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Abstract. This study describes the topography, borders and divisions of the globus
pallidus in the Brazilian short-tailed opossum (Monodelphis domestica) and
distribution of the three calcium binding proteins, parvalbumin (PV), calbindin D-28k
(CB) and calretinin (CR) in that nucleus. The globus pallidus of the opossum consists
of medial and lateral parts that are visible with Nissl or Timm’s staining and also in PV
and CR immunostained sections. Neurons of the globus pallidus expressing these
proteins were classified into three types on the basis of size and shape of their soma
and dendritic tree. Type 1 neurons had medium-sized fusiform soma with dendrites
sprouting from the opposite poles. Neurons of the type 2 had medium-to-large,
multipolar soma with scarce, thin dendrites. Cell bodies of type 3 neurons were small
and either ovoid or round. Immunostaining showed that the most numerous were
neurons expressing PV that belonged to all three types. Density of the PV-
immunopositive fibers and puncta correlated with the density of the PV-labeled
neurons. Labeling for CB resulted mainly in the light staining of neuropil in both parts
of the nucleus, while the CB-expressing cells (mainly of the type 2) were scarce and
placed only along the border of the globus pallidus and putamen. Staining for
calretinin resulted in labeling almost exclusively the immunoreactive puncta and fibers
that were distributed with medium-to-high density throughout the nucleus. Close to the
border of globus pallidus with the putamen these fibers (probably dendrites) were long,
thin and varicous, while more medially bundles of thick, short and smooth fibers
predominated. Single CR-ir neurons (all of the type 3) were scattered through the
globus pallidus. Colocalization of two calcium binding proteins in one neuron was
never observed. The CB-ir puncta (probably terminals of axons projecting to the
nucleus) frequently formed basket-like structures around the PV-ir neurons. Therefore,
the globus pallidus in the opossum, much as that in the rat, consists of a heterogeneous
population of neurons, probably playing diversified functions.
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INTRODUCTION

The globus pallidus (GP), together with the entope-
duncular nucleus, belong to the pallidal part of the
basal ganglia. In coronal brain sections of many mam-
malian species GP is visible as a small, pyramid-
shaped nucleus laterally bordering putamen and medi-
ally protruding into the internal capsule. At its medio-
ventral border a small group of cells dispersed among
fibers of the internal capsule forms the entopeduncu-
lar nucleus that is most prominent in primates (Kita
2007, Kita and Kitai 1994).

In the rat GP has been variably divided into
medioventral and dorsolateral compartments
(Hontanilla et al. 1998), or ventral lateral and dorsal
portions (Haber et al. 1985). These parts are pre-
sumed to have differing projections. Some authors
also distinguish a GP shell zone, on its border with the
striatum (Gerfen et al. 1985). The primate equivalent
of the whole GP in rodents is the lateral (or external)
GP, while the medial (internal) part is formed by an
expanded part of the entopeduncular nucleus (Gerfen
2004, Hardman et al. 2002, Kita 2007, Kita and Kitai
1994, Nambu 2007).

The GP is deeply involved in the exchange of infor-
mation among the basal ganglia. Therefore, it plays an
important role in movement regulation, but it also
influences various adaptive behaviors, such as the
induction of movements of the animal in response to
novelty and supporting spatial working memory
(Hooks and Kalivas 1995, Kalivas et al. 1999,
Maurice et al. 1997, Xue et al. 2007) or participating
in disgusting reactions to unpalatable food (Calder et
al. 2007).

These functions of GP are supported by a wide
range of connections and a heterogeneous population
of cells. Connections of the rat GP and its primate
equivalent, the lateral or external, according to
nomenclature used by Gerfen 2004, Kita 2007, and
Kita and Kitai 1994) part of GP share many similari-
ties. GP is bilaterally connected with the striatum and
other nuclei of the basal ganglia, such as the reticular
part of substantia nigra and subthalamic nucleus, dor-
sal and ventral thalamic nuclei (suprageniculate nucle-
us, medial division of the medial geniculate nucleus,
reticular thalamic nucleus, zona incerta), lateral hypo-
thalamus, accessory optic nuclei and some regions of
the midbrain, e.g. the pedunculopontine nucleus, infe-
rior colliculus and the periaqueductal gray (Haber et

al. 1985, Kincaid et al. 1991, Kita and Kita 2001, Kita
and Kitai 1987, Moriizumi and Hattori 1992,
Shammah-Lagnado et al. 1996, Smith and Bolam
1989). GP receives many cortical afferents, from the
somatosensory, temporal, insular, orbital, prelimbic
and perirhinal areas (Kita and Kita 2001, Naito and
Kita 1994, Shammah-Lagnado et al. 1996,
Stepniewska et al. 2007).

The striatal input to the lateral GP is inhibitory,
GABA-ergic and enkephalinergic (Difiglia et al.
1982) whereas the main excitatory input is sent from
the subthalamic nucleus (Kita and Kitai 1987).
Dopaminergic innervation of GP arises from the sub-
tantia nigra and exerts an inhibitory influence on the
GP neurons (Zold et al. 2007). In humans some seg-
ments of GP are innervated by axons containing sub-
stance P that terminate on cells expressing the neu-
rokinin-1 receptor (Levesque et al. 2003). Efferents
from the GP (mainly from its most medial part and
also from the entopeduncular nucleus) end on the
GABA-ergic interneurons of the striatum and substan-
tia nigra (Bevan et al. 1998, Haber et al. 1985, 1993,
Kita and Kitai 1994).

Electrophysiological, immunohistological and mor-
phological studies showed that the GP of the rat is
composed of a histologically and functionally hetero-
geneous population of neurons. A large majority of the
projection neurons of GP are GABA-ergic but they
belong to various morphological types differing also
in their connectivity (Difiglia and Rafols 1988, Sadek
et al. 2007). These neurons were classified into two
types: spinous and aspinous, which correlated with
some other differing characteristics (Kita and Kitai
1994). A scarce population of cholinergic neurons has
also been observed in the GP (Ingham et al. 1985,
Grove et al 1986) while other neurons may express
proenkephalins (Hoover and Marshall 2002). Also on
the basis of the electrophysiological activity the GP
neurons were classified into several types (Nambu and
Llinas 1994).

In marsupials the basal ganglia have been described
morphologically only in the Didelphis opossum
(Bodian 1940, Loo 1930, 1931, Martin and Hamel
1967, Pilleri 1962, Schnitzlein et al. 1973), but even in
that species there is no report of the results of investi-
gations with modern techniques of axonal transport or
immunocytochemistry. In Didelphis virginiana the GP
borders the same anatomical structures as in Eutheria,
but it is relatively smaller than in rodents and shows



no apparent segmentation in the Nissl-stained sec-
tions, although its volume is traversed by bundles of
fibers (Martin and Hamel 1967, Pilleri 1962,
Schnitzlein et al. 1973). Many ofits cells are large and
stain intensely in the Nissl procedure (Martin and
Hamel 1967, Schnitzlein et al. 1973). Very little is
known about connections of the GP in Didelphis, only
the caudate projection to GP has been documented in
that species with the degeneration techniques (Mickle
1976). The entopeduncular nucleus of Didelphis con-
sists of a scarce cellular population scattered among
fibers of the internal capsule (Schnitzlein et al. 1973).
The only other marsupial species where the gross mor-
phology of the basal ganglia has been described
(including a short description of GP) is the kangaroo
(Hamel 1996).

The calcium binding proteins (CaBPs) that are
expressed in neurons belong to the EF-hand family of
calcium-modulating proteins. Their main role is
buffering intracellular calcium ions (Ca*) that have
a wide variety of intracellular functions including the
release of neurotransmitters and hormones, micro-
tubular transport and triggering various enzymatic
reactions (Burgoyne 2007). Abnormally high levels of
intracellular Ca” may lead to severe cell dysfunctions
or even death (for review see Bano and Nicotera
2007). Disturbances in the intracellular levels of Ca*
have been implicated in the pathogenesis of many
neurodegenerative diseases (for reviews see
Heizmann and Braun 1992, Mattson 2007).
Differential expression of several CaBPs in various
brain structures is frequently used as a tool for delin-
eating borders of these structures (Badowska-
Szalewska et al. 2005, Celio 1990, Cheng et al. 2003,
FitzGibbon 2000, Hof et al. 1999, Jones 2007,
Resibois and Rogers 1992, Wojcik et al. 2006).
Beginning of expression of some CaBPs at certain
time points during development is also used to assess
the developmental stage of structures of the nervous
system (Barker and Dreher 1998).

Distribution of such CaBPs as parvalbumin (PV),
calbindin D-28k (CB) and calretinin (CR) in the nerv-
ous system of the rat and primates has been widely
studied (for review see Hontanilla et al. 1998, Parent
et al. 1996). Several studies described distribution of
the CaBP within the GP of the rat (Cooper and
Stanford 2002, Hardman et al. 2002, Hontanilla et al.
1998, Rajakumar et al. 1994) and in the external part
of GP of monkeys and humans, corresponding to the
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whole GP in the rat (Adams et al. 2001, Cote et al.
1991, Hardman et al. 2002, Kalanithi et al. 2005,
Morel et al. 2002, Parent et al. 1996, Waldvogel et al.
1999, 2004). Cells expressing PV were found to have
broad projections to many structures, while the PV-
negative cells projected only to the subthalamic nucle-
us (Kita and Kitai 1994). There are only a few descrip-
tions of CaBPs distribution in the marsupial brain
(Dino et al. 1999, Jia and Halpern 2004) and none of
them concerns the basal ganglia.

The Brazilian short-tailed opossum, Monodelphis
domestica, is a small marsupial showing many brain
features that are either primordial for mammals or typ-
ical for marsupials (Beck et al. 1996, Karlen and
Krubitzer 2007, Lende 1963a,b, Pubols et al. 1976,
Saunders et al. 1989). For example, in marsupials
there is no corpus callosum and the motor and
somatosensory cortical representations overlap
(reviewed by Frost et al. 2000, Heath and Jones 1971,
Rowe et al. 1981). Moreover, the motor cortex of the
Monodelphis is the smallest of those in the investigat-
ed mammalian species and encompasses only a repre-
sentation of the head and neck (Frost et al. 2000,
Karlen and Krubitzer 2006). Because of a very preco-
cious stage of development of the newborn opossum
pups, this species is frequently used in developmental
studies (Djavadian et al. 2006, Krause and Saunders
1994, Saunders et al. 1989). However, data about
expression of CaBPs in the brain of the Monodelphis
are scarce (Dino et al. 1999, Jia and Halpern 2004)
and there is no description of its basal ganglia.

The purpose of the present study was a description
of the morphology and histology of the GP in the
Brazilian short-tailed opossum, (Monodelphis
domestica). For this purpose we used several histo-
logical techniques (Nissl and Timm’s staining, stain-
ing for the acetylcholinesterase) and the immunobhis-
tochemical labeling for the presence of three CaBPs:
parvalbumin, calbindin and calretinin that showed
their differential expression in the opossum GP. This
is the first report on the histology of GP in the
Monodelphis and on the distribution of the CaBPs in
the basal ganglia of marsupials. Comparison of our
data with those for the rat and primates allows better
assessment of homologies in the GP anatomy and
histology among mammalian species. It also allows
some conclusions to be drawn about functional
homologies and differences of GP in various mam-
malian species.
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METHODS
Animals

All experiments were approved by the Local
Committee for the Ethics of Animal Experimentation
and conducted in accordance with the Polish law and the
Guidelines of the European Community Council
Directive 86/609/EEC. Brains of five male and five
female adult Monodelphis opossums (Monodelphis
domestica, weight 73—124 g, raised in the Animal Center
of the Nencki Institute of Experimental Biology, Warsaw,
Poland) were used in this study. Sections from brains of
three animals were used for the single immunostaining
for the presence of PV, CB and/or CR. Four other brains
were used for double-labeling for these proteins. Two
more animals were used for the Timm’s method and one
for staining for acetylcholinesterase.

For all stainigs except of the Timm’s method, brains of
the deeply anesthetized animals (Thiopental, 100 mg/kg,
i.p.) were initially flushed transcardially with the phos-
phate buffered saline (PBS) and then perfused with 4%
paraformaldehyde in the 0.1 M phosphate buffer (PB) at
4°C. Subsequently, the brains were removed, post-fixed
for 2 h in the perfusing solution and then cryoprotected
by immersion in 30% sucrose for 24 h at 4°C. Next, the
brains were cut into 40 um sections, coronal (7 brains) or
horizontal (3 brains), on a cryostat (Jung CM1800, Leica,
Germany). Sections were collected on glass slides and
stored at —20°C until further processing.

Animals used for the Timm’s staining (for the presence
of synaptic vesicular zinc) were initially perfused first
with 0.1% Na,S in PB, then with 3% glutaraldehyde solu-
tion in PB and then again with Na2$ solution in PB. After
perfusion brains were briefly postfixed (30 min) in the
same glutaraldehyde solution as used for perfusion, cry-
oprotected and cut in the horizontal plane on a cryostat.

Histology

To asses the cytoarchitectonic boundaries of the GP,
sections from seven brains (series of every 6™ section)
were stained with 10% cresyl violet. Sections used for
the Timm’s method were collected on gelatinized slides
and further processed as described by Danscher (1981).

For the acetylcholinesterase stain free-floating sec-
tions were incubated for 3—5 hours in the following solu-
tion: 0.002 M CuSO, x 5H,0, 0.01 M glycine, 0.105 M
acetic acid and 0.29 M sodium acetate, adjusted to pH 5.

Just prior to incubation 1160 mg of acetylthiocholine
iodide and 60 mg ethopropazine per 1 liter of the solu-
tion were added. Then, sections were rinsed 6 times in
water and developed for 60 seconds in 1.25% solution of
sodium sulfide (pH adjusted to 7.5 with HCI). Sections
were then rinsed with water 6 times and the colored pre-
cipitate was intensified in 1% AgNO, solution for
60 seconds. Rinsed again 3 times in water and differen-
tiated in sodium thiosulfate (5% in water), they were
next rinsed in water, mounted from PB onto slides, dried
and coverslipped.

Immunohistochemistry

The remaining coronal series of sections were single
or double-labeled with standard immunohistochemical
protocols using antibodies against the three investigated
CaBPs. Briefly, after 3 washings (15 min each) in PBS,
they were blocked in 5% normal goat serum and 0.3%
Triton X-100 for 2.5 h at room temperature. For single
staining these sections were incubated with the solution
of a primary antibody solution (either 1:2000 mono-
clonal anti-parvalbumin raised in mouse, #P3088
Sigma, Germany, or 1:2000 monoclonal anti-calbindin
D-28K raised in mouse, #C9848, Sigma, or 1:1500
polyclonal anti-calretinin raised in rabbit, #AB5054,
Chemicon, Temecula, CA, USA) for three days at room
temperature. Then the sections were washed 3 times for
15 min in 0.01 M PBS and incubated for 2.5 h at room
temperature with the secondary antibodies: 1:600 goat
anti-mouse conjugated with the Cy3 fluorescent dye
(#115-165-146, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for PV or CB and 1:600 goat
anti-rabbit conjugated with Cy3 (#111-165-144, Jackson
ImmunoResearch Laboratories for calretinin) for CR.

For double staining, sections were first incubated with
a cocktail of primary antibodies (1:1500 anti-parvalbu-
min raised in mouse and #P3088, Sigma and 1:1000
polyclonal anti-calbindin D-28K raised in rabbit,
#AB1778, Chemicon, or 1:1500 anti-parvalbumin raised
in mouse, #P3088 Sigma and 1:1500 polyclonal anti-cal-
retinin raised in rabbit, #AB5054, Chemicon, or 1:1000
monoclonal anti-calbindin D-28K raised in mouse,
#C9848, Sigma and 1:1500 polyclonal anti-calretinin
raised in rabbit, #AB5054, Chemicon). Then the sections
were washed 3 times in 0.01 M PBS for 15 min and incu-
bated with one of the two cocktails of secondary antibod-
ies conjugated with the fluorescent dyes: 1:600 goat anti-
mouse Cy3 (#115-165-146, Jackson ImmunoResearch
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Fig. 1. Brightfield photomicrographs of cresyl violet-stained coronal sections of the Monodelphis opossum brain showing
the location and cytoarchitectonics of the globus pallidus and its parts. Dotted lines show borders of GP and its lateral and
medial parts (GPI and GPm). Section (A) is the most rostral and (D) is the most caudal. Scale bar in (D) equals 500 pm and
applies to (A)—(D).
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Laboratories) and 1:600 goat anti-rabbit Cy3 (#111-165-
144, Jackson ImmunoResearch Laboratories) or 1:150
goat anti-mouse Alexa Fluor 488 (A-11001, Molecular
Probes, Eugene, OR, USA) and 1:150 goat anti-rabbit
Alexa Fluor 488 (#11008, Molecular Probes) for 2.5 h at
room temperature. Finally, the sections were washed,
mounted on slides and coverslipped with Kaiser’s
Glyceringelatine (#A12083, Merck, Germany).

Specificity of the immunostaining was checked by
omitting either the primary or secondary antibodies
which resulted in total disappearance of the staining. We
also used two different types of the secondary antibodies:
conjugated with either Cy3 or Alexa Fluor 488 fluo-
rochromes for each primary antibody. In all cases results
of labeling were similar.

Analysis of the labeled sections

GP and its boundaries were identified and drawn on
pictures taken from the adjacent thionin-stained sections
and superimposed on top of the fluorescent pictures. The
immunolabeled sections were analyzed using a fluores-
cent microscope (Olympus BX51, Japan) and a confocal
system (BioRad Radiance 2100, UK) equipped with the
krypton/argon laser as well as with the light/fluorescent
microscope Eclipse 600 (Nikon, Japan). The image
analysis program Laser Sharp 2000 v.4.0 (BioRad) was
used for the confocal image reconstruction and Color
View Il (Nikon) for fluorecent and light microscope
image reconstruction.

The density of the labeled cells was assessed semi-
quantatively as follows: (-) no cells; (+) scarce (cf. Fig.
5C); (++) moderate density (cf. Fig. 4A); (+++) high
density (cf. Fig. 4C). The density of neuropil labeling
(fibers and immunoreactive points) was assessed as fol-
lows: (¢) sparse (cf. Fig. 5C); (¢¢) medium density (cf.
Fig. 4L); (¢*) dense (cf. Fig. 4K).

The size of cell bodies of the various types of PV-ir
cells was measured on CLSM images using the Leser Pix
2.0 analyzer (BioRad, UK). Over 100 PV-ir cell bodies
of each type were measured for these estimations. Cells
expressing CB or CR were too scarce to be used in this
analysis. We measured the square area of a cell body and
its diameters (long and short).

List of abbreviations

AB  accessory basal nucleus of amygdala
ac anterior commissure

CaBP calcium binding protein

CB calbindin D28K

Cd caudate nucleus

CR calretinin

GP  globus pallidus

GPm medial part of globus pallidus

GPI  lateral part of globus pallidus

ic internal capsule

Pu putamen

PV parvalbumin

PV-ir immunoreactivity or immunoreactive
to parvalbumin

CB-ir immunoreactivity or immunoreactive
to calbindin

CR-ir immunoreactivity or immunoreactive
to calretinin

RESULTS

Nomenclature, placement and divisions of the GP

Since no cytoarchitectonic brain atlas is available
for the Monodelphis opossum, brain structures were
identified with the help of atlases of the brain of the
Didelphis aurita opossum (Oswaldo-Cruz and

Fig. 2. Photomicrographs of horizontal sections of the opossum brain showing basal ganglia, including the globus pallidus
(GP) stained with several histochemical methods. For each method sections through the dorsal level are in the top row, inter-
mediate in the second and ventral in the third row. In all pictures rostral is at the top and lateral to the left. In the Nissl-stained
sections (A)-(C) GP is visible as a separate nucleus medially to the putamen. Clear cytoarchitectural differences between these
nuclei are visible under higher magnification [in (D) putamen, in (H) globus pallidus, magnified from boxes in (B)]. Borders
between the globus pallidus (GP) and putamen (Pu) are most clearly visible in sections stained with Timm’s method for synap-
tic vesicular zinc (E)—(G). Lateral and medial subdivisions of GP (GP] and GPm) are visible in sections cut through the mid-
dle part of the nucleus (F). In sections stained histochemically for acetylcholinesterase (I-K) GP stains somewhat darker than
putamen. On the section immunostained for calretinin (L) that cuts across the ventral level of GP and probably contains only
GPI, GP is well demarcated from putamen because of its uniform, moderate level of immunolabeling. Scale bar in (L) equals
to 1 mm and applies to all pictures except of (D) and (H). The scale bar in (H) equals 100 pm and applies to (D) and (H).
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Fig. 2. For explanations see page 6
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type lll

Fig. 3. Confocal photomicrographs of three cell types stained for parvalbumin (A)—(C). (A) Type 1 neuron with medium-
size fusiform soma spreading dendrites from opposite poles; (B) Type 2 neuron (arrow) with medium-to-large multipolar cell
body and dendrites of variable thickness; (C) Type 3 neuron (arrow) with mall, ovoid or round soma. Scale bar in (C) equals

25 pum and applies to (A)—(C).

Rocha-Miranda 1968) and rat (Paxinos and Watson
1998). As in other mammals, in the Monodelphis GP
is visible in the Nissl-stained coronal and horizontal
sections of the brain as a well-delineated nucleus
placed medially to putamen (Pu, Figs 1 and 2A-C).
Cytoarchitectonic differences between these two
nuclei were clearly visible under higher magnifica-
tion (Fig. 2D,H). Medially and ventrally the GP bor-
ders the anterior limb of the internal capsule (ic) and
its sublenticular portion respectively. Therefore, GP
in Monodelphis borders the same structures as in
Didelphis (cf. Martin and Hamel 1967). At the ven-
tro-medial corner of GP, among the ic fibers there is
a sparse population of cells forming a rudiment of the
entopeduncular nucleus that in the Monodelphis is as
inconspicuous as in the Didelphis (cf. Martin and
Hamel 1967, Oswaldo-Cruz and Rocha-Miranda
1968). Ventrally to the GP and fibers of the ic lies the
substantia innominata and the nucleus of the ansa
lenticularis. In the rostro-caudal dimension, the opos-
sum GP begins at the level of caudal-most aspect of
the anterior commissure (Figs 1A and 2B) and ends at
the level at which the accessory basal nucleus of
amygdala (AB) begins (Figs 1D and 2B,C).

For partitioning of the opossum GP into the medi-
al (GPm) and lateral (GPI) parts we adopted nomen-
clature used by Hontanilla and coworkers (1998) in
the rat. Our GPm and GPI correspond respectively to
the medioventral and dorsolateral parts of GP of those
authors. In the most rostral and caudal parts of the GP
we could distinguish only the GPI (Figs 1A,D and

2B). GPm was also absent in horizontal sections
across the most dorsal and ventral levels of GP (Fig.
2A,C). Therefore, in the Monodelphis GPm was pres-
ent only in the centro-medial part of GP.

On the Nissl-stained sections, both GPm and the
GPI were found to be composed of a similar, hetero-
geneous population of neurons. However, in the GPm
cells were packed more densely than in the GPI (Figs
1 and 2). Borders between the GP) and putamen (Pu)
were also clearly visible in sections stained with the
Timm’s method (Fig. 2E-G). Lateral and medial sub-
divisions of GP (GPI and GPm) were visible at sec-
tion cutting through the middle part of the nucleus
(Fig. 2F). In sections stained histochemically for the
presence of acetylcholinesterase (Fig. 2I-K) the GP
stained somewhat darker than Pu but the border
between these nuclei was not as clearly visible as in
the Timm’s staining. In a horizontal section across the
ventral level of the GP that was immunostained for
calretinin (Fig. 2L) GP was well demarcated from the
surrounding structures because of its uniform moder-
ate-to-weak level of immunolabeling. Therefore, in
the Monodelphis borders of the GP and its parts may
be delineated by several methods which yield the
same results, confirming our delineation.

Morphological types of the CaBP
immunoreactive neurons of the GP

In Nissl-stained sections the majority of GP cells
displayed medium-to-large, predominantly triangular



somas and darkly staining, centrally located nucleus.
Cells with large, oval cell bodies were also present
but in lower numbers. Basing on the shape of cell
body and the characteristics of the dendritic tree we
distinguished three major neuronal types in the GP.
Examples of these cell types, labeled with the PV
immunohistochemistry, are shown in the Fig. 3. Type
1 neurons (Figs 3A and 6A) had medium-sized,
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fusiform somata (square area 192.9 + 4.5 um?; dimen-
sions 21.6 £ 0.4 x 12.2 + 0.2 um; mean £ SEM) with
dendrites sprouting from the opposite poles. One of
these dendrites was always thicker than the rest. Type
2 neurons (Fig. 3B) had medium-to-large, multipolar,
predominantly triangular somata (square area 203.5 +
5.5 pm?; dimensions 19.8 = 0.4 x 14.6 = 0.2 um) with
few thin and poorly staining dendrites. Type 3 neurons

CR

Fig. 4. Distribution of calcium binding proteins immunoreactivity in the Monodelphis GP. The fluorescent photomicrographs
were taken at four levels presented in the Fig. 1. Panels (A), (E) and (I) in this figure correspond to the panel (A) in Fig. 1, pan-
els (B), (F), (J) to the panel (B), panels (C), (G), (K) the panel (C), and panels (D), (H), (L) to the panel (D). PV-ir is presented
in panels (A)—~(D), CB-ir in panels (E)-(H) and CR-ir in panels (I)-(L). Scale bar in (L) equals to 500 um and applies to (A)—(L).
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GPI|

Fig. 5. Confocal photomicrographs demonstrating PV (A, B),
CB (C, D) and CR (E, F) immunoreactivity of cells and neu-
ropil in the lateral (A, C, E) and medial (B, F) parts of the
globus pallidus. Arrows in panel (D) point to the long, thin and
varicose fibers of GPI running along its border with the puta-
men. Arrowheads indicate bundles of thick, short and smooth
fibers predominating in the more medial aspect of GPI. Arrows
in panel (E) show short, thin and varicose fibers in GPm. Scale
bar in (A) and (D) equal to 25 pum.

(Fig. 3C) had small, ovoid or round somata (square
area 123.0 £ 5.3 um?; dimensions 14.5+2.4 x 10.9 +
0.3 um) that typically were less intensely stained than
in other neuronal types. Distribution and density of
the PV-, CB- and CR-ir cells of various types and of
the immunostained neuropil are described below and
summarized in Table I.

Parvalbumin
PV-immunoreactivity = (PV-ir) consisted of

immunopositive cell somata, dendrites and immunore-
active puncta (Fig. 4A-D). Immunostaining for PV

resulted in labeling of the highest numbers of neurons
out of the three studied CaBPs. All three types of neu-
rons were immunolabeled for PV (Figs 3 and 5A,B).
Along the rostro-caudal axis, the highest density of the
PV-ir cells was observed in the central part of GPI
(Figs 4B,C and 5A), while at the anterior and posterior
poles they were present in moderate densities
(Fig. 4A,D). In the GPm the density of PV-ir cells was
also classified as heavy, however, somata of cells in
that subnucleus were less intensely stained than in the
GPI and they clustered in the center of GPm (Figs
4B,C and 5B). Density of the immunopositive neuropil
in general followed the same pattern. The majority of
immunostained fibers were smooth and their density
was higher in the GPm (Fig. 5B), whereas the
immunoreactive puncta were evenly distributed within
the GP.

Calbindin

CB-ir consisted almost exclusively of lightly
stained neuropil distributed evenly throughout the
entire rostrocaudal extent of both parts of GP (Fig.
4E-H). These were mainly immunoreactive puncta
(Fig. 6B,C) that sometimes surrounded cells that did
not themselves stain for CB (Fig. 5D). We observed
also single, short, thin and smooth CB-ir fibers (Fig.
5D). Rare CB-immunopositive cells (predominantly
of the type 2) were observed almost exclusively in the
GPI, close to its border with putamen (Fig. 5C). They
were totally absent in the most rostral part of the GP.

Calretinin

Similarly to CB, CR staining was mainly observed
in the neuropil. It consisted of a medium-to-dense pat-
tern of immunoreactive puncta and fibers, present in
both GPI and the GPm (Fig. 4I-L). It is worth noting
that CR-ir clearly delineated the border between GPm
and GPI (Figs 2L and 4J,K). In the GPI we observed var-
ious types of fibers. Laterally, parallel to the border with
Pu, these fibers were long, thin and varicose (Fig. 5E).
Such fibers were also observed in the medial part of
GPI, although in that region there dominated bundles
of thick, short and smooth fibers. A dense network of
short, thin fibers with numerous varicosities was also
present in the GPm (Fig. 5F). CR-ir cells were very
scarce and observed exclusively in the GPI. All of them
had small, oval cell bodies (Fig. 6C).
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Table I

The distribution and density of CaBP immunoreactivity in the medial and lateral parts of globus pallidus of the

opossum
Panel in Figure 1 A B C D
Part of GP GPI GPI GPm GPI GPm GPI
PV cells ++ +++ 4+ +H+ ++
l’leuropil . oo oo oo .
CB cells - + + + T
neuropil . . . . .
CR cells + + + + +
neuropil oo oo ooe oo Yy oo

The letters (A)—~(D) refer to panels in Figure 1 presenting different levels of rostrocaudal extent of GP. The density of
staining was assessed semi-quantatively as follows: (1) cells: (-) none; (+) light; (++) moderate; (+++) heavy; (2) neuropil
(fibers and immunoreactive points): (¢) sparse; (¢¢) medium; (*) dense.

Double-staining

Double immunohistochemistry allowed for assessment
of colocalization of the three CaBPs within the GP. In
general, the distribution and density pattern revealed by
double staining mimicked that observed in single stain-
ing. Moreover, switching the fluorochromes in secondary
antibodies did not influence the results. Most frequently,
we observed the PV-ir cells to be scattered among CR-ir
fibers or CB-ir puncta (Fig. 6A,B). We never observed
more than one CaBP to be present in the same neuron of
GP (Fig. 6). However, in GPl we observed CB-ir puncta
surrounding the PV-ir cells (Fig. 6B).

DISCUSSION

Histology of the GP in Monodelphis,
in comparison with other mammalian species

Our study describes for the first time the topography,
divisions and heterogeneity of neurons in GP of the
Monodelphis. In the Monotremes cells of the GP
express predominantly parvalbumin, like in the opos-
sum. In the echidna topography of the GP is similar to
that in other mammals, while in the platypus it is
expanded posteriorly, because of an unusual expansion
of the ventral thalamic nuclei into the cerebral hemi-
sphere in that species (Mikula et al. 2007). Earlier data

on the GP in marsupials concern only the closely relat-
ed opossum Didelphis virginiana (Bodian 1940, Loo
1930, Martin and Hamel 1967, Pilleri 1962, Schnitzlein
et al. 1973, Tsai 1925). In that species authors analyzed
the cytoarchitectonic of GP in the Nissl, Golgi and silver
staining, morphology of its cells and some connections.
The GP of Didelphis is described as a relatively small,
pyramidal or globular nucleus. In Monodelphis it is elon-
gated rostro-caudally as in rodents (Paxinos and Watson
1998). Its absolute size is smaller than in the rat, but pro-
portional to the smaller body and brain size of the opos-
sum (body weight 80-120 g, brain weight 0.8-1.1 g).
The entopeduncular nucleus in Monodelphis is equally
inconspicuous as in Didelphis.

As evaluated from the Nissl-stained sections (Figs 1
and 2), both parts of the Monodelphis GP are composed
of medium-to-large triangular and large oval cells.
However, in the GPm, the packing of the cells was vis-
ibly denser. Our findings are in agreement with the data
of Pilleri (1962) for the rat, Martin and Hamel (1967)
for the Didelphis virginiana, Schnitzlein and coauthors
(1973) for bats and Hardman and others (2002) for the
rat, marmoset, macaque, baboon and human. They
found that morphology of the Nissl- or Golgi-stained
neurons in the GP of various mammals and in the exter-
nal part of GP in monkeys and humans (which is the
homologue of the rat GP) is similar, and that the GP is
built mainly of large, round and triangular neurons.
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Divisions of GP in the opossum and other
mammals

Some earlier investigators considered the GP to be
a homogeneous structure. However, later authors vari-
ably divided it into: medial and lateral (rat — Sadek et al.
2007; humans — Levesque et al. 2003), dorsal and ven-
tral (Didelphis — Mickle 1976; rat — Maurice et al. 1997,
Naito and Kita 1994), anterior and posterior (rat —
Shammah-Lagnado et al. 1996) or border (shell), mid-
dle and medio-caudal (rat — Gerfen et al. 1985, Kita and
Kita 2001) parts. These divisions were based on various
techniques and criteria. Generally, they point to inho-
mogeneity of the GP as concerning cell types and den-
sity, CaBPs expression, hodology and function.

Several histological techniques of staining that we
employed in the two planes of sectioning unequivocal-
ly support its division into the lateral and medial parts
(GPl and GPm, respectively). In both planes of sec-
tioning the GPm is present only in the central part of
the GP. The pattern of expression of the CaBPs also
supports division of the Monodelphis GP into GPm
and GPI, with very good agreement on the borders of
these subnuclei. They were delineated most clearly in
sections immunostained for PV and CR.

However, there were some further inhomogeneities in
the GP revealed by immunolabeling for the CaBPs. Its
border zone with the putamen has some unique proper-
ties, such as (1) the presence of a population of CB-
expressing cells that were not observed in other parts of
GP and (2) prevalence of a certain type of the CR-ir
fibers (probably dendrites). Therefore, this part of the
opossum GP may be homologous to the GP border (or
shell) zone in the rat (Gerfen et al. 1985, Kita and Kita
2001). In that species, striatal axons projecting to GP
have two separate terminal arbors: the first terminates
within the border zone of the GP, while the second
spreads in the central part of the GP, at a variable distance
from the border (Chang et al 1981, Parent and Hazrati
1994). It is therefore possible that the border zone is
another specialized part of the GP that was already pres-
ent in the common ancestor of the Eutheria and
Marsupials. Other inhomogeneities concern the lower
density of PV-ir cells in the rostral and caudal poles of the
GP. The physiological importance of these diferences
may be clarified if the distribution of various afferents
within the GP, targets of efferents of from various parts
of GP and of various cell types, as well as the electro-
physiological properties of its neurons are investigated.

Morphology of the GP neurons immunolabeled
for the calcium binding proteins

Characteristics of the soma and dendritic tree of the
opossum GP neurons expressing CaBP allowed us to
distinguish three major morphological types. All three
types were present among neurons immunolabeled for
PV. The PV was expressed by a large proportion of GP
neurons, while a very scarce population of neurons
expressed CB or CR. What more, the CB-ir cells
belonged mainly to the type 2 and all CR-ir cells
belonged to type 3. These results are generally in
agreement with findings of Rajakumar and colleagues
(1994) and Cooper and Standford (2002) in the rat.
They found that the PV-ir neurons were either fusiform
or multipolar (similar to our types 1 and 2) while CB-
ir neurons were bipolar or fusiform, resembling our
type 2. The CR-ir neurons had small, oval-shaped
soma, similarly to our type 3. Similar observations
concerning the shape of PV-ir and CR-ir neurons were
made in the squirrel monkeys (Fortin and Parent 1994,
Parent et al. 1996). However, in that species the popu-
lation of the CR-ir cells also included a type of large,
multipolar neuron that was not observed in the rat or
opossum. In the guinea pig three types of GP neurons,
differing in electrophysiological characteristics, were
found (Nambu and Llinas 1997). Thus, we can con-
clude that morphology of GP neurons expressing spe-
cific CaBPs is very similar across mammalian species.

Comparison of the distribution of neurons
expressing CaBPs in the GP of the opossum
and other mammals

Similarly to our findings in the opossum, several
authors (Cooper and Stanford 2002, Hontanilla et al.
1998, Kita and Kitai 1994) observed a high density of the
PV expressing neurons in the rat GP. PV was the main
CaBP expressed in the GP of both rat and opossum.
However, there is a difference in distribution between
these two species. The biggest difference is in the distri-
bution of PV-ir neurons in the GP. In the opossum it
seems to be homogeneous throughout the nucleus, while
in the rat their density is higher in the GP1 (Cooper and
Stanford 2002, Hardman et al. 2002, Hontanilla et al.
1998, Rajakumar et al. 1994). Similarly, density of the
PV-expressing neurons in the external part of the primate
GP, corresponding to the rat GP, is higher in its lateral
part (monkey — Cote et al. 1991, Hardman et al. 2002,
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Fig. 6. Confocal microphotographs from section double-stained for (A) PV (green) and CR (red); (B) PV (green) and CB
(red), and (C) CB (green) and CR (red). Arrows in panel (A) indicate varicosities on the CR-ir fiber. Arrows in (B) indicate
CB-ir puncta on PV-ir cell. Scale bar in (C) equals to 25 um and applies to (A)—~(C).

Parent et al. 1996; human — Adams et al. 2001, Hardman
et al. 2002, Kalanithi et al. 2005, Morel et al. 2002,
Waldvogel et al. 1999, 2004). Although in the opossum
we did not observe such a difference, we found that
somata of the GPm neurons stained less intensely for
PV than those of the GPI, which at first glance created
an impression that the density of the PV-ir neurons in
GPm is lower than in the GPI (compare panels B and C
in Fig. 3). The same applies to PV-ir neuropil.

As in the rat and opossum, in the primates (mar-
moset, macaque, baboon and humans) large numbers
of PV-ir cells were observed throughout the whole ros-
trocaudal level of GP (Adams et al. 2001, Cote et al.
1995, Hardman et al. 2002, Kalanithi et al. 2005,
Morel et al. 2002, Waldvogel et al. 1999, 2004).
Moreover, the proportion of GP neurons that express
PV was consistent in the rat and primates (Hardman et
al. 2002). In Monodelphis density of these cells
decreased at the rostral and caudal poles of GP. It is
possible that it reflects the general reduction of the cell
density at the poles of GP.

In the opossum the CB-ir in neuropil was light and the
single CB-ir cells were placed almost exclusively in the
GPI, along its border with putamen. Density of the CB-
ir neuropil was visibly higher in the GPm. In the rat,
Cooper and Stanford (2002) also observed a high densi-
ty of CB-ir neuropil, predominantly in the GPm, but also
numerous CB-ir cells, mostly in the GPI, close to its bor-
der with putamen. Hontanilla and coauthors (1998) also
found that the CB-ir neuropil was dense in the rat GP,
with a higher density in the GPm, but in their study the
density of CB-ir neurons was classified as low. In the

squirrel monkey Cote and colleagues (1995) did not
observe any CB-ir neurons, in contrast to intensely
stained neuropil. Similar observations have been made in
humans (Morel et al 2002, Waldvogel et al. 1999).
Therefore, the CB-ir elements in the opossum GP are
more similar to those observed in the rat than in the pri-
mates.

We observed only single CR-ir neurons scattered in
the opossum GPm and GPl. Cooper and Stanford
(2002) made similar observations in the rat. They
postulated also that the CR is a marker for the GP
interneurons. This statement was additionally sup-
ported by electrophysiological, morphological and
neurochemical data (Millhouse 1986, Nambu and
Llinas 1997, Standaert et al. 1996). Similar conclu-
sion about CR being a marker of interneurons was
drawn by Waldvogel and coauthors (2004) in humans,
although there the CR-ir neurons were numerous. If
the CR-ir cells are indeed interneurons, we can con-
clude that either in the rat and opossum (unlike in
primates) the GP contains a low proportion of
interneurons, or interneurons in these species rarely
express CR.

In both rat (Cooper and Stanford 2002) and opossum
(present data) neuropil staining for CR was intense in
the whole GP, but it was denser in GPm. Furthermore,
in the GPI, unlike in the GPm, the CR-ir fibers were
long, thin and parallel to the border with putamen. In
contrast to the rat and opossum, CR immunoreactivity
of neuropil in the primates was classified as light
(Parent et al. 1996, Waldvogel et al. 1999) and few CR-
ir neurons were observed.
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Lack of CaBPs colocalization in neurons
of the Monodelphis GP

Similarly to what was observed in the rat (Cooper
and Stanford 2002), in the opossum we never observed
colocalization of PV, CR and/or CB immunoreactivity
within the same cell. In contrast, the study of
Waldvogel and coauthors (1999) in humans described
colocalization of the PV and CR immunoreactivity in
large neurons of the external segments of the GP. It is
important to note that this type of large CR-ir neurons
expressing both PV and CR seems to be characteristic
only for the human GP.

Our study is also the first to describe the CB-ir punc-
ta forming basket-like structures surrounding PV-ir
cells in the opossum GPIl. This may mean that neurons
expressing CB project on the PV-ir neurons. Cooper
and Stanford (2002) used retrograde tracing of the pro-
jection neurons and immunolabeling for CaBP in the
rat and showed that projection neurons of the rat GP
express either CB or PV. As was previously mentioned,
CR is a good marker of the GP interneurons. Because
we never observed colocalization of CR with either CB
or PV we can speculate that the CB-ir baskets around
PV-ir cells are a part of specific loops formed by neu-
rons projecting to GP from other structures.

Therefore, our results show that placement and his-
tology of the Monodelphis GP is very similar to those
described in other mammals, with the highest similari-
ty to what we find in Didelphis and rodents.
Distribution and density of the CaBP in the opossum
GP generally follows the pattern observed in the rat,
however some unique features are also observed. In
comparison with primate we find many similarities,
but also a higher number of differences.

Functional implications

Several morphological and intracellular studies
combined with electrophysiology revealed the exis-
tence of various neuronal subtypes within GP (Iwahori
and Mizuno 1981, Kita and Kitai 1991, 1994, Park et
al. 1982). Also in vivo studies identified multiple sub-
types of the GP neurons on the basis of the firing pat-
tern and waveform (Cooper and Stanford 2000, Kita
and Kitai 1991). However, expression of a particular
CaBP in the GP neuron does not appear to be linked
with a particular neurotransmitter used by that neuron.
For example, PV expression has been observed in the

GABA-ergic, glycinergic and glutamatergic neurons
(cf. for review Baimbridge et al. 1992). However, the
PV expression has been linked with the fast-spiking
type (Kawaguchi et al. 1995). What is more, it is pos-
sible that CR is expressed exclusively by the GP
interneurons. Therefore, we can speculate that differ-
ences in the distribution of CaBPs in GP neurons may
reflect the heterogeneity of its neuronal population, as
revealed by electrophysiological studies. This hetero-
geneity may be linked with differences in the connec-
tivity and therefore have functional implications. This
hypothesis remains to be tested.

CONCLUSIONS

This first detailed description of GP in the marsupi-
als showed that in the opossum Monodelphis domesti-
ca GP is a small nucleus placed between the striatum
and internal capsule. It consists of the medial and lat-
eral parts that are visible in sections stained with sev-
eral methods. Many GP neurons express PV and only
few of them express CB or CR, with no colocalization
of these proteins. The PV-ir neurons form a heteroge-
neous group that was classified into three morphologi-
cal types. Density of the PV-immunopositive fibers
and puncta correlated with the density of PV-immuno-
labeled neurons, while labeling for CB or CR resulted
mainly in staining of the neuropil. The CB-immunore-
active puncta frequently formed basket-like structures
around the PV-immunoreactive neurons. Therefore,
GP of the opossum consists of a diversified population
of neurons and afferents, probably playing various
functions. These morphological characteristics of GP
are closer to those in the rat, than in the primates.
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