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Abstract

Tic disorders, including Tourette syndrome (TS), are thought to involve pathology of cortico-basal

ganglia loops, but their pathology is not well understood. Post-mortem studies have shown a
reduced number of several populations of striatal interneurons, including the parvalbumin-
expressing fast spiking interneurons (FSIs), in individuals with severe, refractory TS. We tested

the causal role of this interneuronal deficit by recapitulating it in an otherwise normal adult mouse

using a combination transgenic-viral cell ablation approach. FSls were reduced bilaterally by

~40%, paralleling the deficit found post-mortem. This did not produce spontaneous stereotypies or

tic-like movements, but there was increased stereotypic grooming after acute stress in two
validated paradigms. Stereotypy after amphetamine, in contrast, was not elevated. FSI ablation

also led to increased anxiety-like behavior in the elevated plus maze, but not to alterations in motor
learning on the rotorod or to alterations in prepulse inhibition, a measure of sensorimotor gating.
These findings indicate that a striatal FSI deficit can produce stress-triggered repetitive movements
and anxiety. These repetitive movements may recapitulate aspects of the pathophysiology of tic
disorders.

INTRODUCTION

Tic disorders affect 5% of the population and produce significant morbidity (Du et al.,
2010). Gilles de la Tourette syndrome (TS), characterized by both vocal and motor tics,
represents part of this continuum. Tics are commonly comorbid with other forms of
neuropsychiatric pathology, including obsessive-compulsive disorder (OCD) and attention
deficit disorder (ADHD); indeed, 90% of patients diagnosed with TS have at least one
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additional diagnosis (Du et al., 2010, Hirschtritt et al., 2015). Existing pharmacotherapies
are of limited efficacy (Bloch, 2008). Tics fluctuate over time and are exacerbated by stress
(Leckman, 2002, Du et al., 2010, Kurlan, 2010) and by acute psychostimulant challenge
(Denys et al., 2013). Individuals with TS often have deficits in procedural learning (Marsh et
al., 2004), sensorimotor gating (Swerdlow et al., 2001, Castellan Baldan et al., 2014), and
fine motor control (Bloch et al., 2006), though these are not part of contemporary diagnostic
criteria.

Convergent data implicate abnormalities of the basal ganglia-thalamo-cortical circuitry in TS
(Leckman et al., 2010, Williams et al., 2013b), although it is increasingly clear that
dysfunction in other brain circuitries is also implicated (Leckman et al., 2010, Neuner et al.,
2013, Williams et al., 2013a). The striatum is the main input nucleus of the basal ganglia. Its
principal cells, the medium spiny neurons (MSNSs), receive glutamatergic input from cortex
and thalamus and dopaminergic modulation from the substantia nigra. MSNs comprise
>90% of the neurons in the rodent striatum; their activity is modulated by several different
populations of interneuron.

Parvalbumin-expressing fast-spiking interneurons (FSlIs) constitute about 1% of striatal
neurons. PV interneurons integrate glutamatergic inputs from cortex and form strong
GABAergic synapses on the somata of nearby MSNs, forming a potent feedforward
inhibitory circuit (Mallet et al., 2005, Tepper et al., 2010). A single FSI can exert powerful
inhibitory control on the activity of a large number of nearby MSNs (Koos and Tepper,
1999). This feed-forward inhibition is thought to have an important role in orchestrating
striatal information processing (Berke, 2011). FSls coordinate MSN firing in the theta-band
range in certain behavioral states (Berke et al., 2004) and fire in concert during action
selection (Gage et al., 2010).

Post-mortem examination of brains from individuals with a history of severe TS has revealed
abnormalities in striatal FSIs (Kalanithi et al., 2005, Kataoka et al., 2010). However, such
observations cannot elucidate the causal role of this deficit: whether it is causal,
compensatory, epiphenomenal, or a consequence of years of treatment. Several lines of
evidence suggest a casual role. Transient pharmacological inhibition of FSIs produces
movement abnormalities (Gittis et al., 2011), but it is unclear what would happen with more
chronic disruption of FSI activity, which is implied by the absence of these cells in post-
mortem material. Reduced FSls are also seen in the dt? dystonic hamster, a spontaneously
occurring mutant with movement abnormalities (Gernert et al., 2000), and in the SAPAP3
knockout mouse, which exhibits elevated, repetitive grooming (Burguiere et al., 2013); but
these deficits occur in the context of widespread abnormalities, some of which may be
developmental, and thus their causal role in the development of abnormal behaviors is no
more clear than it is patients.

We sought to more directly address the question of whether chronic disruption of striatal
FSls, in an otherwise normal brain, is sufficient to produce TS-relevant phenomenology. We
have recently described a strategy for the targeted ablation of defined interneuronal
populations (Xu et al., 2015a). This permits the temporally, spatially, and cell-type specific
recapitulation of the neuropathological changes seen post-mortem in TS in an otherwise
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normal adult brain. Here we applied this strategy to striatal FSIs and examined the
consequences of their ablation.

Importantly, demonstration of a causal connection between a FSI deficit and behavioral
pathology does not require recapitulation of all aspects of TS phenomenology. It is
increasingly recognized that many neuropsychiatric diagnoses do not represent unitary
natural kinds (Insel et al., 2010) and are causally heterogeneous, and that modeling
trandiagnostic endophenotypes is a more realistic prospect than modeling diagnostic entities
in all of their complexity (Nestler and Hyman, 2010). Striatal FSI deficiency has been
associated with severe TS (Kalanithi et al., 2005, Kataoka et al., 2010), but it is not known
whether this finding is specific to severe, treatment-refractory disease, to TS or tic disorders
more generally, or to a range of behavioral pathology that extends beyond the boundaries of
current diagnostic entities. We therefore tested a range of behaviors that capture different
aspects of the symptomatology of TS and related disorders.

EXPERIMENTAL PROCEDURES

All experiments were performed in accordance with the NIH Guide for the Use of
Laboratory Animals and were approved by the Yale University Institutional Animal Care
and Use Committee. Mice were housed in a temperature and climate-controlled facility on a
12-hour light/dark schedule.

Vector constructs and AAV virus production

We engineered a recombinant adeno-associated virus that expresses eGFP (Heim et al.,
1995) in infected cells in the absence of Cre recombinase but expresses the simian diphtheria
toxin receptor (SDTR; Buch et al., 2005) in Cre-expressing cells, rendering them sensitive to
ablation after systemic administration of diphtheria toxin (Xu et al., 2015a). EGFP and
sDTR, in the antisense orientation and tagged with a FLAG epitope for ready
immunodetection, are contained within a modified FLEX cassette, with eGFP between the
lox p and lox 2722 sites at the 5" end of the FLEX cassette. We have previously used the
elongation factor 1a promoter to drive expression from the eGFP/SDTR cassette (Xu et al.,
2015a); however, in pilot experiments we found SDTR expression from this promoter to be
low in virus-infected striatal FSIs (data not shown), and we therefore replaced it with the
more powerful CAG promoter (Miyazaki et al., 1989). To prevent excessive and potentially
toxic eGFP expression in virus-infected Cre-negative cells, we introduced a stem-loop
structure sequence (TACTGCTATACTAATAGGTATAGCAGTA) into the 5” end of the eGFP
MRNA, which reduces eGFP translation without affecting the SDTR mRNA in Cre-positive
cells. The resulting vector is termed iDTR A46 (Figure 1A).

A negative control construct, C46, is identical to A46 except for multiple point mutations in
the 3’ Lox sites, as in (Xu et al., 2015a). This prevents Cre-mediated inversion, such that
infected cells always express eGFP (and not sDTR), irrespective of whether they express Cre
(Figure 1A).

These constructs were packaged into AAV (rh10 serotype) by the Salk Institute viral vector
core (vectorcore.salk.edu), with a titer of 1X1013 genomic copies per mL by real-time PCR.
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rh10 provides superior spread in the striatum after a single injection without significant
anterograde or retrograde infection (Cearley and Wolfe, 2006, Xu et al., 2015a).

In vivo viral infusion and virus validation

Adult male hemizygous PV-Cre transgenic mice were produced in our vivarium by crossing
heterozygous male Pvalom1(Cre)Arbr mice (www.jax.org:008069) with female wild type
C57BL/6 breeders (Jackson Laboratories). Stereotaxic surgery was performed at age 3—4
months following standard procedures. PV-Cre mice were anesthetized with an
intraperitoneal injection of xylazine (10 mg/kg, Bayer) and ketamine (100 mg/kg, Merial). A
2 ul Hamilton syringe attached to a micropump (UltramicroPump II; World Precision
Instruments, Sarasota, FL, USA) was lowered through a skull burr hole into the striatum at
the coordinates: AP + 0.8 mm; ML £ 2.3 mm; DV — 3.5 mm relative to bregma (Paxinos and
Franklin, 2004). 0.5 pl of virus was infused bilaterally at a flow rate of 0.1 pl/min. The
Hamilton syringe was left in place for 10 min after completion of the infusion, to eliminate
back-flow, and then slowly withdrawn. This process was repeated on the other side. The
scalp was then sutured; after recovery, mice were returned to their home cage for a minimum
of two weeks post-surgery.

For validation experiments (Figure 1A—C), mice received A46 virus on one side and C46
contralaterally; for behavioral experiments (Figures 1D,E, 2-4), mice received either A46 or
C46 bilaterally. Some mice in validation experiments were sacrificed 2 weeks later, without
DT administration (Figure 1A). In all other experiments, mice were injected with DT (15
mg/kg intraperitoneal in sterile saline) once daily for 3 days; this dosing regimen was found
in pilot experiments (not shown) to provide optimal FSI ablation.

Behavioral characterization took place over 6 weeks; mice were euthanized at 5-6 months.
All brains were examined histologically after the completion of behavioral experiments; the
extent of viral spread and PV-expressing neuron reduction were established using
immunostaining. 8 animals in which viral delivery throughout the dorsal striatum was not
achieved bilaterally or diffusion into the overlying cortex was substantial were excluded
from behavioral experiments, prior to data analysis. The region of viral spread, after
exclusions, is shown qualitatively in Figure 1D.

Elevated plus maze, rotorod, and prepulse inhibition

Elevated plus maze, prepulse inhibition and motor learning on the rotorod were tested as
previously described (Castellan Baldan et al., 2014, Xu et al., 2015a). These tests were done
prior to stressful tests, described below, and to amphetamine challenge, to reduce the risk of
influence of one behavioral task on a subsequent one; all behavioral tests were separated by
at least 1 week.

Startle-induced stress

Startle-induced stress and subsequent monitoring of spontaneous behaviors was performed
as described previously (Xu et al., 2015a). Briefly, unpredictable presentation of a white
noise acoustic startle stimulus was used as an acute mild stressor. This was performed in a
prepulse inhibition chamber (San Diego Instruments, San Diego, CA), but with the door
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open and the mice unrestrained in an open, clear-sided box. Mice were videotaped and
visually monitored before, during, and for 30 minutes after this stressor. Time spent in
repetitive behaviors, which consisted primarily of increased grooming, was scored for 10
minutes during each stage by an observer blind to experimental condition. Stereotyped
grooming can be scored in more refined ways than we have attempted here; for example,
Berridge and colleagues have described the complex topography of normal grooming and
how it evolves into stereotypic chains under pathological conditions (Kalueff et al., 2016). It
remains unclear, however, what aspect of rodent grooming or stereotypical behavior best
recapitulates the mechanisms of human tics; we have therefore taken a conservative, theory-
free approach and scored time spent in all grooming and other repetitive behaviors as a
single measure.

Fear conditioning and fear-induced grooming

Fear-induced grooming was assayed as recently described (Xu et al., 2015b). Briefly, on day
1, mice underwent tone fear conditioning, following a standard protocol (30 s tone
conditioned stimulus [CS], 2 s 0.4V footshock unconditioned stimulus [US]; 2 CS-US
pairings separated by 90 s). 48 hour later mice were placed in a clear box and videotaped for
30 min before and 30 min after 30 sec presentation of the CS. Freezing was scored during
the 30 sec CS presentation. Total time spent grooming was scored from videotape before and
after CS presentation. Both freezing and grooming were scored by an observer blind to
experimental condition.

Immunohistochemistry

Immunostaining for PV, ChAT and FLAG was performed following standard procedures (Xu
et al., 2015a). For PV cell counting we used mouse anti-PV (P3088, Sigma, 1:2500) and
biotinylated goat anti-mouse immunoglobulin secondary (Vector Laboratories: BA-9200,
1:500). For ChAT cell counting we used goat ant-ChAT primary antibody (Millipore:
AB144P, 1:500) and biotinylated rabbit anti-goat immunoglobulin second antibody (Vector
Laboratories: BA-5000, 1:1000). In both cases these were visualized using the Vectastain
Elite ABC kit (Mector Laboratories) and diamionbenzidine substrate (Vector Laboratories).

Cell counting was performed using Stereoinvestigator (MBF Biosciences), as in our recent
work (Xu et al, 2015a). 40 um coronal slices were continuously collected throughout the
forebrain and stored in cryoprotectant solution (30% glycerin, 30% ethylene glycol, 0.2 X
PBS solution) at 4 °C. Slices through the dorsal striatum at 240 pm intervals were selected
for staining. Staining was performed as in Xu et al, 2015a. After development with
diaminobenzidine and mounting, coronal sections were selected on the basis of anatomical
criteria to match A-P levels +1.18, 0.98, 0.74, 0.50, and 0.26 mm, relative to bregma, with
reference to Paxinos and Franklin (2004). Because of the relatively small number of ChAT
and PV interneurons in the striatum, we counted all visible immunostained cells in these
sections. On each side of each section, the striatum was outlined using Stereolnvestigator,
again with reference to Paxinos and Franklin (2004). Stereoinvestigator was used to
systematically examine all fields within this region; all stained cells were counted (using a
stereological dissector to avoid over-counting). Total stained cells, bilaterally, were summed
across the 5 sections specified above for each animal, and normalized to the total striatal

Neuroscience. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 6

area across the five sections to ensure comparability cross mice. All values were normalized
to the average cell density within the control group in each analysis for presentation.

For fluorescent staining, primary antibodies were mouse anti-FLAG (1:500; Sigma F1804),
Chicken anti-GFP (1:2000; Abcam Ab13970), and rabbit anti-PV (ab11427, abcam) 1:1000.
Second antibodies were Alexa fluor 594-conjugated goat anti-mouse (1:400; Life
Technologies A11032), Alexa fluor 488-conjugated goat anti-chicken (1:400; Life
Technologies A11039), and Alexa fluor 633-conjugated goat anti-rabbit (1:400; Life
Technologies A21071). Confocal images were taken using a laser scanning confocal
microscope (Olympus Fluoview FVV300) at 200x.

Statistical analysis

RESULTS

Data were organized using Microsoft Excel and analyzed using SPSS (IBM). 2-tailed
statistics were used for all comparisons. T-tests, repeated-measure ANOVA, and Mann-
Whitney U tests were used, as appropriate and as described in the text.

Targeted ablation of PV-expressing interneurons in the adult mouse brain

We injected the dorsal striatum of adult male PV-Cre transgenic mice with virus iDTR-A46
on one side and the negative control virus iDTR-C46 contralaterally (Figure 1A, see
Methods). Mice were injected with either DT (15 ng/g body weight intraperitoneal daily x 3
days) or saline two weeks after surgery and then sacrificed 1 week later. In saline-treated
mice, eGFP expression was visible broadly throughout the striatum on both sides,
demarcating viral spread; FLAG imunoreactivity, which reflects SDTR expression, was seen
only in PV-immunoreactive cells (Figure 1B). FLAG expression was never seen on the C46-
infected side.

Repetitive behaviors after PV interneuron ablation in the dorsal striatum

We characterized behavioral phenotypes that parallel TS symptoms in PV-ablated mice. PV-
Cre mice received A46 or C46 virus bilaterally in the dorsal striatum (n = 10 A46, 8 C46,
after exclusions for poor viral targeting). Two weeks later, all mice received DT, as before,
followed one week later by behavioral analysis. Subsequent assessment of virus spread
confirmed broad infection of the dorsal striatum (Figure 1D), with a statistically significant
~40% reduction in PV interneuron density (Fig. 1E; Mann-Whitney U = 0, p < 0.0001) in
the dorsal striatum. To confirm the specificity of ablation we also immunostained
cholinergic interneurons in this tissue. There was no reduction in ChAT-positive interneurons
in A46 mice (Mann-Whitney U = 18, N.S.). If anything, the trend was towards a greater
density of ChAT-positive cells in PV-ablated, though this did not reach statistical
significance. There was no significant association between ChAT and PV cell density in
either ablated (F[1,8] = 1.3, p > 0.2) or control animals (F[1,6] = 1.129, p > 0.2).

PV-ablated mice did not exhibit detectable repetitive behaviors at baseline (not shown).
Clinically, tics fluctuate dramatically in TS; they are enhanced by stress, acute
psychostimulant administration, and sleep deprivation (Leckman, 2002, Lin et al., 2007, Du
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etal., 2010, Kurlan, 2010, Denys et al., 2013). To test the ability of acute stress to potentiate
repetitive behaviors that might relate to tics, we used two acute stress protocols that we have
recently described in other TS models (Xu et al., 2015a, Xu et al., 2015b).

We exposed FSl-ablated animals (and C46-injected controls) to 11 minutes of repeated
unpredictable acoustic startle (Xu et al., 2015a). Grooming, stereotypy, and other behaviors
were observationally scored from video before, during, and after this block of startle stimuli.
PV-ablated mice exhibited no behavioral abnormalities prior to the stressor, but increased
grooming during the 11-minute startle block and in the 30 minutes after the end of the startle
stimuli (Figure 2A; Supplementary video; mixed ANOVA: group, F [1,16]=9.439, p=0.007;
stage, F [2,15]=12.713, p=0.001; interaction, F[2,15]=8.765, p=0.003).

We next tested repetitive behaviors triggered by conditioned fear (Xu et al., 2015b). PV-
ablated mice acquired tone fear conditioning, freezing normally when presented with the
conditioned tone in a novel environment 48 hours after tone-shock pairing (Figure 2B; t[16]
=0.476, p = 0.64). During the 30 minutes following tone presentation, however, ablated
mice exhibited increased grooming, recapitulating what we have seen in another TS model
(Xu et al., 2015b). Because of the trend towards greater freezing in ablated animals, we
included freezing as a covariate in the analysis of cue-induced grooming (Figure 2C; mixed
ANCOVA: stage, F[1,13]=16.805, p=0.001; group, F[1,13]=0.928, p=0.35; interaction,
F[1,13]=5.275, p=0.039).

In other TS models, including after ablation of cholinergic interneurons in the dorsolateral
striatum, we have seen potentiated stereotypy after psychostimulant challenge (Castellan
Baldan et al., 2014, Xu et al., 2015a). However, we found no difference between FSl-ablated
and control mice after acute D-amphetamine challenge. Stereotypy and locomotor activity
were scored from video using an automated system (HomeCageScan: Cleversys, Reston,
VA). At 7 mg/kg D-amphetamine there was no difference in stereotypy (Figure 3A; RM-
ANOVA: group, F[1,16]=0.001, p=0.97; time, F[11,6]=6.867, p=0.014; interaction,
F[11,6]=1.181, p=0.44) or in locomotor activity (Figure 3B; group, F[1,16]=0.124, p=0.729;
time, F[11,6]=8.814, p=0.007; interaction, F[11,6]=0.489, p=0.856). In a repeated
experiment at 6 mg/kg D-amphetamine there was similarly no difference in stereotypy
(Figure 3C; group, F[1,13]=0.233, p>0.637; time, F[11,3]=1.066, p=0.545; interaction,
F[11,3]=0.896, p>0.616) or in locomotor activity (Figure 3D; group, F[1,13]=0.101,
p>0.756; time, F[11,3]=42.875, p=0.005; interaction, F[11,3]=7.383, p>0.063). Because
automated scoring may not be optimally sensitive for detecting stereotypies (Xu et al.,
2015a), we manual re-scored in the latter experiment from video and again found no effect
of FSI ablation (Figure 3E; group, F[1,13]=1.684, p>0.217; time, F[11,3]=815, p<0.001;
interaction, F[11,3]=2.186, p>0.283).

Other behavioral tests

FSl-ablated mice showed higher anxiety-like behavior in the elevated plus maze (Figure 4A,
B. Open arm time: Mann-Whitney U test, p=0.012; Open arm entries: Mann-Whitney U test,
p=0.083), but normal total exploratory activity (Figure 4C; Mann-Whitney U test, p=0.20;
normal exploratory activity is also apparent in Figure 3B, D prior to amphetamine
administration). PV ablated mice were indistinguishable from controls in baseline
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performance and motor learning on the rotorod (Figure D; RM-ANOVA: trial, F
[5,12]=7.818, p=0.002; group, F [1,16]=0.037, p=0.85; interaction, F [5,12]=1.555,
p=0.245).
There was no effect of FSI ablation on baseline startle magnitude (Figure 4E; t[16] = 0.462,
p = 0.65), and no statistically significant effect on prepulse inhibition of startle (Figure 4F;
RM-ANOVA: group, F[1,16] = 0.002, p = 0.968; prepulse intensity, F[2,15]=7.586, p=0.005;
interaction, F[2,15]=3.325, p=0.064). The interaction term did approach significance, and a
nominal effect of group was seen at the intermediate prepulse inhibition; it therefore remains
possible that there is a subtle effect of FSI ablation on PPI.

DISCUSSION

These results establish the sufficiency of PV interneuron disruption in the dorsal striatum,
which as has been documented in severe TS (Kalanithi et al., 2005, Kataoka et al., 2010), to
produce repetitive grooming — after two different acute stressors. This suggests that the
interneuronal deficit observed in patients is causally related to tics and other movement
abnormalities, and not a compensatory change, an epiphenomenon, or a consequence of
treatment. Our manipulation is unlikely to precisely recapitulate all pathological
abnormalities in the TS brain; for example, deficits in other striatal interneurons have been
documented (Kalanithi et al., 2005, Kataoka et al., 2010, Lennington et al., 2014).
Furthermore, the deficit in PV interneurons may arise early during development in TS, and
compensatory changes are to be expected; these may not be captured in our model.
Disruption of interneurons early in development might produce different effects. We sought
to capture a discrete and well-defined brain lesion, to ascertain whether and how it
contributes to TS-relevant effects. In human disease a PV interneuronal deficit is likely to
interact with other pathophysiological changes to produce the full clinical picture.

Modeling neuropsychiatric symptoms, including tics, in an animal model raises interpretive
challenges (Nestler and Hyman, 2010, Pittenger, 2014). The behavioral abnormalities
documented here differ from the tics that define TS. Simple tics are spasmodic, semi-
voluntary movements of discrete groups of muscles that are typically unilateral and are most
commonly seen in the face. Elevated grooming, on the other hand, represents enhancement
of a normal behavioral pattern and is symmetrical. Elevated grooming, similar to what we
have documented here, is seen in another mouse model of TS, with strong construct validity
(Castellan Baldan et al., 2014, Xu et al., 2015a). On the other hand, grooming phenotypes
have also been described in models that purport to recapitulate pathophysiology of OCD
(Welch et al., 2007) and autism (Peca et al., 2011). Thus, while our findings are consistent
with the proposal that interneuronal pathology in the dorsal striatum can predispose to
neuropsychiatric symptomatology, including tics, they do not establish this abnormality as
being specific to the TS or to the production of tics. Indeed, the abnormal movements
produced by more acute inhibition of these cells have been described as resembling
dystonia, rather than tics (Gittis et al., 2011). Clarifying the precise relationship between
grooming phenotypes as a general marker of pathological change in animal models and the
specific neuropsychiatric symptomatology seen in defined human conditions will require a
much more detailed understanding of the pathogenic mechanisms seen in both systems.
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The topography of grooming and related stereotypic behaviors can be analyzed in more
detail than we have attempted here (Kalueff et al., 2016), and if the specific repetitive
behaviors that are most isomorphic to human tics were clearly delineated and more
specifically quantified, our behavioral scoring might be more sensitive to disease-relevant
abnormalities. However, it is not clear which mouse behaviors represent the best model of
tics; indeed, this may vary depending on various experimental or contextual factors, such as
mouse strain. We have therefore taken an agnostic view and scored all repetitive behaviors as
a single measure.

We observe these stereotypies only after stress challenge, not at baseline; this differs from
what is seen in patients but is similar to the phenotype observed in a two other recently
described TS models (Castellan Baldan et al., 2014, Xu et al., 2015a, Xu et al., 2015b). This
may be simply a matter of assay sensitivity; quantification of tics or stereotypy, whether
automated or manual, is of limited sensitivity and may miss low-amplitude movements.
Alternatively, it may be that PV deficiency destabilizes the corticostriatal system, but not
enough to produce spontaneous abnormal movements. More than one such
pathophysiological “hit,” such as pathology in other populations of interneuron (Kataoka et
al., 2010, Lennington et al., 2014), may be required for spontaneous tic-like movements to
emerge.

The consequences of PV ablation overlap with those we have recently documented after
ablation of cholinergic interneurons (CINSs) in the dorsolateral striatum (Xu et al., 2015a),
but they also diverge in interesting ways. Stimulant-induced stereotypy was potentiated after
CIN ablation (Xu et al., 2015a) but not after FSI ablation (Figure 3). This is intriguing in
light of the well-established functional interactions between CINs and dopamine (e.g.
Threlfell and Cragg, 2011, Threlfell et al., 2012); FSls are not known to regulate DA. To the
extent that the pathophysiological consequences for striatal function of CIN and FSI ablation
converge, the effects of FSI ablation may be causally ‘downstream’ of dysregulation of DA.
Interestingly, qualitatively different spontaneous movements are observed in conjunction
with cholinergic interneuornal deficits in another recently-describd model, as a consequence
of forebrain-wide deletion of the gene forsinA (Pappas et al., 2015). Further studies are
needed to determine the precise relationship between different types of striatal abnormality
and different categories of dystonic, tic-like, and repetitive movement.

On the other hand, FSI ablation produces anxiety-like behavioral abnormalities in the
elevated plus maze (Figure 4A—C); this was not seen after CIN ablation (Xu et al., 2015a).
Anxiety is not a primary symptom of TS, as currently defined (Leckman, 2002, Kurlan,
2010), but anxiety disorders and obsessive-compulsive disorder are commonly comorbid
(Hirschtritt et al., 2015). Interestingly, SAPAP3 mutant mice, which exhibit a grooming
phenotype and have been described as a model of OCD, also exhibit anxiety (Welch et al.,
2007) and have recently been reported to have a deficit in striatal FSIs (Burguiere et al.,
2013). These observations emphasize that the network and behavioral consequences of
specific disease-associated pathophysiological abnormalities, such as deficits in striatal
interneurons, may cut across traditional diagnostic categories.
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These experiments have several limitations, to be addressed in future work. As noted above,
we studied the consequences of PV interneuron ablation in adults; similar disruption early
during development might have distinct consequence. We studied only male mice; TS has a
male preponderance, but tics are also seen in females, and possible interactions of sex with
pathophysiological mechanism cannot be examined in this study. We are, by design,
recapitulating only one aspect of the putative pathophysiological abnormalities documented
in post-mortem studies; the full clinical picture of TS is likely to arise from an interaction of
PV interneuronal pathology with other processes.

This work highlights the importance of FSI dysregulation in the basal ganglia to the
pathophysiology of TS. Our results suggest that the abnormalities seen post mortem
(Kalanithi et al., 2005, Kataoka et al., 2010) represent a causal contributor to the
pathophysiology of the disease, rather than a compensation, an epiphenomenon, or a
consequences of pharmacological treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Tourette syndrome is associated with reduced interneurons in the striatum.

We performed targeted ablation of parvalbumin neurons in the striatum in adult
mice.

Interneuronal ablation produced increased grooming after acute stress.
Interneuronal ablation also produced elevated anxiety-like behavior.

This supports a causal contribution of interneuronal deficits to movement
disorders.
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Figure 1. Targeted interneuronal ablation in the PV-cre mouse striatum
(A) Structure of the iDTR virus A46 and negative control virus C46. Recombination in the

presence of CRE recombinase is mediated by matching /ox elements, indicated as colored
triangles; mutated 3’ Jox elements in the C46 construct (red triangles) prevent
recombination. CAG - synthetic promoter; eGFP — enhanced green fluorescent protein;
DTR-Flag — Flag epitope-tagged simian diphtheria toxin receptor; WPRE — woodchuck
hepatitis virus posttranscriptional regulator element; pA — poly-A mRNA cap. B. Triple
immunostaining of striatal neurons after A46 virus infusion shows eGFP (green), FLAG
(red) and PV (white); FLAG immunoreactivity, which corresponds to DTR expression,
colocalizes specifically with PV. C. Reduced PV-expressing interneurons in the A46-
injection dorsal striatum after systemic DT, as compared to contralateral control C46 virus.
D. Spread of injected A46 virus in the dorsal striatum in mice used for subsequent
behavioral experiments. E. PV-positive cell density was reduced ~40% in these animals,
compared with C46-injected, DTR-treated PV-cre+ controls. ChAT-positive cells were not
reduced in A46 virus-treated animals, supporting the specificity of the targeted ablation of
PV-positive interneurons. Mann-Whitney U test (see Results): **** p < 0.0001 A46 vs C46
control group.
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Figure 2. Stereotypy after FSI ablation
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A. Grooming was elevated during and after acoustic startle stress in FSI-ablated mice. B.

Freezing 48 hours after tone fear conditioning was normal in FSl-ablated mice. [C.

Grooming was elevated after induction of conditioned fear in FSI-ablated mice. See text for

statistics. Tukey’s post-hoc: vs. same group baseline: * p < 0.05, ** p < 0.01, **** p <
0.0001; vs. control group same condition: # p < 0.05, ## p < 0.01.
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Figure 3. Normal stereotypy and locomotor activation after D-amphetamine in FSl-ablated mice
A. Stereotypy, scored from video using an automated system, after 7 mg/kg D-amphetamine;

there was no effect of FSI ablation. B. Normal locomotor activation after 7 mg/kg D-
amphetamine. C. Similarly, stereotypy was unchanged in FSl-ablated mice after 6 mg/kg D-
amphetamine. D. Normal locomotor activation after 6 mg/kg D-amphetamine. E.
Unchanged stereotypies after 6 mg/kg D-amphetamine were confirmed using manual
scoring. See text for statistical analysis.
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Figure 4. Motor behavior and anxiety after PV ablation
A-C. Several measures indicated increased anxiety in the elevated plus maze after FSI

ablation. D. Exploratory activity was unaltered by FSI ablation in the elevated plus maze. E.
Basal coordination and motor learning on the rotorod were unchanged after FSI ablation. F.
Startle magnitude was not altered by striatal FSI ablation. G. Prepulse inhibition was not
altered by striatal FSI ablation. See text for statistical analysis. * p < 0.05; T p <0.1.
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