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Striatal cholinergic dysfunction is a common phenotype associated with various forms of
dystonia in which anti-cholinergic drugs have some therapeutic benefits. However, the
underlying substrate of striatal cholinergic defects in dystonia remain poorly understood.
In this study, we used a recently developed knock-in mouse model of dopamine-
responsive dystonia (DRD) with strong symptomatic responses to anti-cholinergic drugs,
to assess changes in the prevalence and morphology of striatal cholinergic interneurons
(Chls) in a model of generalized dystonia. Unbiased stereological neuronal counts and
Sholl analysis were used to address these issues. To determine the potential effect of
aging on the number of Chls, both young (3 months old) and aged (15 months old)
mice were used. For purpose of comparisons with Chls, the number of GABAergic
parvalbumin (PV)-immunoreactive striatal interneurons was also quantified in young mice.
Overall, no significant change in the prevalence of Chils and PV-immunoreactive cells
was found throughout various functional regions of the striatum in young DRD mice.
Similar results were found for Chls in aged animals. Subtle changes in the extent and
complexity of the dendritic tree of Chls were found in middle and caudal regions of
the striatum in DRD mice. Additional immunohistochemical data also suggested lack
of significant change in the expression of striatal cholinergic M1 and M4 muscarinic
receptors immunoreactivity in DRD mice. Thus, together with our previous data from
a knock-in mouse model of DYT-1 dystonia (Song et al., 2013), our data further
suggest that the dysregulation of striatal cholinergic transmission in dystonia is not
associated with major neuroplastic changes in the morphology or prevalence of
striatal Chls.

Highlights

- There is no significant change in the number of striatal Chls in young and aged
mice model of DRD

- There is no significant change in the prevalence of striatal GABAergic
PV-containing interneurons in the striatum of young mice models of DRD

- Subtle morphological changes in the dendritic arborization of striatal Chls are found
in the middle and caudal tiers of the striatum in young mice models of DRD

- The levels of both M1 and M4 muscarinic receptors immunoreactivity are not
significantly changed in the striatum of DRD mice
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- Major changes in the prevalence and morphology of striatal Chls are unlikely to
underlie striatal cholinergic dysfunction in DRD

Keywords: acetylcholine, striatum, parvalbumin, muscarinic receptor, aging

INTRODUCTION

Dystonia is the third most common movement disorder after
essential tremor and Parkinson’s disease (Defazio, 2010). It is
characterized by sustained or intermittent, involuntary twisting
muscle contractions that lead to abnormal movements, postures
or both (Albanese et al., 2013). Although most forms of dystonia
are not associated with major structural changes and neuronal
death, various hypotheses about the pathophysiology of dystonia
have been proposed (Vitek, 2002; Breakefield et al, 2008;
Calabresi et al., 2016; Jinnah et al., 2017; Jinnah and Hess, 2018).
It is considered as a network disorder that affects basal ganglia
and cerebellar outflow to the motor cortex. Dysregulation of
striatal dopaminergic and cholinergic systems are commonly
seen as key underlying substrates of various forms of dystonia
(Pisani et al., 2007; Breakefield et al., 2008; Zhang et al., 2012;
Eskow Jaunarajs et al., 2015; Pappas et al., 2015; Scarduzio et al.,
2017).

Until recently, animal models of dystonia were either etiologic
or symptomatic. Etiologic models usually recapitulate genetic
forms of dystonia, like DYT-1 dystonia, but in many cases these
animals do not display dystonia. On the other hand, many
symptomatic animal models exhibit dystonic motor features that
are induced by drug treatments or other interventions which are
not directly associated with the underlying causes of dystonia in
humans (Neychev et al., 2011; Wilson and Hess, 2013). However,
Hess and colleagues have recently developed a knock-in mouse
model that carries a causal mutation of dopamine-responsive
dystonia (DRD) in humans. As young adults, these mice display
the core features of human DRD, including dystonia that
worsens throughout the day and improves in response to both
L-DOPA and anti-cholinergic trihexyphenidyl treatment (Rose
et al., 2015). However, as these mice age, dystonic movements
wane, locomotor activity decreases and movement initiation
becomes slower, without any evidence of midbrain dopaminergic
neurons degeneration (Rose et al., 2017). So this model, which
exhibits face, construct and predictive validity, provides an
excellent tool to study possible structural, neurochemical and
pathophysiological changes associated with DRD in young and
old age.

In light of strong evidence that striatal cholinergic
interneurons (Chls) play a central role in the pathophysiology
of dystonia (Pisani et al., 2007; Breakefield et al., 2008; Eskow
Jaunarajs et al.,, 2015; Pappas et al., 2015), combined with the
fact that anti-cholinergic drugs are the first-choice and the most
effective symptomatic treatment for most forms of dystonia
(Jankovic, 2006, 2013; Horn and Comella, 2007), an in-depth
understanding of the anatomical and functional integrity of the
intrastriatal cholinergic system in models of dystonia is needed.

Through the use of DYT-1 mice models, evidence for a hyper-
cholinergic state that hampers long term synaptic plasticity
through over-activation of M1 cholinergic receptors on striatal

projection neurons, has been demonstrated (Martella et al., 2009;
Sciamanna et al., 2012a,b; Maltese et al., 2014). Paradoxically,
striatal cholinergic cell loss has been reported in a different
mouse model of DYT1 dystonia (Pappas et al., 2015), but not
in others (Song et al., 2013). To further assess potential changes
in the striatal cholinergic system in other models of dystonia,
we quantified the total number and studied the morphology
of striatal Chls in young and old DRD mice. We also used
immunohistochemistry to determine if the expression of M1 and
M4 muscarinic cholinergic receptors was altered in the striatum
of DRD mice.

MATERIALS AND METHODS

Animals

A total of 18 (10 males, eight females) adult (3 and 15 months
old) mice were used in this study. This study was carried out in
accordance with the recommendations of the National Institutes
of Health Guidelines for Use of Animals in Research. The
housing conditions and all experimental procedures performed
in these animals were approved by the Emory University’s
Institutional Animal Care and Use Committee. These mice
belong to two groups: mice homozygous for the c.1160C>A
TH mutation, which is homologous to human DRD causing
TH mutation p.381Q>K, and normal littermates on a mixed
C57BL/6] and DBA/2J background were bred, genotyped and
maintained as previously described (Rose et al., 2015).

Immunohistochemistry

At the time of euthanasia, animals were deeply anesthetized
with an overdose of isoflurane (2% inhalation). The brain tissue
was prepared by perfusion fixation with a 4% paraformaldehyde
solution. After perfusion, the brain was post-fixed for 24 h
at 4°C in the fixative solution before being cut in transverse
sections (30 pm-thick) with a freezing microtome. Serial
striatal brain sections from 3-month old and 15-month old
wild-type (WT; n = 9, four females and five males) and
DRD (n = 9, four females and five males) mice were
immunostained with choline acetyltransferase (ChAT) antibody
(ProSci, USA) at 1:200 dilution. Every 6th section, extending
approximately from IA (interaural) 5.1 to IA 2.5 mm (Paxinos
and Franklin, 2001), was used for stereological counts of
ChAT-positive neurons. Striatal brain sections from 3-month old
WT (n = 3) or DRD (n = 3) animals were immunostained with
parvalbumin (PV) antibody (PV 27, SWANT, Switzerland) used
at 1:15,000 dilution.

All primary antibodies have been extensively characterized
and carefully tested for specificity in previous studies (Table 1).
For immunohistochemistry procedures, sections were treated
with 1% sodium borohydride for 20 min followed by a
pre-incubation for 1 h in a solution containing 1% normal
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TABLE 1 | Sources of primary antibodies used in the study.

Antibody Immunogen Manufacturer data Dilution

Choline acetyltransferase Purified human placental enzyme Pro Sci (50-265), goat polyclonal 1:100

Parvalbumin Purified Carp-Il parvalbumin from muscle; directed against Swant (PV27), rabbit polyclonal 1:15,000
an epitope at the 1st calcium binding site

Muscarinic receptor 1 Muscarinic i3 loop fusion protein Levey et al. (1991), rabbit polyclonal 1:100

Muscarinic receptor 4 Muscarinic i3 loop fusion protein Levey et al. (1991), rabbit polyclonal 1:500

non-immune horse (for ChAT immunoreactions) or goat (for
PV immunoreactions) serum, 0.3% Triton- X-100, and 1%
bovine serum albumin (BSA) in PBS. Sections were then
incubated for 24 h at room temperature (RT) in a solution
containing the subsequent primary antibodies in 1% normal
serum, 0.3% Triton-X-100 and 1% BSA in PBS. On the second
day, sections were thoroughly rinsed in PBS and then incubated
in a PBS solution containing either (secondary) biotinylated
horse anti-goat IgGs (for ChAT staining) or goat anti-rabbit
IgGs (for PV staining; 1:200; Vector, Burlingame, CA, USA)
combined with 1% normal serum, 0.3% Triton-X-100 and 1%
BSA for 90 min at RT. Sections were exposed to an avidin-biotin-
peroxidase complex (ABC; 1:100; Vector) for 90 min followed
by rinses in PBS and Tris buffer (50 mM; pH 7.6). Sections
were then incubated within a solution containing 0.025% 3,3'-
diamino-benzidine tetrahydrochloride (DAB; Sigma, St. Louis,
MO, USA), 10 mM imidazole, and 0.005% hydrogen peroxide
in TRIS buffer for 10 min at RT, rinsed with PBS, placed onto
gelatin-coated slides, and coverslipped with Permount.

To label muscarinic receptors, M1 and M4 antibodies were
kindly provided by Dr A. Levey (Emory University, GA, USA).
The specificity tests, working dilution and incubation conditions
for these antibodies were described previously (Levey et al,
1991; see Table 1). Antigen retrieval was applied to the tissue
for M1 and M4 localization. For this procedure, sections were
first rinsed thoroughly in 0.1 M PB buffer (pH 7.4) followed
by an incubation for 30 min in 10 mM sodium citrate buffer
(pH 8.5) preheated to 80°C in water bath and maintained at this
temperature during the whole incubation period. The sections
were kept in this solution until it cooled down to RT, then they
were rinsed in 0.1 M PB (pH 7.4) and immersed in 2% non-fat
dry milk in 0.1 M PB (pH 7.4) containing 0.3% Triton-X-100 and
0.01% sodium azide for 60 min (Jiao et al., 1999). This procedure
was followed by the regular immunostaining protocol using the
ABC immunoperoxidase method and DAB as chromogen. The
incubation conditions were the same as those described above
for the ChAT and PV antibody reactions.

Stereological Cell Counts
A CCD camera (Leica DC 500; Leica IM50 software) attached
to a Leica DMRB light microscope (Leica Microsystems,
Inc., Bannockburn, IL, USA) connected to a computer with
Stereolnvestigator software (MicroBrightField, Williston, VT,
USA) was used for stereological cell counts (West et al., 1991;
West, 1999). Every 6th or 12th section extending from IA
(interaural) 5.1 to TA 2.0 mm was used to count striatal
ChAT-positive or PV-positive neurons, respectively.

For the evaluation of changes in the number of ChAT-positive
neurons in specific functional territories of the dorsal striatum

(DS), the structure was divided into rostral, middle and
caudal/post-commissural tiers according to the mouse brain
atlas (Paxinos and Franklin, 2001). From the rostral and middle
striatal tiers, dorsolateral (DL), dorsomedial (DM), ventrolateral
(VL), ventromedial (VM) quadrants were delineated, while
the post-commissural tier was divided into a dorsal and a
ventral sectors (Figure 1). The whole striatum, as well as
striatal quadrants and divisions, were delineated at 2.5x. Counts
of neuronal profiles were performed at 100x oil-immersion
objective, at a 14 pm depth and 2 pwm top guard zone by
using optical fractionator probe of StereoInvestigator software.
The counting frame was 150 x 150 pm in a sampling grid of
250 x 250 pm for ChAT-positive neurons count; 175 x 175
pm counting frame in 450 x 450 pm sampling grid for
PV-positive neurons count. Gundersen coefficient of error (CE)
was ~0.1 (0.05-0.17) for all regions of interest, except for
the dorsal post-commissural region, being between 0.22 and
0.35.

Striatal Volume Measurements

The Cavalieri’s principle was used to estimate striatal volumes
(Gundersen and Osterby, 1981; Schmitz and Hof, 2005). The
volume was determined by multiplying the sum of the ROI areas
(striatum) by the distance between sections. The mean section
thickness was estimated from at least four measurements/section,
obtained by moving the focus from the top to the bottom surface
of the tissue at each microscopic field with the z-axis position
encoder of the stereology system.

ChAT-Positive Cells’ Volume

Measurements

The volume of ChAT-positive cell bodies was determined using
the optical rotator probe of Stereolnvestigator with a 3 wm focal
plane separation and a 4-grid line separation of 4 wm. The
optical fractionator probe was used to select the cells for volume
measurement as a systematic random sampling scheme. Six WT
and DRD mice were used. The volume of 20 Chls randomly
selected in different regions of interest was measured in each
animal.

Sholl Analysis of Striatal ChAT-Positive

Neurons Dendritic Tree

The Sholl analysis was used to determine the extent and
complexity of the arborization of the dendritic tree of ChAT-
positive neurons (Sholl, 1953). To avoid any bias in the selection
of neurons to be examined, ChAT-positive cells were selected
from the different rostro-caudal and quadrants/divisions of the
striatum (two neurons from each specific region) using the
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FIGURE 1 | (A-F) Low power views of choline acetyltransferase (ChAT)-immunostained sections from wild-type (WT). (A-C) and dopamine-responsive dystonia
(DRD) (D-F) mice at the rostral (A,D), middle (B,E) and post-commissural (C,F) striatal levels. In the top row, the regions of interest in the dorsal striatum (DS) from
which data were collected, are delineated. Abbreviations: ac, anterior commissure; acc, nucleus accumbens; cc, corpus callosum; DL, dorsolateral; DM,
dorsomedial; GP, globus pallidus; VL, ventrolateral; VM, ventromedial. Scale bar in (A) valid for (B=F).

optical fractionator probe of Stereolnvestigator software. Using
this approach, the dendritic arborization of 20 neurons from each
animal (i.e., 120 neurons per genotype) was traced under a 40x
objective using the NeuroLucida software (MicroBrightField,
Williston, VT, USA) and analyzed with the NeuroExplorer
software. Using a modified Sholl method, concentric circles, the
radii of which increase by 10 jum, were centered on the soma of
the ChAT-immunoreactive neurons (Sholl, 1953). The dendritic
length and number of intersections formed by the dendritic
branches were then determined according to the radius level.

Striatal M1 and M4 Immunostaining

Intensity Measurements
To assess the relative intensity of striatal M1 and M4
immunostaining, M1- and M4-immunostained sections were

scanned at 20x using a ScanScope CS scanning system (Aperio
Technologies, Vista, CA, USA), and digital images of the
stained tissue slides containing different levels of striatum
(rostral, middle and caudal) were obtained by ImageScope
viewer software (Aperio) and imported into Image] (National
Institutes of Health, Schneider et al., 2012) for optical density
measurement. The images were converted into 16-bit grayscale
format and inverted. To control for differences in background
staining, the optical density measurement in the corpus callosum
(cc) was subtracted from that obtained in striatal measurements.
Measurements of the intensity of labeling were obtained in three
sections at rostral, middle and caudal striatal levels from DRD
(n =3) and WT (n = 3) animals in the 3-month old group. In
each striatal section, the intensity of M1 and M4 immunostaining
was measured in all quadrants delineated in rostral, middle

Frontiers in Systems Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 28


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Yalcin-Cakmakli et al.

Striatal Cholinergic Interneurons in L-DOPA-Responsive Dystonia

and post-commissural striatum (see Figure 1). The resulting
intensity values were averaged in DRD and WT group for
comparison.

Statistical Analyses

The data collection was done blind to the animal genotypes.
One-way analysis of variance (ANOVA) was used for the
comparisons of ChAT- and PV-positive neuron numbers
between groups. Mann-Whitney U test was applied to compare
the dendritic length and number of branches in each concentric
circle of Sholl. For all analyses, statistical significance was defined
asp < 0.05.

RESULTS
Number of Striatal Chls in DRD Mice

To determine if the total number of striatal Chls was affected
in DRD mice, unbiased stereological counts of ChAT-positive
interneurons were collected from the DS in 3-month old DRD
and WT mice. To assess possible regional heterogeneity in the
number of ChAT-positive interneurons between the two groups,
cell counts were collected from specific regions of interest in the
rostral and caudal striatum (Figure 1). No significant difference
was found in the total number of ChAT-positive neurons in any
of the striatal regions examined, except in the dorsal division
of the post-commissural striatum where a significantly larger
number of ChAT-positive neurons was counted in DRD mice
compared to controls (p < 0.05; Figures 1, 2A-C).

To assess possible effects of aging on cholinergic cell numbers
in DRD, similar measurements were also collected from the
striatum of 15-month old mice. In this group, no significant
difference in ChAT-positive cell numbers was found in any
striatal regions between DRD and WT animals (Figures 2D-F).

Using the Cavalieri’s principle, we also showed that there
was no significant difference in striatal volume between the
groups. In line with this observation, no significant difference
in ChAT-positive neurons density was found between WT
and DRD animals of both age groups (3 months old: WT
2036.06 & 208.6/mm? vs. DRD 2295.8 + 264.4/mm”; 15 months
old: WT 2004.4 & 509.8/mm?> vs. DRD 2078.3 & 382/mm?).

Overall, these findings demonstrate that there is no
significant change in the number and density of ChAT-positive
interneurons in the striatum of young and aged DRD mice.

Number of Striatal Parvalbumin-Positive

Interneurons in DRD Mice

Because striatal PV-positive neuronal loss has been observed in
other animal models of dystonia (Gernert et al.,, 2000; Reiner
etal., 2013), we compared the total number of striatal PV-positive
GABAergic interneurons in the DS of 3-month old DRD and
WT mice (Figure 3). This study did not reveal any significant
difference in the number of PV-positive neurons in rostral,
middle and caudal tiers of the DS (Figure 4) between WT (N = 3;
Total striatum: 12395 4 1110.8) and DRD (N = 3; Total striatum:
13812.4 + 1162.9) mice. Therefore, similar to ChAT-positive
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FIGURE 2 | (A-F) Number of ChAT-positive neurons (average values + SEM)
in various quadrants and divisions of the rostral, middle and post-commissural
tiers of the DS of young (3 months old; A=C) and old (15 months old; D-F) WT
and DRD mice (*p < 0.05).

cells, there is no change in the number of PV-immunoreactive
interneurons in the DS of DRD mice.

Morphological Changes of Striatal Chls in
DRD Mice

Based on recent findings showing that the somata of striatal
ChAT-positive interneurons are slightly larger in a DYT-1
knock-in mouse model of dystonia than in WT mice (Song et al.,
2013), we compared the perikarya volume of Chls between DRD
and WT mice. In contrast to the DYT-1 mice, our findings did
not reveal any significant difference in striatal ChAT-positive
cell body volume between DRD (3807.6 & 147.7 pm?) and WT
(3688.3 & 174.3 pm’) mice (Figure 5). To ensure that this
lack of morphological changes was a common feature of ChAT-
positive neurons across all functional regions of the striatum, we
compared the volume of ChAT-positive cell bodies randomly
selected from the same quadrants and divisions used for the
stereological counts. Similar to findings from the whole striatum,
these observations did not reveal any significant difference in
somata volumes between the two genotypes (Figure 5C).

To further assess possible morphological changes of ChAT-
positive neurons between DRD and WT mice, we used the
Sholl analysis to determine if there was a change in the
extent and complexity of the dendritic arbor of ChAT-positive
neurons between the two animal groups. For this analysis,
2 ChAT-positive neurons were randomly selected by the optical
fractionator probe in each of the pre-determined quadrants
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for (B~F).

FIGURE 3 | (A-F) Low power views of parvalbumin (PV)-immunostained sections from WT (A-C) and DRD (D-F) mice at the rostral (A,D), middle (B,E) and
post-commissural (C,F) striatal levels. Abbreviations: ac, anterior commissure; cc, corpus callosum; DS, dorsal striatum; GP, globus pallidus. Scale bar in (A) valid

and divisions of the striatum of 6 WT and 6 DRD mice in
the 3-month old group (total: 20 neurons/animal). Although
the mean dendritic length of ChAT-positive neurons and the
number of intersections made by the dendritic tree were reduced
in DRD mice compared to WT throughout all the concentric
circles, this difference did not reach statistical significance when
data from the whole striatum were examined (p = 0.053 for
dendritic length and p = 0.065 for number of intersections,
Figures 6A,B).

To search for possible regional differences in the morphology
of the dendritic arbor of Chls, dendritic lengths and numbers of

intersections were measured for ChIS in each rostro-caudal tier
of the striatum. There was no significant change in the rostral
striatal region for both parameters (Figures 6C,D). However,
in the middle tier of the striatum, the maximum extent of
the dendritic tree was significantly reduced in the DRD group
(109.6 wm in WT vs. 98.5 wm in DRD, p = 0.039) as were the
total number of dendritic intersections (33.06 pwm in WT vs.
28.71 pm in DRD, p = 0.041) and the number of intersections
in the 7th and 8th concentric circle (p = 0.008 and p = 0.047,
Figure 6F). Similarly, a decrease in the dendritic length in the
7th, 8th and 9th circles was detected (p = 0.048, 0.018 and
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FIGURE 4 | Number of PV-positive neurons (average values + SEM) in the
rostral, middle and caudal tiers of the DS of young WT and DRD mice. No
significant difference was found between the two groups.

0.040 respectively, Figure 6E). In the post-commissural tier, the
dendritic length and number of dendritic intersections in the
2nd and 3rd circles were significantly reduced in the DRD group
compared to WT (for length p = 0.005, 0.004 and 0.009 for 4th
circle; for intersections p = 0.001, 0.023, Figures 6G,H).

Further analysis for the quadrants and divisions of the
striatum revealed that the loss of complexity in the dendritic tree
of Chls was more pronounced in the dorso-medial quadrant. In
this region, the maximum extent of the dendritic tree (108.8 pm
in WT vs. 90 pm in DRD, p = 0.028), the total dendritic length
(390.8 pm in WT vs. 287.8 pm in DRD, p = 0.032) and the
number of dendritic intersections (30.4 pm in WT vs. 21.5 pm
in DRD, p = 0.008) were all significantly lower in the DRD group
than in WT animals.

Overall, this morphological analysis revealed a significant
reduction in the complexity of the dendritic arbor of striatal
Chls in DRD mice, being more prominent in the middle
and post-commissural tiers and in the DM quadrant of the
striatum.

Striatal Expression of Muscarinic
Receptors M1 and M4 Immunoreactivity in
DRD Mice

To determine if changes in expression of cholinergic
muscarinic receptors could potentially contribute to the
striatal pathophysiology of DRD dystonia, we compared the
intensity of M1 and M4 muscarinic receptors immunoreactivity
in the striatum of 3-month old WT and DRD mice. Intensity
measurements of M1/M4 immunostaining were collected from
each quadrant and division of the striatum that were delineated
for stereological count of ChAT-positive neurons. No significant
change was detected in the pattern and intensity of labeling
between WT (n = 3) and DRD mice (n = 3) in the young group
(Figures 7, 8).
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FIGURE 5 | (A-C) High power views of ChAT-positive neurons in the DS of a
WT (A) and a DRD (B) mouse to depict the morphological features of
cholinergic interneurons (Chls) between the two animal groups. (C) Compares
the average (=SEM) volume of ChAT-immunoreactive perikarya measured
from the different striatal regions of interest depicted in Figure 1. Three WT
and three DRD mice were used in this analysis. The volume of 20 randomly
selected striatal Chls was measured in each mouse. No significant difference
in Chls perikaryal volume was found between the two animal groups in any of
the striatal regions examined.

DISCUSSION

In light of strong evidence that striatal cholinergic dysfunction
contributes to some aspects of dystonia pathophysiology, and
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FIGURE 6 | (A-H) Quantitative morphometric data (Mean + SEM) from Sholl
analysis about the length (A,C,E,G) and extent of arborization (B,D,F,H) of the
dendritic tree of striatal ChlS according to incremental radii of 10 pm from the
center of their perikaryon in WT (blue traces, N = 6, 20 cells/animal) and DRD
(red traces, N = 6, 20 cells/animal) mice. Mean dendritic length and number of
intersections made by the dendritic tree of ChAT-positive neurons were not
significantly different in DRD mice compared to WT throughout all the
concentric circles for the whole striatum (A,B), but reached statistical
significance in specific circles away from the soma in the middle (E,F) and
post-commissural (G,H) tiers of the striatum (*p < 0.05).

FIGURE 7 | (A-D) Low power views of striatal sections that compare M1
(A,B) and M4 (C,D) muscarinic receptors immunoreactivity between WT
(A,C) and DRD (B,D) mice. Abbreviations: ac, anterior commissure; DS,
dorsal striatum; IClj, Island of Calleja; NAcc, nucleus accumbens. Scale bar in

(A) valid for (B-D).

the therapeutic benefit of anti-cholinergic drugs in patients
with dystonia (Breakefield et al., 2008; Eskow Jaunarajs et al.,
2015; Pappas et al, 2015), we looked at the prevalence and
morphology of Chls, and assessed possible changes in the
expression level of M1 and M4 muscarinic receptors in the
striatum of a newly developed knock-in mouse model of DRD
that recapitulates the core clinical features and etiology of the
human disease and responds to anti-cholinergic therapy (Rose
et al,, 2015). Our findings demonstrate that the number of Chls
is not altered in most striatal regions of DRD mice, except
in the dorsal post-commissural tier where a slight increase
in cholinergic cell number was found in 3-month old DRD
animals. Similar findings were found in both 3-month old and
15-month old mice, indicating that aging does not have an
impact on the number of striatal Chls in DRD. Along the
same line as Chls, the total number of PV-positive GABAergic
interneurons was not changed in the striatum of DRD mice. At
the morphological level, striatal Chls underwent subtle changes
in the length and complexity of their dendritic tree but did

not display any change in the size of their perikarya, in DRD
mice. The M1 and M4 muscarinic receptor immunoreactivity
was also not significantly altered in the striatum of DRD
mice. Thus, together with our previous report that showed
minor structural changes in various striatal cell types in a
DYT-1 mouse model of dystonia (Song et al., 2013), our
data suggest that the cholinergic imbalance seen in DRD,
and other forms of dystonia, is unlikely to result from major
morphological changes in striatal Chls and gross expression
level of M1/M4 muscarinic receptors. Further high-resolution
studies that examine structural and functional changes at
the synaptic level are needed to further understand the
pathobiology and neurotransmitter dysregulation in various
forms of dystonia.

Prevalence and Morphology of Striatal
Cholinergic Neurons in Young and Aged
DRD Mice

As mentioned above, our findings did not reveal major change in
the total number, and only subtle changes in the morphology,
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FIGURE 8 | (A-F) Comparisons of M1 and M4 immunostaining intensity
(Average + SEM) in the different striatal regions depicted in Figure 1 between
WT and DRD mice. No significant difference in staining intensity for either
receptor subtype was found between the two animal groups.

of Chls in the striatum of DRD mice. To ensure that specific
regional differences were not overlooked in this analysis, we
counted striatal Chls in various quadrants of the DS defined by
their relationships with functionally distinct cortical areas. This
analysis did not reveal major inter-regional differences in the
counts of Chls, except for a slight numerical increase in the dorsal
part of the post-commissural striatum in 3-month old mice.
The number of striatal Chls has been assessed in other animal
models of primary dystonia, specifically in different DYT-1
mouse models (Hamann et al., 2006; Sciamanna et al., 2012a;
Song et al., 2013; Pappas et al., 2015). In line with our results,
no change in the number of striatal Chls was detected in most of
these studies, except for the recent report of Pappas et al. (2015)
which provides evidence for a 40% reduction in the number of
Chls in the DL striatum (i.e., sensorimotor territory) of a DYT-1
mouse model with a conditional deletion of torsinA gene in the
embryonic progenitors of forebrain cholinergic and GABAergic
neurons (Pappas et al, 2015). These mice show dystonic-like
twisting movements responsive to anti-cholinergic treatment
starting during the juvenile period (15-17 days postnatal), at
a time which coincides with apoptotic death of striatal Chls
(Pappas et al., 2015). Paradoxically, despite more than 70%
decrease in striatal extracellular acetylcholine in these mice, their
motor deficits could be alleviated by muscarinic cholinergic
antagonists, as is the case for some forms of primary human

dystonia (Eskow Jaunarajs et al., 2015; Pappas et al,, 2015).
Because of the limited amount of findings from postmortem
studies of brain pathology in dystonic patients (Albin et al,
2003; Standaert, 2011; Paudel et al., 2012), it remains unclear
as to whether the loss or not of striatal Chls better translates
to the human condition. The paucity of reliable postmortem
brain tissue from dystonia patients remains a major roadblock
to advancement of knowledge in dystonia pathobiology and
therapeutics.

Our findings revealed subtle, though significant, decrease
in the extent and complexity of the dendritic tree of Chls,
without any change in their perikaryal size, in DRD mice. Those
morphological changes are different from the recently reported
increased somata size of Chls in a knock-in model of DYT-1
dystonia, (Song et al., 2013). At present, the significance of
this difference between the two dystonia mice models remains
unclear. Although the larger perikaryal size of Chls was suggested
as a potential source of the increased striatal cholinergic
tone in DYT-1 mice (Song et al, 2013; Pappas et al., 2015),
this hypothesis remains to be tested. Similarly, the functional
significance of the minor change noticed in the dendritic
arbor of Chls in DRD mice is currently unknown, although
it may underlie some changes in the drive and modulation
of these neurons by extrinsic GABAergic, glutamatergic and
dopaminergic inputs, known to play a major role in regulating
ChlIs activity (Gonzales et al., 2013; Gonzales and Smith, 2015).
Patch clamp recording and electron microscopic studies of Chls
in DRD animals are warranted to further address the anatomical
and physiological consequences of these dendritic morphology
changes on Chls regulation.

In a recent study, Hess and colleagues demonstrated that
the severity of dystonic movements is decreased, while the
locomotor activity and movement initiation are slowed, in
aged DRD mice (Rose et al,, 2017). Despite this age-related
development of hypokinetic behavior, these animals did not
exhibit any significant degeneration of midbrain dopaminergic
neurons, thereby providing evidence that DRD mice develop
parkinsonian motor features with aging, an observation
reminiscent of those reported from DRD patients, who
display less dystonic symptoms, but more parkinsonian
motor features with age (Tadic et al., 2012; Wijemanne and
Jankovic, 2015; Rose et al., 2017). Because of this symptomatic
difference between young and aged mice, we counted the
number of ChAT-positive neurons in aged (15 months old)
DRD animals and compared those with data from young
(3 months old) DRD mice. This analysis did not reveal
any significant loss of Chls in the striatum of aged mice,
suggesting that the dynamic evolution of the behavioral
phenotype of the DRD mice from dystonia to parkinsonism
does not rely on a mere change in the number of striatal
Chls.

PV-Positive GABAergic Interneurons in the
Striatum of DRD Mice

In addition to Chls, the striatum contains a large variety
of GABAergic interneurons characterized by their differential
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content in calcium binding proteins and electrophysiological
properties (Kawaguchi, 1993; Kawaguchi et al., 1995; Tepper and
Bolam, 2004; Tepper et al., 2010). Among those are the fast
spiking PV-positive GABAergic cells, known to play a major
role in feedforward inhibition of GABAergic spiny projection
neurons (Tepper et al., 2008). Although our recent study did not
reveal any significant difference in the number of PV-positive
GABAergic interneurons in the striatum of DYT-1 mice (Song
et al., 2013), data from the d"* hamster model of primary
paroxysmal dystonia showed a significant and widespread loss,
and maturation delay, of PV-positive striatal neurons (Gernert
et al,, 2000; Bode et al., 2017). Reiner et al. (2013) recently
suggested that the progressive loss of PV-positive neurons in
the motor striatum may determine the timing of dystonia onset
in a mouse model of Huntington’ disease. Thus, the loss of
striatal fast spiking interneurons may significantly contribute
to the pathophysiology of some forms of dystonia. However,
the fact that neither DRD nor DYT-1 (Song et al., 2013) mice
exhibit any significant change in the number of PV-containing
interneurons suggest that the developmental dysregulation of
these neurons may differ between various dystonia phenotypes.
Because of the limited amount of striatal tissue available from
old mice, stereological counts of PV-positive interneurons could
not be performed in this animal group. On the other hand, a
lack of change in the number of PV-positive interneurons, does
not necessarily rule out the possible involvement of these cells
in DRD pathophysiology. Future electrophysiological studies
looking at the baseline cellular properties and responses to
extrinsic inputs of fast spiking PV-containing interneurons in
control and DRD mice are needed to further address this
issue.

M1 and M4 Muscarinic Receptors in the
Striatum of DRD Mice

Despite the potential importance of intrastriatal cholinergic
dysfunction in dystonia, very little is known about expression
levels of cholinergic receptors in the striatum in dystonia
patients or animal models of dystonia (for a recent review
see Eskow Jaunarajs et al, 2015). Thus, in an attempt to
assess gross changes in cholinergic receptors’ expression in
the striatum of DRD mice, we used immunohistochemistry
to look at the striatal expression of M1 and M4 muscarinic
receptors. Both M1 and M4 receptors are heavily expressed
in the striatum where they mediate pre- and post-synaptic
cholinergic functions (Pisani et al, 2007; Eskow Jaunarajs
et al, 2015). Their importance in regulating intrastriatal
cholinergic, dopaminergic and glutamatergic transmission and
their impact upon long term synaptic plasticity of corticostriatal
glutamatergic synapses have been demonstrated (see Pisani
et al., 2007; for reviews, Eskow Jaunarajs et al., 2015). Because
they are partly localized on different striatal cell types and
afferents, coupled with the fact that they are linked to
different G-proteins signaling cascades (M1: Gg/11; M4: Gjjo)
that have opposite effects on neuronal excitability, potential
alterations in their respective functional expression may underlie
differential effects upon striatal projection neurons. Overall,

the pattern of immunoreactivity for either receptor subtype
was consistent with that reported in previous studies (Levey
et al, 1991; Bernard et al., 1992, 1999; Hersch and Levey,
1995) using the same antibodies. Densitometry measurements
of immunoreactivity did not reveal significant changes in
M1 or M4 expression levels in the striatum of DRD mice.
Such information could not be collected from old mice
because of the restricted amount of striatal tissue available
from these animals. Because of the limited amount of data
available, it is difficult to determine if these findings are
solely relevant to DRD or apply to other forms of dystonia.
In that regard, a recent study showed that the expression of
M1 receptors immunoreactivity is increased, while the [*H]
pirenzepine binding (preferential M1 ligand) is decreased,
in the DM striatum of the d** hamster model of primary
paroxysmal dystonia (Gernert et al., 2000; Hamann et al,
2017). Interestingly, this change was specific for M1 (i.e., no
change in M4 expression) and confined to a striatal subregion
where the activity of projection neurons was found to be
increased in this animal model (Gernert et al., 2000; Hamann
et al, 2017). Because anti-cholinergic agents do not have
significant therapeutic benefits for dystonia in this model,
it is difficult to relate these findings with those gathered
from our DRD model, or any other models of dystonia,
in which anti-cholinergic drugs alleviate dystonic symptoms
(Dang et al., 2012; Jankovic, 2013; Maltese et al., 2014;
Eskow Jaunarajs et al, 2015; Pappas et al., 2015; Rose
et al, 2015). Despite this limitation, it is noteworthy that
the morphological changes in the dendritic tree of ChlIs
were more pronounced in the DM striatum, in our study.
Further studies are needed to reconcile these observations. It
is important to note that the densitometry measurements of
immunoreactivity used as an index of protein expression in
both our study and that of Hamann et al. (2017) have some
limitations in sensitivity that could partly contribute to these
different results. Furthermore, results from both studies do
not exclude possible alterations in pharmacological properties,
subcellular localization and second messenger coupling of
M1 and M4 receptors. Future studies are warranted to further
address these issues.

CONCLUDING REMARKS

Despite the general agreement that anti-cholinergic drugs are
effective in alleviating dystonic symptoms in patients and animal
models of various forms of generalized dystonia, the exact
substrate of cholinergic dysfunction in dystonia remains poorly
understood. In this study, we used a new model of DRD (Rose
et al, 2015) which responds to anti-cholinergic therapy, to
demonstrate that neither the prevalence nor the morphology of
striatal Chls are drastically affected in these animals. Similarly,
we did not encounter major changes in M1 and M4 muscarinic
receptors immunoreactivity in the striatum of these animals.
Thus, together with our previous study in DYT-1 mice (Song
etal, 2013), the present findings further highlight the fact that the
neurochemical and neuronal network dysfunctions associated
with dystonia are subtle and most likely confined to structural
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and functional changes of specific synaptic microcircuits. High
resolution electron microscopic studies are in progress to assess
the significance of such alterations in the striatum of our mouse
model of DRD.
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