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Abstract
Interneurons play a signi�cant role in the functional organization of the striatum and some of them
display marked plastic changes in dopamine-depleted conditions. Here, we applied
immunohistochemistry on brain sections from 6-hydroxydopamine (6-OHDA) mouse model of
Parkinson’s disease and sham animals to characterize the regional distribution and the morphological
and neurochemical changes of striatal interneurons expressing the calcium binding protein calretinin
(CR). Two morphological subtypes of calretinin-immunostained (CR+) interneurons referred respectively
as small and medium-sized CR+ interneurons were detected in 6-OHDA and sham-lesioned animals. The
small cells (9-12 µm) prevail in the anterior and dorsal striatal regions; they stain intensely for CR and
display a single slightly varicose and moderately arborized process. The medium-sized CR+ interneurons
(15-20 µm) are slightly more numerous than the small CR+ cells and rather uniformly distributed within
the striatum; they stain weakly for CR and display 2-3 long, slightly varicose and poorly branched
dendrites. The density of medium CR+ interneurons is signi�cantly decreased in the dopamine-depleted
striatum (158 ± 15 neurons/mm3), when compared to sham animals (370 ± 41 neurons/mm3), whereas
that of the small-sized CR+ interneurons is unchanged (174 ± 46 neurons/mm3 in 6-OHDA-lesioned
striatum and 164 ± 22 neurons/mm3 in sham-lesioned striatum). The nucleus accumbens is populated
only by medium-sized CR+ interneurons, which are distributed equally among the core and shell
compartments and whose density is unaltered after dopamine denervation. Our results provide the �rst
evidence that the medium-sized striatal interneurons expressing low level of CR are speci�cally targeted
by dopamine denervation, while the small and intensely immunoreactive CR+ cells remain unaffected.
These �ndings suggest that high expression of the calcium binding protein CR might protect striatal
interneurons against an increase in intracellular calcium level that is believed to arise from altered
glutamate corticostriatal transmission in Parkinson’s disease.

Introduction
The striatum is chie�y composed of γ-amino-butyric acid (GABAergic) spiny projection neurons, but it
also comprises a small proportion of aspiny local circuit neurons (Graveland and DiFiglia 1985; Gerfen
and Bolam 2010; Kawaguchi et al. 1995). Despite their relatively low number – it reportedly ranges from
2-3% of the total neuronal population in rodents (Rymar et al. 2004; Oorschot 2013) to 15-20% in
nonhuman primates (Graveland and DiFiglia 1985) – the aspiny interneurons occupy a crucial position in
the striatal microcircuitry (Kawaguchi et al. 1995; Tepper et al. 2018) and are involved in several motor
and psychiatric disorders (Ding et al. 2011; Kataoka et al. 2010b; Pisani et al. 2007). The role of
interneurons in shaping and tuning striatal inputs and outputs is well recognized, but their exact function
remains elusive, especially in pathological conditions.

In 6-OHDA-leasioned mice used as animal models of Parkinson's disease, degeneration of nigrostriatal
dopaminergic axons has been shown to lead to a signi�cant reduction of dendritic arborization and spine
density of striatal projection neurons (Gagnon et al. 2017; Fieblinger et al. 2014; Suarez et al. 2014;
Gomez et al. 2019). The number and chemical makeup of various types of striatal interneurons have also
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been shown to be altered following degeneration of dopamine afferent projections in humans (Huot et al.
2007), non-human primates (Petryszyn et al. 2016) and rodents (Unal et al. 2015; Ma et al. 2014; Mura et
al. 2000). These changes are thought to result from altered striatal activity known to be regulated by
glutamate and dopamine neurotransmission, as evidenced by the increase in corticostriatal excitatory
input that follows striatal dopamine depletion in Parkinson’s disease, a condition that may lead to a
neurotoxic raise of intracellular calcium levels (Blandini et al. 1996). In that context, calcium binding
proteins expressed by striatal cells, including calbindin, parvalbumin and calretinin (CR), are believed to
play an important role by maintaining calcium homeostasis and exerting protective effect against
increases in intracellular calcium level (Choi 2005; Mitchell et al. 1994; Lee et al. 2002; Figueredo-
Cardenas et al. 1998). A similar phenomenon occurs at substantia nigra level where calbindin expressed
by midbrain dopamine cells has been shown to be neuroprotective (German et al. 1992; Inoue et al.
2019).

The present study focuses on the fate of striatal interneurons that express CR, a calcium-binding protein
of the “EF- hand” family, in mice that underwent a lesion of the nigrostriatal dopamine pathway. The
striatum of mice harbors two morphological subtypes of aspiny calretinin-immunostained (CR+)
interneurons (Petryszyn et al. 2014). Neurons of the �rst type stain intensely for CR, are endowed with a
small cell body (9-12 µm) and a slightly varicose and moderately arborized process, and prevail in the
anterior and dorsal sectors of the striatum. Neurons of the second type stain moderately for CR but
outnumber those of the �rst type; they have a medium-sized cell body (15-20 µm) with 2-3 long, slightly
varicose, poorly branched dendrites and are uniformly scattered throughout the striatum, but slightly
more abundant in its ventral sector. It should be mentioned that, based on neurochemical makeup, the
existence of three morphological subtypes of CR+ cells has recently been reported in the mouse striatum,
each showing different size of cell bodies (Garas et al. 2018).

Previous studies in rats in which the nigrostriatal dopaminergic pathway has been lesioned by means of
the neurotoxin 6-OHDA led to contradictory �ndings about the fate of the CR+ striatal interneurons. Some
studies reported a signi�cant but transitory increase in the number of striatal CR+ neurons (Mura et al.
2000), but other investigations detected a permanent decrease of the same neuronal elements (Ma et al.
2014). Despite the fact that mice have become a widely used animal model to study various
neurodegenerative conditions, including Parkinson’s disease, no data are currently available on the effect
of striatal dopamine depletion on CR+ striatal interneurons in any mouse model of Parkinson’s disease. In
the light of the paucity and con�icting nature of the data obtained in rats and because no information are
currently available in mice, we undertook a detailed stereological study to determine the fate of the
morphological subtypes of striatal CR+ interneurons in unilateral 6-OHDA-lesioned mice, a widely used
animal model of Parkinson’s disease

Materials And Methods
Animals
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Brains were obtained from 8 C57BL/6 male mice of 3-month-old (Mus musculus; Charles River, QC,
Canada). Animals were housed in a temperature-controlled room (21–25°C) under a 12 h light/dark cycle
and had free access to food and water. All protocols were approved by the Institutional Animal Care and
Use Committee (Comité de Protection des Animaux de l’Université Laval, # 2019-287/VRR-18-107) and all
procedures involving animals and their care were made in accordance with the Canadian Council on
Animal Care’s Guide to the Care and Use of Experimental Animals (Ed2).

6-OHDA unilateral injection

Four mice received a unilateral 6-OHDA injection in the right medial forebrain bundle (mfb) to lesion the
dopaminergic striatal afferent projections. Thirty minutes before 6-OHDA injections, mice received an i.p.
injection of desipramine (25 mg/Kg) diluted in saline (0.9 %) at a concentration of 2 mg/mL. Mice were
then anesthetized using 2% iso�urane and their heads were �xed in a stereotaxic apparatus. A hole was
drilled and the following stereotaxic coordinates relative to bregma were aimed: antero-posterior = -1.2
mm; mediolateral = 1.1 mm; dorsoventral = -5.0 mm, corresponding to the mfb, according to the mouse
brain atlas of Franklin and Paxinos (1997). A glass micropipette containing a freshly prepared solution of
6-OHDA diluted in ascorbic acid (0.02%) at a concentration of 6 µg/µL was slowly introduced in the mfb.
The 6-OHDA was then pressure injected (0.125 µL/min, during 2 min). Following injection, the
micropipette was left in place for 2 min before being slowly retracted. A total volume of 0.25 µL of 6-
OHDA was injected into the mfb, corresponding to 1.5 µg of 6-OHDA. Four other mice served as the sham
group : each animal received a unilateral injection of 0.02% ascorbic acid (vehicle), according to the
procedure described above. After the surgery, the skin was sutured and the eight mice were allowed to
recover.

Behavioral assessment

The severity of the dopamine lesion was assessed 20 days after 6-OHDA or vehicle unilateral injections.
Mice from the two experimental groups were introduced in a large glass cylinder and spontaneous motor
behavior was recorded for 10 min, using a digital camera. The number of spontaneous rotations
ipsilateral and contralateral to the injection side were then counted post-hoc, by an experimenter blinded
to the experimental treatment.

Tissue preparation

Forty days following 6-OHDA or vehicle stereotaxic injections, animals were deeply anesthetized with a
mixture of ketamine and xylazine (100 mg/kg, 10 mg/kg, i.p.), and perfused transcardially with an initial
wash of 0.9% saline (50 mL), followed by 2% acroleine diluted in phosphate buffer (PB, 100 mL) and by
4% paraformaldehyde (PFA; 100 mL, diluted in PB). Brains were dissected out, post-�xed for 1h in a 4%
PFA solution and cut with a vibratome (Leica VT1200S) into 50 µm-thick coronal sections, which were
serially collected in sodium phosphate buffer saline (PBS, 0.1M, pH 7.4).

Immunostaining of TH and DAT
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For each mouse, two coronal sections were selected through the striatum at 1.42 and 0.14 mm relative to
the bregma, and one section through the substantia nigra at -3.10 mm from the bregma (Franklin and
Paxinos 1997). These sections were immunostained for tyrosine hydroxylase (TH) in order to assess to
the DA lesion caused by 6-OHDA injection. Brie�y, sections were incubated for 30 min into a 0.5% solution
of sodium borohydride (NaBH4) diluted in PBS then rinsed thoroughly in PBS. Sections were then pre-
incubated for 1h into a blocking solution composed of 0.1% Triton X-100, 2% of normal donkey serum
diluted in PBS. They were then incubated overnight (ON) with a polyclonal rabbit antibody against TH
(Catalog # AB152, Millipore) diluted 1:1000 in the blocking solution. Sections were rinsed in PBS and
incubated for 2h with an anti-rabbit biotinylated secondary antibody (Catalog # 711-075-152 58142,
Jackson Immunoresearch Laboratories) raised in donkey and diluted 1:1000 in the blocking solution.
Sections were rinsed and incubated for 1h with the avidin-biotin-peroxidase complex (Catalog # PK4000,
Vector Laboratories). Sections were then rinsed once in PBS and twice in Tris-saline buffer (TBS; 50 mM,
pH 7.4) and incubated for 3 min in a solution containing 0.05% of 3,3' diaminobenzidine (Catalog
#D5637, Sigma) and 0.005% H2O2 diluted in TBS to reveal the bound peroxidase. Finally, sections were
rinsed in TBS to stop the reaction and mounted on gelatine-coated slides, air-dried overnight, dehydrated
in alcohol grade series, cleared in toluene and coverslipped with Permount.

To assess quantitatively the DA lesion, two coronal sections per mouse were selected through the
striatum (bregma = 0.14 mm) and the nucleus accumbens (NAc, bregma = 1.42 mm) and doubly stained
for TH and the dopamine membrane transporter (DAT) with infrared immuno�uorescence. Sections were
�rst incubated for 30 min with 0.5% NaBH4, then rinsed thoroughly in PBS. They were then pre-incubated
for 1h in 0.5% Triton X-100 in PBS containing 2% of normal goat serum and normal donkey serum
(blocking solution). Sections were incubated ON in the blocking solution containing the same TH
antibody as above (Catalog # AB152, Millipore, 1:1000) and a monoclonal antibody against DAT (Catalog
# MAB369, Millipore, 1:1000). Then, sections were rinsed in PBS and incubated for 2h in the blocking
solution to which a secondary antibody IRDye 680 anti-rabbit (Catalog # LIC-926-32223, Mandel, 1:1000)
raised in donkey and an IRDye 800 anti-rat (Catalog #LIC-926-32219, Mandel, 1:1000) raised in goat were
added. Sections were then rinsed and mounted on gelatine-coated slides, air-dried, and coverslipped with
Dako fluorescence mounting medium (Catalog # S-3023, Mississauga, ON, Canada).

Immunostaining of CR

To assess the regional distribution of CR+ interneurons in the striatum, 6 equally-spaced coronal sections
(bregma 1.30 mm to -1.70 mm, interval of 600 µm) were randomly selected throughout the entire striatum
from the 4 6-OHDA-lesioned mice and the 4 sham-lesioned animals. These sections were singly labeled
for the calcium binding protein CR. Brie�y, the 6 striatal sections per animal were preincubated for 1h in a
blocking solution composed of 0.1% Triton X-100 and 2% of normal donkey serum diluted in PBS. They
were then incubated ON with an antibody against CR (Catalog # 7699/4, Swant) diluted 1:500 in the
blocking solution. Sections were then rinsed in PBS and incubated for 2h with a secondary antibody
against rabbit coupled to Alexa Fluor 594 and raised in donkey (Catalog # 711-075-152; Jackson
Immunoresearch Laboratories, 1:200). Sections were rinsed in PBS, incubated for 10min with a 100
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ng/mL dilution of 4’, 6-diamidino-2-phenylindole (DAPI) in PBS, used as counterstaining. Sections were
�nally rinsed in PBS and mounted on gelatine-coated slides, air-dried, and coverslipped with Dako
fluorescence mounting medium (Catalog # S-3023, Mississauga, ON, Canada).

Double immunostaining of CR and CB

To determine the regional distribution of CR+ interneurons in the shell and core compartments of the NAc,
3 more sections (bregma 1.30, 1.10 and 0.90 mm) were selected throughout the NAc from the 4 6-OHDA-
lesioned mice and the 4 sham-lesioned animals. These sections were doubly stained for CR and
calbindin-D-28K (CB). Brie�y, the same protocol described above was used, except that normal goat
serum was added to the blocking solution as well as a monoclonal primary antibody against CB
(Catalog# C9848, Sigma, 1:500). In addition, a secondary antibody against mouse and coupled to Alexa
Fluor 488 and raised in goat was used at a dilution 1:200 (Catalog #A11001, MolecularProbes).

Data analysis

Assessment of the dopamine lesion

In each mouse, the dopamine lesion induced by 6-OHDA stereotaxic injections was assessed from
sections of the striatum and the NAc stained for TH and DAT using the IRDye 680, and the IRDye 800
respectively, as described above. Sections were scanned using the Odyssey imager (LiCor biotechnology).
For each mouse, regions of interest were randomly selected by drawing 6 boxes in the striatum and 6
boxes in the NAc (3 in the core and 3 in the shell) of 150 µm2 on both the intact (left) and lesioned (right)
side. Mean TH and DAT immunoreactivity values obtained from the lesioned striatum or NAc, divided by
immunoreactivity measured from the intact side x100 was used to report the residual immunoreactivity.

Stereological counting of CR+ cells

In each mouse, the 6 equally-spaced sections selected across the entire striatum (600 µm interval) were
examined with a confocal Laser Scanning Microscope (LSM700, Zeiss) equipped with a camera
(AxioCam), a motorized stage (X and Y axes) and a Z-axis indicator (Leica Z axis control) and controlled
by a computer running StereoInvestigator software. A detailed scanning of the regional distribution of
CR+ interneurons throughout the striatum was achieved by dividing the structure into 8 distinct sectors:
antero-dorso-lateral (ADL), antero-dorso-median (ADM), antero-ventro-lateral (AVL), antero-ventro-median
(AVM), postero-dorso-lateral (PDL), postero-dorso-median (PDM), postero-ventro-lateral (PVL) and
postero-ventro-median (PVM). The contour of the striatum was �rst outlined on each CR-immunostained
coronal section using a 4X/0.10 objective, according to the stereotaxic atlas of Franklin and Paxinos
(1997). A vertical line parallel to the midline and passing by the center of the striatum was �rst traced,
dividing the structure into medial and lateral sectors (Fig. 1A). A horizontal line, perpendicular to and
centered on the vertical line was added to delineate four sectors on each brain section. The
anteroposterior axis was then divided in two by considering the �rst 3 coronal sections as representative
of anterior (pre-commissural) sectors and the last 3 of posterior (post-commissural) sectors. The 3
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sections (200 µm interval) taken trough the NAc of each mouse and doubly stained for CR and CB were
also analyzed stereologically, the CB immunostaining being used to delineate the core from the shell. The
number of doubly stained cells encountered was counted.

The sampling process leading to the estimation of the total number of CR+ interneurons in each of the
striatal sectors and in the core and the shell of the NAc began by using a grid formed by 157 x 157 µm
squares placed over each section. At each intersection of the grid that fell into the sector, a counting
frame of the same size was drawn and examined with a 40X/1.4 objective leading to the examination of
the entire area of each sector (Fig. 1B). On each selected section, a mean number of 48.9 + 4.7 sampling
sites in each striatal sector, 42.1 + 4.2 in the shell and 39.4 + 4.0 in the core, were examined. Neurons that
fell inside the counting frame and did not contact the exclusion lines were counted whenever their
nucleus came into focus within a 12 µm-thick optical disector centered in the section (Fig. 1C). An
average of 202 ± 29 CR+ cells were counted in each striatum ipsilateral to the sham or 6-OHDA lesion
whereas 181 ± 24 were counted in each striatum contralateral to the lesion, yielding coe�cients of error
(Gundersen, m = 1 and 2nd Schmitz-Hof) ranging from 0.06 to 0.12 and from 0.06 to 0.14, respectively. In
the NAc, an average of 103 ± 21 CR interneurons were counted ipsilateral to the sham or 6-OHDA lesion,
while 99 ± 19 were counted contralateral to the lesion, yielding coe�cients of error (Gundersen, m = 1 and
2nd Schmitz-Hof) between 0.08 and 0.23, and between 0.07 and 0.22, respectively. These coe�cients of
error are used to assess the precision of the estimation by taking into account the shape of the region of
interest, the distribution of neurons within this region and the sampling criteria, predicting the accuracy of
stereological procedure (Gundersen et al. 1999; Schmitz and Hof 2000). For each striatal and NAc region,
the density of CR+ cells was expressed in number of CR+ neurons per mm3 of tissue, using the total
number estimated by the optical disector and the volume of each sector, as estimated by Cavalieri’s
method (García-Fiñana et al. 2003). The proportion of CR+ cells expressing CB was determined from
doubly stained sections (as described above) by using two different stereological markers for CR+/CB-
cells and for CR+/CB+ cells.

Statistical analysis

Differences in the density of CR cells among the striatal regions (anterior vs posterior, dorsal vs ventral
and medial vs lateral) as well as between treatment (6-OHDA vs sham-lesioned animals) were assessed
by two-way analysis of variance (two-way ANOVA). The dependent variables considered were the regions
and the treatments. The Tukey multiple comparison test was applied post-hoc. Differences in
spontaneous motor behavior, TH and DAT immunoreactivity between sham and 6-OHDA-lesioned mice
were assessed using the Mann-Whitney nonparametric statistical test. Differences were considered
statistically signi�cant at P < 0.05 (*). Statistical analyses were performed by using sample sizes of 4
animals per group and the GraphPad Prism software (v.9.0, San Diego, CA, USA). Mean and standard
error of the mean are used throughout the text as central tendency and dispersion measure.

Results
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The 6-OHDA-lesioned mice exhibit a preferential rotational behavior ipsilateral to the lesioned side and a
marked reduction of TH and DAT immunoreactivity in striatum and NAc

Quanti�cation of mouse spontaneous motor behavior following surgery revealed a marked preferential
rotational behavior towards the 6-OHDA-lesioned side (right). In 6-OHDA-lesioned mice, we observed that
97 ± 2% of spontaneous rotations were directed towards the lesioned-side, compared to a normal value of
54 ± 12% for sham-lesioned animals. Our quantitative immunohistochemical analysis revealed a
signi�cant decrease of TH immunoreactivity in the 6-OHDA-lesioned striatum, compared to the intact
counterpart and to sham-lesioned animals (Fig. 2). The 6-OHDA group showed a TH residual content of
only 9 ± 1% in the lesioned striatum compared to 105 ± 4% for the sham group. In the core and shell
compartments of the NAc, the 6-OHDA group of mice presented a similar TH residual content of 20 ± 11%
and 25 ± 14%, that were both signi�cantly lower than what was observed in sham animals (110 ± 13%
and 102 ± 3%). The e�cacy of the 6-OHDA lesion of the dopamine striatal and NAc afferent axons was
also supported by a signi�cant decrease of DAT immunoreactivity, the striatum of 6-OHDA-lesioned mice
showing a DAT residual content of only 7 ± 2% compared to 103 ± 10% for the sham group. Similarly, the
NAc of 6-OHDA-lesioned animals was characterized by a DAT residual content of 14 ± 6% and 21 ± 9% in
the core and the shell, compared to 110 ± 18% and 96 ± 4% for the sham-lesioned experimental group. As
expected, no signi�cant differences were observed in the striatum and the NAc between the intact side of
6-OHDA and the sham-lesioned or intact side of sham animals, for both TH and DAT staining.

In the mouse striatum, two types of CR+ interneurons are observed with opposite dorsoventral
distribution, whereas only one type is present in the NAc

Based on their soma size and somatodendritic morphological features, we detected two types of striatal
CR+ interneurons in the murine specimens used in the present study.

Neurons of the �rst type were intensely-stained for CR and endowed with a small-sized (9-12 µm) cell
body displaying slightly varicose and beaded processes (Fig. 3A, C). The vast majority of them were
unipolar, but a small number of bipolar cells were also observed. Some of the small CR+ interneurons
formed clusters along the subventricular zone and the subcallosal streak, especially in the anterior part of
the striatum. Interestingly, this type of CR+ interneurons was completely absent from the NAc. In the
striatum itself, the small aspiny CR+ interneurons displayed an anteroposterior and dorsoventral
decreasing gradient. Indeed, the quanti�cation of the small-sized CR+ interneurons in the sham-lesioned
striatum showed that they prevailed in the pre-commissural striatal sectors (222 ± 32 cells/mm3) and are
less abundant in the post-commissural striatum (49 ± 14 cells/mm3, Fig. 4A). The density of these
interneurons was also signi�cantly higher in the dorsal half of the sham-lesioned striatum (252 ± 41
cells/mm3) compared to its ventral counterpart (65 ± 23 cells/mm3). A similar density was observed in
the medial (159 ± 31 cells/mm3) and lateral (169 ± 28 cells/mm3) striatal sectors. Such neurons are
totally absent from the NAc.
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Neurons of the second type are weakly labeled for CR and are endowed with a medium-sized (15-20 µm)
cell body displaying smooth aspiny dendrites (Fig. 3B, D). The density of medium-sized CR+ interneurons
in the entire striatum was twice as high than that of the small-sized interneurons (370 ± 41 cells/mm3 vs
164 ± 22). Our stereological quanti�cation in the sham-lesioned striatum indicated that medium-sized
CR+ interneurons are distributed according to a dorsoventral increasing gradient (Fig. 4B). In contrast to
the small-sized CR+ interneurons, medium-sized CR+ cells prevailed in the ventral half of the striatum
(466 ± 54 cells/mm3 vs 276 ± 43 for the dorsal counterpart), whereas they appeared rather
homogeneously distributed along the anteroposterior (396 ± 46 cells/mm3 vs 312 ± 68) and the
mediolateral (325 ± 43 cells/mm3 vs 423 ± 57) axes.

In contrast to the small-sized CR+ interneurons observed exclusively in the striatum, the medium-sized
interneurons were also found in the NAc, where they were signi�cantly more numerous than in the
striatum (1,237 ± 335 cells/mm3 vs 370 ± 41). Morphologically, the medium-sized CR+ interneurons
observed in the NAc were similar to those found in the striatum (Fig. 5).

The shell and core compartments of the NAc could easily be delineated from CB-immunostained
sections, the shell being characterized by a low level of CB immunoreactivity (Fig. 5A). The CR
immunoreactive neuropil was denser in the shell compartment than in the core, particularly in its
dorsomedial portion. The density of medium-sized CR+ interneurons was similar in the shell and core
compartments of sham-lesioned NAc (1,220 ± 345 cells/mm3 vs 1,340 ± 357, Fig. 4B). It should be noted
that 26 ± 3% of the CR+ interneurons observed in the shell were also immunoreactive for CB compared to
only 7 ± 4% in the core (Fig. 5B, C).

The density of the small-sized CR+ interneurons in the striatum is unaffected by 6-OHDA lesion

The small-sized CR+ interneurons had similar morphological features and CR immunoreactivity in the 6-
OHDA and the sham-lesioned striatum (Fig. 3A, C). They were also regionally distributed according to the
same anteroposterior (248 ± 71 cells/mm3 vs 38 ± 16, P = 0.029) and dorsoventral (308 ± 80 cells/mm3

vs 31 ± 12, P = 0.029) decreasing gradient (Fig. 4A). Overall, we found a similar density of the small-sized
CR+ interneurons in the sham-lesioned striatum (164 ± 22 cells/mm3) and the 6-OHDA-lesioned striatum
(174 ± 46 cells/mm3), indicating that dopamine striatal deafferentation had no signi�cant effect on this
speci�c subtype of CR+ interneurons. This �nding was supported by the absence of statistical
differences in the density of the small-sized CR+ interneurons between the intact (177 ± 44 cells/mm3)
and the 6-OHDA-lesioned striatum (174 ± 46 cells/mm3) of 6-OHDA mice. No signi�cant differences were
observed between the intact (120 ± 10 cells/mm3) and the sham-lesioned striatum (164 ± 22 cells/mm3),
nor between the intact striatum of the sham group (120 ± 10 cells/mm3) and the intact striatum of 6-
OHDA mice (177 ± 44 cells/mm3, Fig. 4C).

In 6-OHDA-lesioned mice, the density of the medium-CR+ interneurons is signi�cantly decreased in the
striatum but unaltered in the NAc
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The medium-sized CR+ interneurons displayed similar morphological features in the 6-OHDA and the
sham-lesioned striatum, with no signs of degeneration in the 6-OHDA-lesioned animals. In 6-OHDA-
lesioned mice, they also displayed a similar level of CR immunoreactivity and regional distribution than in
controls, their density being higher in the ventral striatal sectors (233 ± 17 cells/mm3) than in dorsal
counterparts (82 ± 15 cells/mm3, Fig. 4B). Comparison of the density of medium-sized CR+ interneurons
in the 6-OHDA lesioned striatum (158 ± 15 cells/mm3) revealed a signi�cant decrease compared to what
was observed in the sham-lesioned striatum (370 ± 41 cells/mm3). Although the decrease appeared
rather homogeneous throughout the whole striatum (40-72% decrease), we found the highest decrease in
the dorsal (70%) and lateral (72%) striatal sectors and the lowest in the ventral (50%) and medial (40%)
counterparts. Interestingly, the density of the medium-sized CR+ cells was also found to be almost
similarly decreased in the intact striatum of 6-OHDA mice (143 ± 53 cells/mm3), when compared to either
the sham-lesioned (370 ± 41 cells/mm3) or the intact striatum (316 ± 29 cells/mm3) of sham animals
(Fig. 4D). Although non statistically signi�cant, these results suggest an indirect consequence of the 6-
OHDA lesion on the density of the medium-sized CR+ striatal cells of the striatum.

In the NAc, the density of the medium-sized CR+ neurons was similar between 6-OHDA (1,074 ± 204
cells/mm3) and sham-lesioned mice (1,237 ± 335), with no signi�cant change in their regional
distribution between the core (1,146 ± 215 cells/mm3) and the shell (1,104 ± 227), when compared to
sham animals (1,220 ± 345 and 1,340 ± 357, Fig. 4B). As expected, similar densities were observed
between the 6-OHDA-lesiond NAc (1,074 ± 204 cells/mm3) and intact NAc (1,193 ± 169) of 6-OHDA mice,
as well as between sham-lesioned (1,237 ± 335 cells/mm3) and intact NAc (1,258 ± 167 cells/mm3) of
sham animals. No changes in the proportion of the CR+/CB+ doubly-stained neurons were noted between
6-OHDA and sham-lesioned NAc, either in the core (8 ± 4 % vs 7 ± 4) nor the shell (26 ± 3 % vs 26 ± 3).

Discussion
The present study has provided the �rst detailed quantitative description of changes that affect CR+
striatal interneurons in a mouse model of Parkinson’s disease. Two morphologically distinct types of CR+
aspiny striatal interneurons were detected in mice: a) small, unipolar cells that stained intensely for CR,
displayed beaded dendrites and were distributed according to a dorsoventral decreasing gradient; b)
medium-sized bipolar neurons that stain weakly for CR, displayed smooth dendrites and were scattered
according to a dorsoventral increasing gradient (see also Petryszyn et al. 2014; Garas et al. 2018). This
study also provides a detailed description of the distribution of CR+ cells in the NAc of mice. In contrast
to the striatum, where both small and medium-sized CR+ interneurons occurred, the mouse NAc contains
only medium-sized CR+ cells that are rather evenly distributed between its core and shell compartments.
The medium-sized CR+ cells in NAc were morphologically similar to the CR+ neurons of the same size
that occurred in the striatum. These results are in accordance with previous observations made in the rat
(Hussain et al. 1996) and mouse (Trouche et al. 2019) NAc.
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Previous investigations have revealed that GABAergic cells expressing CR form the most abundant class
of interneurons in the striatum of primates (Cicchetti et al. 2000; Wu and Parent 2000) and there is
evidence that newborn CR+ interneurons continue to be added to the adult striatum in both normal (Ernst
et al. 2014) and pathological conditions (Wei et al. 2011). In most species investigated thus far, the
striatum was described as containing either small-, medium- or large-sized CR+ interneurons or a
combination thereof: rats (Mura et al. 2000; Rymar et al. 2004; Wu and Parent 2000; Garas et al. 2018),
human (Cicchetti et al. 2000; Parent et al. 1995; Petryszyn et al. 2014) and non-human primates
(Petryszyn et al. 2014; Petryszyn et al. 2016; Wu and Parent 2000). The primate striatum harbours a
unique population of giant CR+ interneurons, which express choline acetyltransferase (ChAT), a faithful
marker of cholinergic neurons (Bernacer et al. 2012; Kataoka et al. 2010a; Petryszyn et al. 2014; Petryszyn
et al. 2016). These large-sized CR+/ChAT+ interneurons are signi�cantly decreased in number in the
striatum of parkinsonian monkeys, a change that was shown to re�ect a higher level of CR expression by
ChAT+ interneurons rather than an increase in their absolute number (Petryszyn et al. 2016).

Such giant CR+ interneurons that express ChAT do not occur in the striatum of mice. The latter contains a
signi�cant number of medium-sized CR+ interneurons, which are morphologically and neurochemically
similar to striatal CR+ interneurons of the same size detected in other species, and a smaller number of
small-sized, unipolar CR+ cells that prevail in the anterodorsal sector of the striatum, near the
subventricular zone, an area that retains its neurogenic capacity throughout adult life (Ming and Song
2011). The immature appearance of these small CR+ interneurons and their presence near the neurogenic
zone of the striatum suggest that they might be issued from postnatal neurogenesis, as it appears to be
the case in normal adult rats (Dayer et al. 2005; Garas et al. 2018), rabbits (Luzzati et al. 2006) and
human (Ernst et al. 2014). Evidence for small CR+ neurons generated during early postnatal development
has also been obtained in mice (Revishchin et al. 2010a; Revishchin et al. 2010b). These immature
looking cells were described as having a perikaryon and processes coated with polymorphous spines;
they thus differ markedly from the typical GABAergic CR+ aspiny striatal interneurons as well as from the
small-sized CR+ cells described in the present study.

In addition to the typical small, medium and large-sized striatal CR+ interneurons know to be present in
rats (Rymar et al. 2004; Wu and Parent 2000; Garas et al. 2018), two additional types of CR+ cells were
described following a study of rats with a 6-OHDA-lesion of the nigrostriatal pathway (Mura et al. 2000).
In that study, neurons of the �rst type were detected in both dopamine-depleted and intact striata and
consisted of small unipolar CR+ cells endowed with an irregular dendritic tree that branches very near to
the cell body in a bush-like pattern. Neurons of the second type, present only in the 6-OHDA-lesioned
striatum, were less numerous and composed of uni- or bipolar CR+ cells with dendrites displaying tiny
and widely interspaced spine-like structures. The morphological features of these small CR+ cells in the
rat striatum do not match with those observed in the present study in mice. Furthermore, in that single
study, an overall increase of CR+ cells was noted in dopamine-lesioned striatum 3 weeks following 6-
OHDA injection, but this augmentation tended to normalized at 6, 10, and 18 weeks post-lesion (Mura et
al. 2000). Whether this increase could solely be explained by a postnatal production of these two new
types of CR+ cells or by a transient increase in the expression of CR is unclear. In this regard, it should be
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reminded that the expression of CR appears to be transitory in many neuronal types and could vary
according to the maturation state of the neurons (Schwaller 2014).

The present investigation of the dopamine-depleted striatum in mice has revealed that the two types of
striatal CR+ cells detected previously in normal animals (Petryszyn et al. 2014) occur in the 6-OHDA-
lesioned striatum and its sham counterpart, their regional distribution, morphological characteristics and
neurochemical makeups being totally unaltered by dopamine depletion. However, the density of the
medium CR+ cells was reduced by half in the dopamine-lesioned striatum, while that of the small-sized
CR+ interneurons remained unaffected. Such a 6-OHDA-induced decrease in the number of medium-sized
CR+ striatal cells with no alteration of the small CR+ cells observed here in mice is at variance with the
transient increase in the number of striatal CR+ cells reported in rats under the same pathological
condition (Mura et al. 2000). Such a discrepancy could be due either to species differences or variations
in experimental designs. It should be noted that the present observations were made almost 6 weeks
following 6-OHDA lesion, a period during which the increase noted in rats was shown to be back to
normal (Mura et al. 2000). It is thus tempting to hypothesize that the increase in the number of CR+ cells
noted 3 weeks following 6-OHDA injection in rats is the result of a higher level of CR expression, as part of
an early compensatory mechanism designed to cope with increased intracellular calcium level that might
occur following altered glutamatergic corticostriatal transmission that is believed to characterize
Parkinson’s disease (Calabresi et al. 1996; Cepeda et al. 1998). In regard to the preservation of the small
striatal CR+ cells observed in the present study, it is worth noting that these neurons abound in the
anterior sector of the striatum, which is principally innervated by cortices of the associative type. Such a
speci�c topographical and connectional relationship suggests that the small CR+ interneurons are chie�y
involved in the integrative role of the striatum, whereas the medium-sized CR+ interneurons, which are
affected by dopamine depletion, are principally concerned with the sensorimotor or limbic function of the
striatum, which are dealt with in more posterior and ventral aspects of the structure. The topographical
distribution and high level of CR expression displayed by the small-sized CR+ striatal cells might render
them less vulnerable than the medium-sized CR+ interneurons to increased calcium levels derived from
enhanced striatal excitatory input arising from the cerebral cortex (Mitchell et al. 1994; Blandini et al.
1996; Calabresi et al. 1996; Meshul et al. 1999).

The decreased in the density of the medium-sized CR+ interneurons reported here in the striatum of 6-
OHDA-lesioned mice is congruent with the results of another study in 6-OHDA rats, in which a signi�cant
decrease of CR+ interneurons was observed in the ipsilateral striatum, 5 weeks following unilateral 6-
OHDA injection (Ma et al. 2014). In the latter study, however, the existence of various morphological
subtypes of CR+ cells has not been taken into account in the quantitative analysis so that it is not
possible to know if some types of CR+ striatal interneurons might have been spared in the 6-OHDA-
lesioned rats, as it is the case in 6-OHDA-lesioned mice.

Weather the decrease of the medium-sized CR+ interneurons reported in the present study is caused by
neuronal death or result from a decreased in CR expression following dopamine striatal denervation is
unknown. However, it should be noted that the same level of CR immunoreactivity was observed in the
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sham and 6-OHDA-lesioned striatum and that no morphological signs of neuronal degeneration were
observed for these medium CR+ striatal cells in the 6-OHDA-lesioned striatum. Through its capacity of
maintaining intracellular calcium homeostasis, CR is believed confer to neurons a certain protection
against neurodegenerative processes, particularly glutamatergic excitotoxicity, which is considered a
major pathogenic component of Parkinson’s disease (Choi 2005). This could explain why the medium-
sized CR+ were selectively affected in the 6-OHDA-lesioned striatum, being less immunoreactive for CR
than the small-sized CR+ cells for which the density appears unchanged.

Also of interest is the fact that the intact striatum of 6-OHDA-lesioned mice also showed a trend towards
decreased density of CR+ medium interneurons, a tendency not observed in the sham-lesioned mice.
Although not statistically signi�cant, such a �nding suggests an indirect effect of the dopamine lesion on
striatal CR+ interneurons. A possible in�uence of dopamine on CR+ striatal neurons has been alluded to
previously (Kawaguchi et al. 1995), but the mechanism whereby such a putative dopaminergic action
might be exerted has remained elusive. Immunohistochemical studies in rats have shown that CR+
interneurons express a low level of the dopaminergic D5 receptors (Rivera et al. 2002), but such neurons
appear to be completely devoid of the D1 and D2 receptors (Petryszyn et al. 2014). Thus, dopamine is
likely to exert its in�uence upon CR+ striatal interneurons indirectly, probably by modulating the
glutamatergic excitatory striatal projections of cortical or thalamic origin. The fact that the most
signi�cant decrease of the medium-sized CR+ cells was observed in the dorsolateral sectors of 6-OHDA-
lesioned striatum and that no changes were observed in the NAc indicates that the medium-sized striatal
interneurons expressing low level of CR and located in the sensorimotor striatal territory might be
particularly vulnerable to an increase in intracellular calcium. This possibility is further strengthened by
data indicating that perturbations of glutamatergic cortiostriatal transmission induced by striatal
dopamine-depletion are particularly conspicuous in the sensorimotor striatal territory (Meshul et al. 1999;
Blandini et al. 1996).

The intensity of the immunostaining for TH and DAT in the intact striatum of 6-OHDA-lesioned striatum
was similar to that in sham animals. Hence, despite the fact that 5-10 % of nigrostriatal axons have been
reported to cross the midline in normal condition (Fass and Butcher 1981), it’s is di�cult to attribute the
bilateral decrease of medium CR+ striatal cells to a lower dopamine concentration in the intact striatum
of 6-OHDA-lesioned striatum compared to sham animals. Instead, the involvement of the corticostriatal
projections could be a more likely explanation. Corticostriatal neurons are able to reach their target by
either an ipsilateral, contralateral or bilateral projection (Hooks et al. 2018; Kiritani et al. 2012; Parent and
Parent 2006). Hence, a bilaterally altered corticostriatal transmission could indeed explain, at least in part,
the bilateral reduction of CR+ medium cells in 6-OHDA-lesioned mice. It is worth noting that various
bilateral effects have often been reported following unilateral 6-OHDA lesion (Avila-Costa et al. 2005;
Jedrzejewska et al. 1990; Nikolaus et al. 2003), including a transient increase in the number of striatal
CR+ neurons following unilateral 6-OHDA-lesion in rats (Mura et al. 2000). However, a potential systemic
effect of the 6-OHDA injection cannot be ruled out, particularly because increased level of pro-
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in�ammatory cytokines and reduced concentrations of neurotrophic factors have previously been
reported in the 6-OHDA-lesioned mice (Antunes et al. 2020).
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Figures

Figure 1

Method used to estimate the total number of calretinin-immunostained (CR+) cells in different sectors of
the mouse striatum using an unbiased stereological approach. A) From 6 equally-spaced coronal
sections (600 µm interval), the striatum was divided into 8 sectors: antero-dorso-lateral (ADL), antero-
dorso-median (ADM), antero-ventro-lateral (AVL), antero-ventro-median (AVM), postero-dorso-lateral
(PDL), postero-dorso-median (PDM), postero-ventro-lateral (PVL) and postero-ventro-median (PVM). B) On
each of these sectors, a grid formed by 157 x 157 µm squares was randomly positioned. At each
intersection of the grid that fell into the sector, a counting frame of the same size was examined, leading
to the sampling of the entire striatal sector. C) Neurons inside the counting frame that do not contact the
exclusion lines were counted whenever their nucleus came into focus within a 12 µm-thick optical
disector centered in the section.
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Figure 2

Assessment of the dopamine lesion following unilateral 6-OHDA injection in the medial forebrain bundle.
A) Coronal sections taken through the striatum (STR, bregma 1.42 and 0.14), the nucleus accumbens
(NAc, bregma 1.42) and the substantia nigra pars compacta (SNc, bregma 3.1) were immunostained for
tyrosine hydroxylase (TH) in sham (upper row) and 6-OHDA (lower row) lesioned mice. Histograms show
TH (B) and dopamine transporter (DAT, C) residual content in the sham (light green) and 6-OHDA (dark
green) lesioned striatum as well as in the core and shell compartments of the NAc. Dots represent
individual data obtained for each mouse. * P < 0.05 for sham vs 6-OHDA-lesioned mice using Mann-
Whitney statistical test.
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Figure 3

Confocal images of calretinin-immunostained (CR+) interneurons in the sham (A, B) and 6-OHDA (C, D)
lesioned striatum. In the striatum of both experimental groups, small-sized (A, C) and medium-sized (B, D)
CR+ cells were observed.
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Figure 4

Histograms depicting the density of the small (A, C) and medium (B, D) CR+ cells in different sectors of
the sham (light green bars) and 6-OHDA (dark green bars) lesioned striatum and nucleus accumbens. In C
and D, histograms show the density of CR+ interneurons in the whole lesioned (empty bars) and intact
(hatched bars) striatum of sham and 6-OHDA-lesioned mice. In the sham and 6-OHDA-lesioned striatum,
a signi�cant anteroposterior and dorsoventral decreasing gradient was observed for the small-sized CR+
cells (A) whereas a dorsoventral increasing gradient characterized the medium-sized CR+ neurons (B). In
contrast to the small-sized CR+ cells, the density of the medium-sized is signi�cantly decreased in all
sectors of 6-OHDA-lesioned striatum, but unaffected in the NAc (B). A similar decreasing trend is
observed in the intact striatum (D). * P < 0.05, P = 0.057 using two-way ANOVA followed by Tukey
multiple comparison test.
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Figure 5

A) Tile scan of a coronal section doubly stained for calretinin (CR, red) and calbindin (CB, green) used to
delineate the core from the shell compartments of the nucleus accumbens (NAc). Confocal images of
medium-sized CR+ interneurons observed in the core (upper panels) and the shell (lower panels)
compartment of the NAc in the sham (B) and 6-OHDA (C) lesioned mice. No small-sized CR+ interneurons
were observed in the NAc.


