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Abstract

Repetitive behaviors (e.g., stereotypic movements, compulsions, rituals) are common features

of a number of neurodevelopmental disorders. Clinical and animal model studies point to the
importance of cortical-basal ganglia circuitry in the mediation of repetitive behaviors. In the
current study, we tested whether a drug cocktail (dopamine D2 receptor antagonist + adenosine
A2A receptor agonist + glutamate mGIlu5 positive allosteric modulator) designed to activate the
indirect basal ganglia pathway would reduce repetitive behavior in C58 mice after both acute and
sub-chronic administration. In addition, we hypothesized that sub-chronic administration (i.e. 7
days of twice-daily injections) would increase the functional activation of the subthalamic nucleus
(STN), a key node of the indirect pathway. Functional activation of STN was indexed by dendritic
spine density, analysis of GABA, glutamate, and synaptic plasticity genes, and cytochrome
oxidase activity. The drug cocktail used significantly reduced repetitive motor behavior in C58
mice after one night as well as seven nights of twice-nightly injections. These effects did

not reflect generalized motor behavior suppression as non-repetitive motor behaviors such as
grooming, digging and eating were not reduced relative to vehicle. Sub-chronic drug treatment
targeting striatopallidal neurons resulted in significant changes in the STN, including a four-fold
increase in brain-derived neurotrophic factor (BDNF) mRNA expression as well as a significant
increase in dendritic spine density. The present findings are consistent with, and extend, our

prior work linking decreased functioning of the indirect basal ganglia pathway to expression of
repetitive motor behavior in C58 mice and suggest novel therapeutic targets.
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1. Introduction

Repetitive behaviors, including stereotypic movements, compulsions, rituals, and
circumscribed interests, are common features of a number of neurodevelopmental,
psychiatric, and neurological disorders. The presentation of repetitive behaviors can be
variable across individuals and clinical disorders, but they are generally described as
apparently purposeless, inappropriate to the context, and exhibiting little variation in form.
With regard to neurodevelopmental disorders, repetitive behavior is diagnostic for autism
spectrum disorder (ASD) and a common behavioral phenotype of genetic or syndromic (e.g.
Prader-Willi, Rett, Lesch-Nyhan syndromes) and non-syndromic intellectual disabilities [1].
Compulsions in obsessive-compulsive disorder and tics in Tourette syndrome also meet the
definition of repetitive behaviors [2,3]. Unfortunately, for most children and adolescents
within these clinical populations, pharmacological treatment is generally not effective [4-8].

A Dbetter understanding of the neurobiological mechanisms that mediate repetitive behaviors
will undoubtedly improve our ability to develop novel, efficacious drug treatments [9].
Behavioral and genetic heterogeneity within and across the clinical disorders associated
with repetitive behavior complicates these neurobiological investigations. Cortico-basal
ganglia circuitry has received the most attention in the study of repetitive behavior and
involves widespread cortical inputs to striatal projection neurons that make up the two
complementary basal ganglia tracts, the direct and indirect pathways [1,10].

Animal models of repetitive behavior have also indicated a role for cortico-basal ganglia
circuitry [10]. Genetic disruption of the cortico-striatal synapse [11-13], inactivation of
basal ganglia regions [14,15], and exacerbating dopaminergic modulation of the direct [16]
and/or indirect pathways [17-19] can all induce repetitive behaviors. In addition, utilization
of mouse models that exhibit repetitive behaviors in the context of impoverished laboratory
housing have also elucidated a key role for basal ganglia circuitry.

Deer mice (Peromyscus maniculatus) and C58 mice (Mus musculus) exhibit spontaneous
repetitive behaviors that include hindlimb jumping and backward somersaulting [20,21].
These repetitive behaviors are seen in very young mice of both species and are expressed
at asymptotic levels by five weeks post-weaning [22-25]. In addition, five weeks of
environmental enrichment (EE) starting at weaning significantly reduced repetitive motor
behavior in both models [20,23].

Our previous work using both mouse models has also provided evidence for an important
role for reduced activity of the indirect basal ganglia pathway in the expression of repetitive
motor behavior. For example, we have found lower neuronal activation, as indexed by
cytochrome oxidase (CO) staining, in the subthalamic nucleus (STN) in high versus low
repetitive behavior deer mice [26]. Similarly, lower CO staining in STN was found in C58
mice when compared to control C57BL/6 (B6) mice. We have also shown higher levels

of CO staining in STN in F2 mice (from a C58 X B6 cross) that exhibited low levels

of repetitive behavior versus F2 mice displaying high levels of repetitive behavior [27].
Moreover, EE which significantly reduced repetitive behavior in deer mice, was associated
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with higher levels of CO staining in STN as well as globus pallidus [28], although EE did
not induce higher levels of CO staining in STN in C58 mice [27]. We have also reported
lower dendritic spine density in STN of C58 mice compared to B6 controls. In addition, EE
was associated with increased dendritic spine density in the STN of both deer mice and C58
mice [27,28]. We have also shown that a drug cocktail designed to activate striatopallidal
neurons, significantly and selectively attenuated repetitive motor behavior in both deer

mice and C58 mice [26,29]. In these studies, we identified the A2A receptor as a primary
druggable target based on its enriched expression in striatum and selective expression on
striatopallidal neurons. We found, however, an A2A agonist alone had no effect on repetitive
behavior but addition of an A1 agonist resulted in significant reductions.

Reduced function of the STN in models of repetitive behavior is consistent with our current
understanding of the role the STN in behavioral inhibition [30-32]. Activation of the STN is
important for stopping on-going behavior [33].

We recently demonstrated that a drug cocktail made up of a dopamine D2 receptor
antagonist, an adenosine A2A receptor agonist, and a glutamate mGIlu5 positive allosteric
modulator (PAM) significantly and selectively reduced repetitive behavior in deer mice

[34]. These neurotransmitter receptors were targeted based on evidence that they form a
heteromeric receptor complex on indirect pathway neurons of the striatum [35,36]. We
found low doses of each drug (doses that did not reduce repetitive behavior alone or in
double drug combinations) selectively reduced repetitive behavior when the three drugs were
administered together. This drug cocktail was formulated to increase activation of the striatal
indirect pathway neurons.

In the current study, we sought to systematically replicate our previous work by testing

the generalizability of this drug cocktail to reduce repetitive behavior in C58 mice after
both acute and sub-chronic administration. In addition, we hypothesized that sub-chronic
administration (i.e. 7 days of twice-daily injections) would increase the functional activation
of the STN. We measured functional activation using measurements of dendritic spine
density, analysis of GABA, glutamate, and synaptic plasticity genes, and cytochrome
oxidase activity.

2. Methods and materials

2.1. Animals

Fifty-three male C58 mice (Mus musculus) were acquired from our established breeding
colony, weaned at 21 days of age, and group housed 3—-6 mice per cage. Standard housing
cages for C58 mice measured 29 x 18 x 13 cm and Sani-chips were used for bedding.

Food and water were available ad libitum and two Nestlet squares were provided for nest
construction. Housing cages were changed every two weeks and new Nestlet squares were
added. The housing room was maintained at 70-75 °F and humidity ranged from 50 to 70%.
The housing room was kept on a 12 h:12 -h light:dark cycle, with lights off at 8:00 PM.

All procedures were performed in accordance with the guidelines set forth in the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at the University of Florida.
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To target the indirect pathway neurons of the striatum pharmacologically, we formulated

a drug cocktail consisting of a dopamine D2 receptor antagonist, an adenosine

A2A receptor agonist, and a glutamate mGlu5 receptor positive allosteric modulator
(PAM). The dopamine D2 receptor antagonist, L-741,626 (4-(4-Chlorophenyl)-1-(1H-
indol-3-ylmethyl)-4-piperidinol), was purchased from Tocris Bioscience (Bio-Techne
Corporation, Minneapolis, MN). The adenosine A2A receptor agonist, CGS21680 (2-
p-(2-Carboxyethyl)phenethylamino-5"-Nethylcarboxamidoadenosine hydrochloride), and
the glutamate mGlu5 receptor PAM, CDPPB (3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-
yl)benzamide), were acquired from the National Institute of Mental Health Chemical
Synthesis and Drug Supply Program. Based on our previous dose response analyses in

deer mice [34], we suspended L-741,626 at 0.5 mg/mL, CGS21680 at 0.03 mg/mL, and
CDPPB at 1.5 mg/mL in peanut oil and injected the drug cocktail at 5 mg/kg for L-741,626,
0.3 mg/kg for CGS21680, and 15 mg/kg for CDPPB. Drugs were injected at 1 mL per 100
g body weight and ranged from 0.18-0.28 mL (i.e. mouse body weights ranged from 18.3
to 28.2 g). The drug cocktail was administered subcutaneously in a single injection and
injections were alternated between the left and right flanks. Each of these drugs has been
tested at these doses in single and double drug combinations, in male deer mice, and they
had no significant effects on repetitive behavior [34]. In addition, the three drug cocktail did
not affect body weight over seven days of administration and did not have significant effects
on non-repetitive behaviors (e.g. locomotion [34] in deer mice.

2.3. Sub-chronic drug treatment

In adult male deer mice, this drug cocktail formulation reduced repetitive behavior for five
hours following injection when it was administered at the start of their 8 -h dark cycle [34].
A preliminary study in C58 mice showed drug effects on repetitive behavior lasted only

6 h. Since we were interested in showing long lasting brain plasticity changes and given
their 12 h dark cycle, we injected each mouse with either peanut oil vehicle (n = 26) or the
drug cocktail (n = 27) twice per dark cycle (at 8:00 PM and 2:00 AM) each day for seven
days. Beginning at five weeks post-weaning (post-natal day 56), each mouse was randomly
assigned to either the vehicle or drug cocktail group and all mice continued to be socially
housed throughout the seven days of injections. On days 1 and 7, the mice were tested for
repetitive behavior (see following section). On days 2—6, mice were weighed (at 8:00 PM),
injected (at 8:00 PM and 2:00 AM), and then returned to their home cage in the housing
room.

2.4. Assessment of behavior

On days 1 and 7 of vehicle or drug cocktail administration, each mouse was removed

from its cage, weighed, and placed singly in a clear plastic testing cage (22 x 15 x 28

cm) at least one hour before lights off (i.e. 7:00 PM). These testing cages had Sani-chip
bedding, food pellets, and a water bottle. Following habituation, each animal was assessed
for the entire 12 -h dark cycle (i.e. 8:00 PM to 8:00 AM). Vertical hindlimb jumping

and backward somersaulting, the primary repetitive motor behaviors in C58 mice, were
quantified using photobeam arrays (Columbus Instruments, Columbus, OH). These vertical
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behaviors resulted in photobeam interruptions that were recorded as “repetitive behavior
counts” with accompanying time stamps [23]. The apparatus was set so rearing or other
non-stereotyped vertical activity did not result in photobeam interruptions. All test sessions
were video recorded to identify the topography of repetitive behavior and verify the accuracy
of the automated counters. The number of repetitive behavior counts per 15-minute period
was calculated for each mouse for Day 1 and Day 7 for graphical purposes and summed for
each of those testing days for use in statistical analysis.

Assessment of non-repetitive motor behaviors was performed using the video recordings
from randomly selected vehicle- (n = 8) and drug cocktail-treated mice (n = 8) at 3:00

am, 3:30 am, 4:00 am, 4:30 am, 5:00 am, 5:30 am, 6:00 am, and 6:30 am on day 7

of drug administration. Five-minute (300 s) videos were scored at each of these 8 times,
providing 2400 total seconds of video. These times were selected because the repetitive
behavior counts at these times on day 7 were the lowest values documented throughout

the experiment (Fig. 1). Duration of grooming, digging, eating, drinking, inactivity, rearing,
and locomotion was scored by a human observer, who was blind to treatment condition,
using Behavioral Observation Research Interactive Software (BORIS), which is open-source
software for video coding of behavioral events [37]. Grooming was defined as the licking

of the paws or body and paw strokes over the head and face. Digging was scored when

the mouse moved the bedding with its paws or its face. Eating was scored when the mouse
held a food pellet with the paws and was actively gnawing at it. Drinking was scored when
the mouse approached and kept in contact with the spout of the water bottle. Inactivity

was scored when the mouse was still for longer than three seconds. Rearing was scored
when the mouse placed its forepaws on the cage wall or was free-standing. Locomotion was
scored when the mouse was actively walking around the cage. This metric for locomotion
(duration) differs from the more conventional metric of distance travelled that is measured
automatically in an open field arena.

2.5. Gene expression assays

Ten male C58 mice were randomly selected for the gene expression analyses from the
larger cohort of drug- and vehicle-treated mice. Thirteen hours (9:00 PM) after the final

day of injections and repetitive behavior testing (that concluded at 8:00 AM), mice used

for STN gene expression analyses (vehicle: n = 5; drug cocktail: n = 5) were subjected

to cervical dislocation followed by rapid decapitation. As described previously [27], brains
were quickly removed from the skull and frozen in cold 2-methylbutane. Whole brains were
stored at —80 °C until they were transferred to a cryostat held at —10 °C and sliced at 300
pum. A 0.5 mm tissue puncher was used to dissect STN from the coronal slices. RNA was
isolated using the RNeasy Micro Kit and cDNA was synthesized using RT? First Strand Kit.
The cDNA from each STN sample was added to RT? Sybr Green mastermix and loaded
onto both the RT?2 Profiler PCR GABA and glutamate array (cat. no. PAMM-126Z, Qiagen,
Germantown, Maryland) and the synaptic plasticity array (cat. no. PAMM-152Z, Qiagen).
These PCR arrays were run on an ABI 7500 H T thermocycler. Each of these arrays contain
primer sets for 84 genes and 5 housekeeping genes.
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Data were analyzed using the GeneGlobe Data Analysis Center software (Qiagen, available
from giagen.com) which used the AAC method. Two housekeeping genes (Hprtand Actb)
were used for normalization of the data. An unadjusted significance level of 0.05 was used
for data reporting. We also employed the Benjamini-Hochberg procedure to control for
multiple comparisons. This involved rank ordering the gene hits by p-value then dividing by
the total number of comparisons and adjusting for a false discovery rate (FDR) of 20 %. The
FDR was selected based on the exploratory nature of the study.

2.6. Golgi-Cox staining

Six male C58 mice were randomly selected for the dendritic spine analysis from the larger
cohort of drug- and vehicle-treated mice. Golgi-Cox staining was used to assess dendritic
morphology in the STN in the vehicle- and drug cocktail-treated groups. We had previously
shown significant spine density differences in the same brain region in C58 versus B6 mice
with only a small number of animals per group. In addition, environmental enrichment,
which also markedly attenuated repetitive behavior in C58 mice, also increased dendritic
spine density in STN. Thirteen hours after behavioral testing (i.e. 9:00 PM), mice (vehicle:

n = 3; drug cocktail: n = 3) were anesthetized with 5% isoflurane and sacrificed by
decapitation. Golgi-Cox staining was completed according to FD Rapid GolgiStain Kit
guidelines (FD NeuroTechnologies, Inc., Colombia, MD) as we have previously described
[27]. Dendritic spine density was quantified using ImagePro (Media Cybernetics, Rockville,
MD) and a Zeiss microscope with Leica DFC camera with a 40x air objective, a 2.5x camera
tube objective, 1.5x on the magnification changer, and a built-in 1.25x magnifier in the scope
(40 x 4.6875 total) by an observer blind to treatment group. Within the STN, spines along
unobstructed dendritic segments > 15 pm were marked on graphic overlays on live digital
video images during continuous manual focus adjustment. Any protrusion from the main
cylindrical column of the dendrite was counted as a spine. After labeling all the spines along
a sample, the approximate dendritic cylinder centerline was traced for return of calibrated
length by the software. Dendrites were measured starting beyond the first bifurcation point
and at least 50 um from the soma. For each mouse, 11 dendrites within the STN were
measured ensuring samples represented both hemispheres and multiple tissue sections. Spine
densities were calculated as the total number of spines divided by the total length of dendrite
segments, such that each mouse had one density measurement.

2.7. Cytochrome oxidase histochemistry

Sixteen male C58 mice were randomly selected for the cytochrome oxidase analysis from
the larger cohort of drug- and vehicle-treated mice. Cytochrome oxidase staining, using
histochemistry, reflects the oxidative metabolic capacity of neurons to generate ATP [38].
Cytochrome oxidase activity is a relative measure of long-term (days to weeks) neuronal
metabolic activity [39], and has previously been used to detect differences in activation of
basal ganglia nuclei in mouse models of repetitive behavior [27,28,40,41]. Thirteen hours
after behavioral testing (i.e. 9:00 PM), mice (vehicle: n = 8; drug cocktail: n = 8) were killed
by cervical dislocation followed by decapitation. The cytochrome oxidase staining protocol
[42] was performed on brains that were first frozen in chilled 2-methylbutane and stored in
a —80 °C freezer, as previously described [27]. Sagittal sections (20 um) sliced on a cryostat
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(=20 °C) were collected from both hemispheres at the level of the STN and mounted onto
microscope slides (Superfrost Plus, FisherBrand, Fisher Scientific, Hampton, NH).

The optical density dependent variable is a metric for the amount of light that passes through
the tissue stained for cytochrome oxidase. Thus, darker staining will have a higher optical
density value indicating more cytochrome oxidase activity in the days to weeks prior to
decapitation [43]. Optical density measurements were taken (ImagePro software, Media
Cybernetics) from the basal ganglia regions of interest, dorsal striatum, the external segment
of the globus pallidus (GPe), STN, and substantia nigra pars reticulata (SNr), as well as the
primary motor cortex. These brain regions were selected as the drug cocktail was designed
to activate indirect pathway neurons of the striatum. The GPe and STN are key downstream
nodes of the indirect pathway and so were also selected to assess potential drug effects. The
SNr is the major output nucleus of the basal ganglia and motor cortex sends afferents to the
STN. As the SNr is innervated by both the direct and indirect pathways and motor cortex

is the origin of the hyperdirect pathway, these regions were not expected to reflect neuronal
activation changes induced by the drug cocktail. For each brain region, traces were drawn
around each individual region across multiple adjacent sections. The optical density values
were averaged for each brain region for each mouse.

2.8. Data analysis

Repeated measures ANOVAs with Geisser-Greenhouse correction for lack of sphericity
were used to determine the main effects of time and drug and their interaction on body
weights as well as repetitive behavior frequency. Bonferroni post-tests were performed for
further comparisons within the two test days. One mouse in the vehicle group was an outlier
on the repetitive behavior frequency measure but removal of these data did not change

the results. The effects of drug versus vehicle on the duration of non-repetitive behaviors
were analyzed using unpaired, two-tailed t-tests. Eating and drinking measures were non-
normal and the variances of the locomotion and rearing measures were non-homogeneous.
Independent, two-tailed t-tests, with normality and homogeneity of variance confirmed, were
also used to compare the effects of drug versus vehicle on dendritic spine density as well as
optical density of cytochrome oxidase histochemical stains in each brain region.

3. Results

3.1. Behavior

Drug cocktail-treated mice had fewer repetitive behavior counts at each 15-minute interval
on day 1 (Fig. 1A) and day 7 (Fig. 1B) than vehicle treated mice. When aggregating total
repetitive behavior counts for the 12 -h period, we found significantly lower total repetitive
behavior counts in C58 mice that received the drug cocktail compared to vehicle-treated
mice (Fig. 1C). In addition, mice exhibited significantly fewer repetitive behaviors on day
7, compared to day 1. A two-way RM-ANOVA showed a significant main effect of drug
(F(1,51) = 37.54, p <0.0001), as well as a significant main effect of time (F(1,51) = 19.29,
p< 0.0001). There was no significant drug x time interaction (F(1,51) = 0.68, p = 0.41).
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After seven days of drug administration, no differences were found between drug cocktail
and vehicle treated mice on measures of grooming, digging, and eating (p >0.05). Vehicle-
treated C58 mice exhibited significantly longer durations of drinking (t(14) = 3.69; p <0.01),
however. As expected, inactivity was significantly greater in drug-treated mice (t(14) =
10.57; p <0.0001) due to reductions in repetitive behavior. As depicted in Fig. 2, vehicle
treated C58 mice were inactive for an average of 540 s across the 2400 s scored. Drug
cocktail treated C58 mice were inactive an average of 1649 s. This is comparable to the 1290
s average inactivity time of untreated male C57BL/6 mice (n = 4) that were being assessed
for repetitive behavior as controls for another study during the period in which this study
was being conducted. C57BL/6 mice exhibit very low levels of repetitive behavior and have
served as a control strain for a number of our studies. We coded inactivity as a reference

for the inactivity data from drug treated C58 mice. The comparison indicates that inactivity
under drug conditions is similar to drug-free control mice that do not exhibit any appreciable
repetitive behavior rather than being indicative of drug-induced general motor suppression.
Conversely, locomotion and rearing were significantly higher in vehicle mice (p < 0.001)
reflecting the involvement of these behaviors in the pattern of backward somersaulting and
hindlimb jumping. Finally, no main effect of drug was found for body weight (p >0.05), nor
was there any difference in body weight found at either day 1 or day 7 when comparing drug
treated mice to vehicle treated mice.

3.2. Gene expression assays

Although the drug cocktail was formulated to selectively activate the indirect pathway
neurons in the striatum, we were primarily interested in testing whether sub-chronic
administration would affect the STN, a region we have previously shown to have differential
gene expression relative to the C57BL/6 strain, which does not exhibit repetitive motor
behaviors [27]. Our previous analysis of these gene expression differences suggested
reduced excitatory drive in the STN of C58 mice. Following seven days of twice-daily
administration of the drug cocktail, we found increases in the expression (fold change) of
three genes, Banf, Egr1, and Grm5 (mGlu5; Table 1; Fig. 3). Only the Bdnfexpression
remained statistically significant after applying the Benjamini-Hochberg procedure with a 20
% FDR. For the analysis, vehicle-treated mice were treated as the control so positive-fold
regulation changes indicate higher gene expression in the drug cocktail-treated mice.

3.3. Golgi-Cox staining

We have previously demonstrated that dendritic spine density in the STN is lower in

C58 mice compared to C57BL/6 mice and increased by environmental enrichment, which
significantly reduces repetitive behavior in C58 mice [27]. Considering this, we assessed
dendritic spine density in the STN of vehicle- (Fig. 4A) and drug cocktail-treated (Fig. 4B)
C58 mice. Using a two-tailed unpaired t-test, we found that the sub-chronic administration
of the drug cocktail significantly increased dendritic spine density (t(4) = 2.87, p< 0.05; Fig.
4C) in the STN.

3.4. Cytochrome oxidase histochemistry

Neuronal activation within discrete brain regions of drug cocktail- and vehicle treated mice
was analyzed by cytochrome oxidase histochemistry. We have previously shown that this
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measure of neuronal activation is reduced in the STN of C58 mice, relative to C57BL/6
mice [27]. No other brain regions were significantly different between these two groups.
Using two-tailed unpaired t-tests, we found no significant differences in cytochrome oxidase
staining in any of the five brain regions assessed in the vehicle- and drug cocktail-treated
C58 mice.

4. Discussion

Our previous findings in deer mice revealed that a drug cocktail targeting dopamine

D2, adenosine A2A, and glutamate mGlu5 heteromeric receptor complexes, expressed on
indirect pathway neurons of the striatum, significantly and selectively reduced repetitive
behavior [34]. The present findings provide an important systematic replication of this drug
manipulation with generalization to a different mouse model representing a different genus.
This drug cocktail significantly reduced repetitive behavior in C58 mice after one night

of twice-nightly injections and continued to be effective when this treatment regimen was
continued for another six days.

These effects did not reflect generalized motor behavior suppression as non-repetitive motor
behaviors such as grooming, digging and eating were not reduced relative to vehicle,
although a significant reduction in drinking was found. We would expect a higher level

of inactivity associated with a drug-induced decrease in repetitive behavior. The concern,
of course, is that inactivity may simply reflect general motor suppression induced by the
drug cocktail. However, inactivity levels of drug-treated mice were comparable to those
measured in drug-naive C57BL/6 mice that show only very low levels of repetitive motor
behavior. Thus, assessment of other non-repetitive motor behaviors plus the comparable
levels of inactivity between drug treated C58 mice and drug naive B6 mice clearly indicate
that the drug cocktail was selectively affecting repetitive behavior. In addition, sub-chronic
administration of the drug cocktail did not affect body weight.

One limitation of this study, however, is the potential role that extra-striatal D2, A2A,

and mGlu5 receptors may have had in the behavioral outcomes obtained. Targeting of
striatopallidal neurons cannot be selective using systemic administration. Although A2A
receptors are highly enriched in striatum and selectively expressed on indirect pathway
neurons, D2 and mGlu5 receptors have a broader range of expression outside of striatum
(e.g., cortex) and activation of these receptors may have contributed to the results obtained.
Subsequent studies will need to establish the importance of striatal indirect pathway neurons
using site-specific intra-cranial injections. An additional limitation of the present study is
that it was limited to male mice. This was to provide a more direct comparison with our
previous findings using deer mice [34]. Although we consistently fail to find a sex difference
in the expression of repetitive behavior in our animals, this is a limitation of the present
study. Demonstrating generalizability of the pharmacological effects of the drug cocktail to
female mice will be important in subsequent studies.

This drug treatment used targeted striatopallidal neurons (i.e. striatal indirect pathway
neurons) and its effects corresponded with significant changes in the STN. Unfortunately,
no selective druggable targets have been identified in the STN. We hypothesized, however,
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that driving the indirect pathway could change STN function and reduce repetitive behavior.
We found a four-fold increase in BanfmRNA expression in STN following drug cocktail
administration. BDNF expression is linked to synaptic plasticity and is released following
depolarization. The significantly increased BDNF expression is consistent with a drug
cocktail induced increase in dendritic spine density. It was surprising that no other genes
survived FDR correction. PCR arrays are designed to be focused panels for specific
pathways. Future studies, including strain, environment, and drug treatment, should use
next generation sequencing (NGS) for gene expression profiling and, perhaps, laser capture
microdissection for subregion analyses of STN.

The drug cocktail also resulted in a significant increase in STN dendritic spine density. The
increase in dendritic spine density also indicates that glutamatergic excitation of the STN

is increased following a drug cocktail administration targeting striatopallidal neurons. We
hypothesize that this increase is due to a drug cocktail-induced reduction of GABAergic
inhibition on the STN. Sub-chronic administration of the drug cocktail did not change
neuronal metabolic activity in a manner that could be measured by changes in cytochrome
oxidase staining, however. This was somewhat surprising given the drug-induced increases
in dendritic spine density and BadnfmRNA expression. It is consistent, however, with our
previous finding in C58 mice that another intervention, environmental enrichment, that
markedly reduced repetitive behavior also did not significantly increase cytochrome oxidase
staining [27].

The present findings are consistent with, and extend, our prior work linking decreased
functioning of the indirect basal ganglia pathway to expression of repetitive motor behavior
in C58 mice. For example, Lewis et al. [27] showed that C58 mice, versus C57BL/6 showed
less CO staining as well as fewer dendritic spines in STN. Moreover, in F2 generation mice
(products of a C58 x C57BL/6 intercross), the mice that exhibited high rates of repetitive
behavior exhibited significantly reduced cytochrome oxidase staining selectively in STN,
relative to mice that exhibited low rates of repetitive behavior [27]. In addition, reductions
in repetitive behavior induced by environmental enrichment in C58 mice were associated
with increased STN dendritic spine density. Using magnetic resonance imaging (MRI), we
also showed that C58 mice exhibited reduced volumes of STN, when compared to C57BL/6
mice, and STN volumetric measures positively correlated with repetitive motor behavior
[44]. Evidence for indirect basal ganglia pathway mediation of repetitive behavior in C58
mice is highly consistent with our previous work in deer mice [26,28,41,45].

Clinical and other animal studies have also found a link between repetitive behavior and
the STN implicating the indirect basal ganglia pathway. Clinically, deep brain stimulation
(DBS) of the STN reduced symptom severity in previously treatment refractory OCD
patients [46]. In animal models, Amodeo et al. [47] found that the A2A agonist CGS21680
significantly reduced repetitive grooming behavior in BTBR mice, presumably through
activation of the indirect basal ganglia pathway. Excessive grooming behavior expressed by
the Shank3B mutant mouse was rescued by selective activation of indirect basal ganglia
pathway neurons in the striatum using chemogenetic techniques [12]. High frequency
stimulation of the STN reduced excessive self-grooming in two mouse models relevant to
autism spectrum disorder [48]. Pharmacological induction of stereotyped motor behavior in
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non-human primates was attenuated by DBS of the STN [14,49]. High frequency stimulation
of STN also reduced compulsive checking in rats [50].

The findings reported here provide additional, important evidence for the role of the indirect
basal ganglia pathway in mediating repetitive behavior. In addition, these findings point to
potential therapeutic targets that could spur the development of novel therapeutic agents for
treatment of repetitive behavior in neurodevelopmental disorders.
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Fig. 1.

Repetitive behavior counts per 15 min period (mean + standard error of the mean (SEM))
across the 12 -h dark cycle for Day 1 (1LA) and Day 7 (1B), respectively. Upward light-
colored arrows indicate time of drug or vehicle administration. Upward black arrows
indicate times that non-repetitive behaviors were sampled. Fig. 1C: Total repetitive behavior
counts over the 12 -h dark cycle for days 1 and 7. Drug cocktail-treated mice exhibited
significantly less repetitive behavior on days 1 and 7 during the seven days of repeated
administration (mean + SEM; *** p < 0.001 for Bonferroni post-tests).
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Fig. 2.
Duration of inactivity (in secs) for vehicle-treated C58 mice compared to drug cocktail-

treated C58 mice (mean + SEM; p < 0.0001) and contrasted with untreated male C57BL/6
mice (n = 4) scored at the same times, in the same cages for another study.
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Fig. 3.
Increased expression (fold change) of three genes, Bdnf, Egrl, and Grm5 following seven

days of twice-daily administration of the drug cocktail. Only the Bdnf expression remained
statistically significant after applying the Benjamini-Hochberg procedure with a 20 % FDR.
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Fig. 4.
Comparison of STN dendritic spine density. A) A single segment of STN dendrite from a

vehicle-treated mouse. B) A single segment of STN dendrite from a drug cocktail-treated
mouse. C) Mice treated with the drug cocktail have significantly higher dendritic spine
density in the STN compared to vehicle-treated mice (mean £ SEM; *p < 0.05).
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Table 1

Gene expression differences in the STN between vehicle- and drug cocktail-treated mice. Only differential
Banfexpression remained significant after the Benjamini-Hochberg procedure using a 20 % FDR.

Gene RefSeq number  Fold regulation  Unadjusted p-value
Bdnf NM_007540 4.0 0.001
Egrl NM_007913 21 0.023
Grm5 (MGIus)  NM_001081414  1.36 0.031
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