and calretinin-, calbindin-,
and parvalbumin-immunoreactive cells may be related to
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Viz_ . Rat

Carletinin
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Fig.6 Specific expression of parvalbumin, calretinin, calbindin,
GAD-65, GABA-A, and tyrosine hydroxylase in the striatum of
vizcacha, Lagostomus maximus. Representative images of protein
expression of parvalbumin (a), calretinin (b), calbindin (c), GAD-65
(d), GABA-A (e), and tyrosine hydroxylase (f) determined by West-
ern-blot in the striatum of non-pregnant vizcacha and non-pregnant
rat (Sprague-Dawley). A pool of striatum proteins of one male rat

@ Springer

and one female rat (Rat), and a pool of striatum proteins of one male
vizcacha and one female vizcacha (Viz) were used. Representative
images of negative controls (primary antibodies omitted) of immuno-
histochemistry are shown in g (incubated with biotinylated anti-rabbit
1gG), h (incubated with biotinylated anti-mouse IgG), and i (incu-
bated with biotinylated anti-goat IgG)
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Females

TH-IR neurons / 10 mm?

Females

Fig. 7 Distribution of tyrosine hydroxylase (TH) expression and TH
sexual dimorphism in the mid-striatum of vizcacha, Lagostomus max-
imus. TH-immunoreactivityis observed in the matrix of the caudate
nucleus and the putamen (a—c). Caudate and putamen TH-immunore-
activity is enclosed by a black line (a). TH-immunoreactive terminals
(arrow) surrounding a non-immunoreactive cell (white arrowhead)
are observed in the inset (b). Small TH-immunoreactive cells are
observed in the putamen (c¢). TH-immunoreactive neurofibers (arrow)
are observed in the globus pallidus (d). Significantly larger mid-

striatum (caudate nucleus plus putamen) TH-immunoreactive area
and significantly higher abundance of TH-immunoreactive cells was
determined in females compared to males (e, f). Bars indicate average
value +mean standard deviation. 7-test was used to determine statis-
tically significant differences between groups. Asterisks (*) indicate
significant differences with p <0.05. C: caudate nucleus. PT: puta-
men. Scale bars=(A): 5 mm (B): 100 pm (C-D): 50 um, inset (B):
5 pm, inset (C): 20 um
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GADG67 activity which is, as well as GAD65, implicated in
GABA synthesis. It should be considered that we did not
study the expression of the enzyme GADG67. On the other
hand, the presence of GABA-A immunoreactive cells exclu-
sively located in the globus pallidus, confirms the inhibitory
GABAergic modulation over this area (Parent and Hazrati
1995). In addition, neurons expressing the calcium bind-
ing proteins here analyzed (parvalbumin, calretinin and cal-
bindin) were much more abundant and with a smaller size
than the NADPH-d reactive neurons which showed similar
size than GAD65-immunoreactive neurons. A similar dis-
tribution of NADPH-d staining at cells and neuropil of the
caudate nucleus and the putamen was previously described
in rat, cat and primates (Vincent and Johansson 1983; San-
dell et al. 1986; Wu and Parent 2000).

Sexual dimorphism of TH expression

The expression of tyrosine hydroxylase (TH), the enzyme
involved in the conversion of tyrosine in L-3,4 dihidrox-
ifenil alanina (L-DOPA), an intermediate of dopamine
synthesis, has been reported in the striatum of mice and
primates including humans (Dubach et al. 1987; Meredith
et al. 1999; Cossette et al. 2005; Pickel et al. 1975; Xenias
et al. 2015). Here we detected some scarce TH-immunore-
active cells in the putamen of male and female vizcachas.
It has been described that gonadal hormones modulate TH
and dopaminergic activity in the striatum. Accordingly,
female rats and mice exhibit higher dopamine release than
males (Walker et al. 1999; Arvidsson et al. 2014). Estra-
diol enhances striatal dopamine release in female rats with-
out effects in males (McDermott et al. 1994; Becker 1999;
Leranth et al. 2000; Orendain-Jaime et al. 2016), whereas
castrated male rats show higher striatum dopamine concen-
tration than ovariectomized female rats (Xiao and Becker
1994). Here we showed sexual dimorphic expression of TH
with a major expression area in the mid-striatum of females.
Considering the modulatory effect of estrogens on dopa-
mine induced sensorimotor function and behavior (Becker
et al. 1987), and that we have recently shown the presence of
aromatase in the brain of vizcacha (Charif et al. 2017), the
sexual differences observed in this work may be related to
the levels of estradiol and/or neuroestradiol available in the
brain of vizcachas. Finally, the sex differences determined in
the mid-striatum of vizcacha may have benefited the female
survival. Female vizcachas take risks staying for long times
outside the vizcachera searching for food and supervision
of juvenile; unlike males spend most of the time inside the
vizcachera or in its entrance fulfilling the role of observing
and alerting through vocalization at the presence of preda-
tors (Branch 1993b; Jackson et al. 1996). Considering that
the striatum is involved in the initiation and regulation of
voluntary movements and motor learning, where dopamine
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is associated with motor control, responses as reaction time
for movements, decision making processes, motor learning,
etc., could be related to the differences in tyrosine hydroxy-
lase that would play a key role in influencing and favoring
the specific female behavior in response to predators.

Evolutionary considerations

The striatum of vizcachas exhibits a clear regionalization
resulting from the presence of an internal capsule that sep-
arates the striatum into the two well-defined structures:
caudate nucleus and putamen. This strikingly differs from
the undivided caudate—putamen structure seen in murids
like mouse or rat and even in closer evolutionary related
caviomorpha such as the guinea pig (Cavia porcellus)
(Tindal 1965; Paxinos and Watson 2013). This region-
alization of the striatum in L. maximus, reminds the ana-
tomical organization found in other orders like Primates
and Scandentia (Graybiel and Ragsdale 1978; Carpenter
1994; Snell 2007; Rice et al. 2011). It is worth to note that
Primates, Scandentia, Rodentia and Lagomorpha origi-
nate from the same evolutionary clade. The presence of
an internal capsule in the basal histricognathe L. maximus,
makes a striking difference with laboratory conventional
rodents such as mice and rats belonging to the myomor-
pha terminal clade in rodent phylogeny (Churakov et al.
2010; Voloch et al. 2013). In this way, the greater level of
regionalization provided by the presence of the internal
capsule may be correlated to a segregation of the motor
and cognitive skills allowing the division of the striatal
functions that would provide an adaptive advantage to the
vizcacha (Daw et al. 2005; Dayan et al. 2006; Kreitzer and
Malenka 2008; Liljeholm and O’Doherty 2012).

As it was suggested for the presence of brain convolutions
that are lost in more recently evolved rodents, i.e. Myomor-
pha (Kelava et al. 2013), it seems reasonable to hypothesize
a similar situation for the compartmentalization of the stria-
tum. This feature would be an example of an evolutionary/
phylogenetic constraint that emerged early and was retained
in almost all groups except the murine rodents which likely
underwent further modification to develop their unique
striatal morphology. The greater degree of regionalization
could be interpreted as an evolutive retention that enables
the vizcacha’s lifestyle, since it allows an increase of motor
skills for the construction of their caves and the manipula-
tion of their food. Rodents with subterranean habits show
morphological, physiological and ethological modifications
as an adaptative response to the hypogeous environment
that might still have impacted in their striatal biology as
an adaptative advantage favouring escape from predators
(Nevo 1979; Contreras 1981; Bee de Speroni and Pellegrini
de Gastaldo 1988).
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