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Gilles de la Tourette syndrome (TS) is characterized by tics, which
are transiently worsened by stress, acute administration of dopa-
minergic drugs, and by subtle deficits in motor coordination and
sensorimotorgating. It represents themost severeendofa spectrum
of tic disorders that, in aggregate, affect ∼5% of the population.
Available treatments are frequently inadequate, and the patho-
physiology is poorly understood. Postmortem studies have revealed
a reduction in specific striatal interneurons, including the large cho-
linergic interneurons, in severe disease. We tested the hypothesis
that this deficit is sufficient to produce aspects of the phenomenol-
ogy of TS, using a strategy for targeted, specific cell ablation inmice.
We achieved ∼50% ablation of the cholinergic interneurons of the
striatum, recapitulating the deficit observed in patients postmor-
tem, without any effect on GABAergic markers or on parvalbumin-
expressing fast-spiking interneurons. Interneuron ablation in
the dorsolateral striatum (DLS), corresponding roughly to the
humanputamen, led to tic-like stereotypies after either acute stress
or D-amphetamine challenge; ablation in the dorsomedial striatum,
in contrast, did not. DLS interneuron ablation also led to a deficit in
coordinationon the rotorod, but not to any abnormalities in prepulse
inhibition, a measure of sensorimotor gating. These results support
the causal sufficiency of cholinergic interneuron deficits in the DLS to
produce some, but not all, of the characteristic symptoms of TS.
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Gilles de la Tourette syndrome (TS) represents the most se-
vere end of a spectrum of tic disorders that, in aggregate,

affect 5% of the population and produce substantial morbidity
(1). Existing treatments are of limited efficacy in severe disease
(2). The defining symptoms of TS are motor and phonic tics,
defined as sudden, repetitive, nonrhythmic, involuntary or
semiinvoluntary movements or utterances that involve discrete
muscle groups. Tics fluctuate and are exacerbated by stress (3–
5) and by acute challenge with prodopaminergic drugs (6).
Individuals with TS also often have deficits in fine motor control
(7, 8), procedural learning (9), and sensorimotor gating (10, 11).
Convergent evidence implicates the corticobasal ganglia cir-

cuitry in the pathophysiology of TS, although details remain
poorly understood (12, 13). The input nucleus of the basal gan-
glia, the striatum, receives glutamatergic projections from the
cortex and thalamus. The striatum is reduced in volume in indi-
viduals with TS (12–14), and this reduction predicts the severity
and the persistence of symptoms (15). Whereas the cellular ar-
chitecture of the dorsal striatum is fairly uniform throughout its
medial–lateral extent, the topographic organization of cortical
afferents leads to functional segregation among subregions (16–
19). The dorsolateral striatum (DLS), which corresponds roughly
to the human putamen, has been associated with sensorimotor
habits (20) and with tic-like stereotypies in rodents (21, 22).
Functional neuroimaging has correlated abnormalities in these
lateral corticostriatal networks with tic characteristics in patients

with TS, whereas abnormalities in medial networks correlated
instead with comorbid obsessive-compulsive symptoms (23).
The principal cells of the striatum, the GABAergic medium

spiny neurons (MSNs), are modulated by several types of in-
terneuron (24). Recent postmortem work has revealed that spe-
cific interneuron populations are abnormal in patients with severe,
refractory TS (25–27). Cholinergic interneurons, identified by
their expression of choline acetyltransferase (ChAT), are critical
regulators of striatal function, although they constitute only about
1% of all neurons in the striatum (24). They are reduced by ∼50%
throughout the dorsal striatum in TS (26, 27). Abnormalities in
ChAT interneurons in the ventral striatum have been reported in
schizophrenia (28), but deficits in the dorsal striatum (the caudate
and putamen) have only been described in TS (26).
However, the relationship of this interneuronal deficit to the

etiopathophysiology of TS remains unclear. One possibility is that
this deficit is causally related to symptoms; ChAT interneuron
abnormalities in different striatal subregions may have dissociable
contributions to symptomatology. Alternative possibilities include
that the ChAT deficit observed in postmortem tissue is a com-
pensation for the primary pathology, a consequence of treatment,
or an epiphenomenon of no relevance to symptomatology. Fi-
nally, the ChAT interneuron deficit may be pathophysiologically
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important, but it may manifest only in the context of other pa-
thology, such as the deficit in parvalbumin-expressing interneur-
ons that has also been documented in postmortem tissue (25, 26),
or only through its secondary effects on the functions of striatal
circuits during development. Such questions cannot readily be
addressed by observational studies in patients.
Therefore, to test the hypothesis that ChAT interneuron dis-

ruption in the dorsal striatum is sufficient to produce tic-like
phenomenology, we turned to a mouse model. We found an
immunotoxin that has been used previously to target striatal
ChAT interneurons (29–32) to produce nonspecific effects (Fig.
S1). We therefore developed an approach to induce targeted,
regulated ablation of ChAT interneurons in mice. We antici-
pated that interneuronal abnormalities in different parts of the
circuitry might contribute differentially to the TS phenotype. We
targeted the ChAT interneurons of the DLS and dorsomedial
striatum (DMS) in separate experiments, achieving a ∼50% re-
duction, which recapitulates the degree of abnormality found
postmortem (26). We tested the effect of this targeted ablation
on behavioral phenotypes that recapitulate core phenomenology
of TS and that have been found to be abnormal in other animal
models (10, 33). This ChAT ablation does not recapitulate all
documented cellular abnormalities in TS (25, 26) or their devel-
opmental course, which is not well established. Rather, it tests
sufficiency of an isolated ChAT interneuronal deficit in an other-
wise normal adult brain to produce aspects of TS phenomenology.

Results
Viral Targeting of Interneurons. We designed a recombinant virus
(A06) (Fig. 1A and Materials and Methods) to permit the specific
expression of the simian diphtheria toxin receptor (DTR) in cre-
expressing cells. This makes those cells specifically susceptible to
ablation after systemic administration of diphtheria toxin (DT).
This virus, and the negative control virus C06 (Materials and

Methods), were injected into the dorsal striatum of ChAT-cre
transgenic mice (www.jax.org: 006410); mice were euthanized
2 wk later. EGFP expression was seen throughout the striatum,
confirming the spread of the rh10 viral serotype and the utility of
eGFP as a marker of viral infection. FLAG immunoreactivity
was seen only in cells also immunoreactive for ChAT (Fig. 2A).
No FLAG immunoreactivity was ever seen after C06 injection
(Fig. 2B) or when either virus was injected into wild-type mice.
To test interneuron ablation, we injected A06 virus into the

dorsal striatum on one side and C06 into the contralateral dorsal
striatum in ChAT-cre transgenic mice. Two weeks later, mice
were injected i.p. with either DT (15 μg/kg body weight) or sa-
line. One week after DT injection, ChAT immunoreactive cells
were reduced on the A06-infected side relative to the C06 in-
fected side (Fig. 2C), confirming interneuron ablation. The im-
age shown here is taken from the center of the virus-infused
area, where viral infection was highest and ablation was greatest;
we achieved ∼50% reduction of the density of ChAT-expressing
interneurons in the dorsal striatum more broadly (see below, Fig.
3 B and E), recapitulating the degree of deficit observed in
postmortem material from patients (26).
The ChAT interneuron-specific genes ChAT and Slc5A7 (the

choline transporter) showed a ∼50% reduction in A06-infected
striatum, compared with C06-infected striatum, after DT (Fig.
2D and Table S1). Glutamic acid dehydrogenase (a marker of
GABAergic cells) and the potassium channel KCNC1 (which is
expressed in parvalbumin-containing interneurons) were not
reduced by ChAT interneuron ablation (Fig. 2D). Immuno-
staining for parvalbumin-containing interneurons showed nor-
mal numbers of these interneurons (Fig. 2E).

Tic-Like Stereotypies After ChAT Interneuron Ablation. We charac-
terized behavioral phenotypes that parallel different domains of
TS symptomatology (10, 33) following ∼50% ChAT interneuron
ablation in the DLS (Fig. 3 A and B and Figs. S2 and S3).
ChAT-ablated mice did not exhibit detectable tic-like stereo-

typy at baseline. In this way they resemble a recently described
genetic model, in which increased tic-like stereotypies only
emerged after pharmacological challenge (10). To test the ability
of an acute stressor to potentiate tic-like stereotypies (3–6, 34), we
exposed ChAT-ablated animals (and C06-injected controls) to
repeated unpredictable acoustic startle stimuli. Grooming, ste-
reotypy, and other behaviors were observationally scored from
video before, during, and after this block of startle stimuli. ChAT-
ablated mice exhibited no behavioral abnormalities before the
stressor, but increased grooming during and after the 11-min
startle block (Fig. 3C). Grooming was fragmented, consisting
primarily of repeated initiation of grooming of the face and
whiskers, and progressing only infrequently to a full syntactic
grooming chain encompassing the whole body; in this it qualita-
tively resembles the abnormal grooming seen (in the absence of
an acute stressor) in mice with a deletion of the SAPAP3 gene
(Movie S1) (35). These abnormal grooming bouts were not time-
locked to startle stimuli but rather occurred continuously
throughout the startle block and poststartle period.
To test the anatomical specificity of this phenomenon, we per-

formed an otherwise identical ablation in the DMS, in a separate
cohort of mice (Fig. 3 D and E and Figs. S2 and S3). The efficiency
of ablation in the DMS was similar to that in the DLS. Mice with
ChAT ablation in the DMS showed no alteration in acute stress-
induced repetitive grooming (Fig. 3F).
We also measured locomotor activity and stereotypy before

and after i.p. injection of D-amphetamine (10). The dose (7 mg/kg)
was empirically determined in pilot experiments to produce
limited stereotypy in intact mice on this genetic background. Both
DLS ablation and control groups showed locomotor activation
following amphetamine challenge, with no difference between
ChAT-ablated and control animals (Fig. 4A). To maximize

A

B

Fig. 1. A strategy for cre-inducible expression of DTR. (A) Map of AAVrh10
EF-FLEX-DTR-FLAG vector. EF, elongation factor 1a promoter; white triangles,
lox 2722; blue triangles, Lox P; red triangles, mutated nonfunctional lox sites;
eGFP, enhanced green fluorescent protein; DTR, diphtheria toxin receptor;
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element. (B)
FLAG expression in transiently transfected N2A cell cultures. GFP is expressed
from A06 and C06 viruses as well as from cotransfected cre-eGFP. Only double
transfection with A06 and cre-eGFP shows FLAG expression, as revealed by
double immununostaining for eGFP (green) and FLAG (red). (Scale bar, 25 μm.)
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throughput and objectivity in the initial analysis of stereotypy, we
scored repetitive low-amplitude movements using an automated
system (36). These movements, scored as “grooming” by the au-
tomated system, differed across groups, lasting longer and
reaching higher levels following amphetamine administration in
the ChAT-ablated animals [Fig. 4B; time × treatment interaction,
F(11, 99) = 2.02, P = 0.034]. To confirm the phenotype, a rater
blind to experimental condition manually scored stereotypy at all
time points in the second half hour after amphetamine, where
automated scoring indicated a separation between groups, for
post hoc analysis. Manual and automated scoring correlated sig-
nificantly, although imperfectly, across this time period (Fig. 4C).
Manual scoring confirmed greatly increased stereotypies in
ChAT-ablated mice, across all measured time points (Fig. 4D and
E). Qualitatively, these stereotypies consisted primarily of fo-
cused repetitive sniffing (Movie S2), similar to those observed in
a recently described genetic animal model of TS, the histidine
decarboxylase knockout mouse (10).
After amphetamine, DMS ChAT-ablated mice showed slightly

enhanced locomotor activation, relative to controls (Fig. 4F),
and no change in stereotypy (Fig. 4G), confirming a dissociable

role for DLS and DMS in the generation of tic-like phenome-
nology after ChAT interneuron ablation.

Other TS-Relevant Behavioral Phenotypes. We tested DLS ChAT-
ablated mice and found no prepulse inhibition (PPI) deficit (Fig.
S4A). Excitotoxic DMS lesions impair PPI (37); however, we also
found no PPI deficit after DMS ChAT ablation (Fig. S4B).
Patients with TS also exhibit deficits in certain fine motor skills

(7, 8). We tested ChAT-ablated mice on the rotorod, which
assays both baseline motor performance and improvement over
time. Mice with a DLS ChAT lesion showed a marked deficit in
baseline rotorod performance (Fig. 5A) but rapidly improved
with training to a level of performance indistinguishable from
controls (Fig. 5B). DMS ChAT-lesioned mice showed no deficits
either at baseline or across trials (Fig. 5 C and D).
ChAT-ablated mice and control mice showed similar activity in

the open field and similar anxiety-like behaviors in both the open
field and the elevated plus maze (Figs. S5 and S6).

Discussion
The etiology and pathophysiology of TS are not well understood
(13). Postmortem studies show a reduction in ChAT-expressing
striatal interneurons in the caudate and putamen in individuals with
severe, refractory disease (26, 27). However, such correlational
findings cannot elucidate the causal role of this cellular deficit:
whether it is pathogenic, compensatory, epiphenomenomenal, or
a marker of a more complex developmental disruption.
We have examined this question by producing a similar deficit in

ChAT interneurons in the dorsal striatum of otherwise normal
adult mice. Targeted cell ablation in the adult does not, of course,
recapitulate the developmental consequences of a ChAT deficit
and potential abnormal local connectivity that may accompany
congenital pathology; rather, it examines the effects of a ChAT

A B
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Fig. 2. Targeted interneuronal ablation in the ChAT-cremouse striatum. (A)
Triple immunostaining of striatal neurons after A06 virus infusion shows
eGFP (green), FLAG (red), and ChAT (white); FLAG immunoreactivity, which
corresponds to DTR expression, colocalizes specifically with ChAT, confirming
the specificity of DTR expression using this system (compare with D). (B)
Triple immunostaining of striatal neurons after C06 virus infusion, showing
eGFP (green), FLAG (red; no staining is apparent, although conditions were
identical to A), and ChAT (white). (C) Reduced ChAT-expressing interneurons
after A06 infection and DT injection in the dorsal striatum, compared with
control C06 virus (Fig. 3 B and E). (D) The specificity of cholinergic cell ab-
lation was evaluated using quantitative PCR (qPCR) analysis of RNA isolated
from A06-infected and contralateral C06-infected striatum. Expression of
ChAT interneuron-related genes was reduced approximately twofold on the
ablation side (n = 4 animals. Paired t test: ChAT, P = 0.03 (one tailed); Slc5A7,
P = 0.01 (one tailed). GABA-related genes were not significantly reduced:
GAD1, P = 0.58 (two tailed); KCNC1, P = 0.054 (two tailed). (E) Immuno-
staining for parvalbumin-positive interneurons revealed no qualitative or
quantitative difference between experimental conditions, further confirm-
ing the specificity of our manipulation to the cholinergic interneurons. *P <
0.05. (Scale bar, 20 μm for A–C and 100 μm for E.)

A B C

D E F

Fig. 3. Stereotypy after stress. (A) Minimum and maximum A06 viral spread
in dorsolateral striatum (DLS). (B) Reduced density ChAT-positive inter-
neurons in the DLS in DLS-targeted mice after DT treatment, relative to C06-
infected controls; see also Figs. S2 and S3. Student’s t test: t(9) = 4.8, P =
0.001. (C) Elevated fragmented/stereotypic grooming after startle stress in
DLS ChAT-ablated mice. RM-ANOVA: main effect of block, F(2,18) = 4.85, P =
0.042; main effect of group, F(1,9) = 9.63, P = 0.013; group × block in-
teraction, F(2,18) = 4.26, P = 0.055). (D) Viral spread in dorsomedial striatum
(DMS)-targeted mice. (E) Reduced ChAT-positive interneurons, quantified
over the entire striatum, in DMS-targeted mice after DT treatment, relative
to C06-infected controls. Student’s t test: t(11) = 5.9, P < 0.001. (F) Normal
grooming behavior after startle stress in DMS ChAT-ablated mice. RM-
ANOVA: main effect of block, F(2,22) = 14, P = 0.004; main effect of group,
F(1,11) = 0.034, P > 0.5; block × group interaction, F(2,22) = 0.20, P > 0.5).
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interneuron deficit in an otherwise normally developed striatal
circuitry. Previous studies have examined effects of ChAT ablation
in the nucleus accumbens (31, 32), or more broadly throughout the
striatum (29), but they have not discriminated between DLS and
DMS, have not systematically tested for TS-associated behavioral
effects, and have relied on immunotoxins that we find to have
nonspecific effects (Fig. S1). Our results establish the sufficiency of
ChAT interneuron disruption in the dorsolateral striatum in the
adult to recapitulate some aspects of TS, although not all. This
argues in favor of a direct role for the ChAT deficit in patho-
physiology, and against a compensatory or epiphenomenal one.
Some aspects of TS, such as the premonitory urges that often

precede tics, are difficult or impossible to assess in an animal

(3–5); but behaviors recapitulating aspects of the motor symp-
tomatology are accessible in mice (10). Low-amplitude, stereo-
typed, repetitive movements that recapitulate aspects of tics can
be quantified; these include excessive and fragmentary grooming
(35, 38) and motor stereotypy (10, 39, 40). Other aspects of TS
symptomatology can be captured using PPI and with tests of
motor coordination and learning (33).
We see tic-like stereotypy only after DLS ChAT ablation, not

after DMS ChAT ablation (16, 17). In postmortem material from
patients with TS, the ChAT interneuron loss is prominent in
dorsal striatum (both associative and sensorimotor territory) and
not seen in the ventromedial striatum (limbic territory) (26). Our
results suggest that tics may relate specifically to deficits in the
lateral/sensorimotor striatum and not to those in the more me-
dial, associative circuitry. This is consistent with the role of the
DLS in stereotypy and in habit learning in other contexts (20–22,
41), and with findings of increased functional connectivity in the
putamen to correlate with tic complexity (23). It is possible that
dorsomedial pathology relates to other aspects of pathology,
such as obsessive-compulsive symptoms (23), that are not readily
captured by our behavioral assays in mice.
We observe manifest stereotypy only after stress or amphetamine

challenge. This may be simply a matter of assay sensitivity; any
quantification of stereotypy, automated or manual, is of limited
sensitivity and may miss low-amplitude movements. Alternatively, it
may be related to the fact that our ablation occurs in adulthood and
thus incompletely recapitulates the relevant pathology. It may also
be the case that ChAT deficiency is one of several insults that can
destabilize the corticostriatal system, and that more than one such
pathophysiological “hit,” such as pathology in other populations of

A B

C D E

F G

Fig. 4. Stereotypy after amphetamine challege. (A) Normal locomotor ac-
tivity after amphetamine challenge in DLS ChAT-ablated mice. RM-ANOVA:
main effect of time, F(11,99) = 1.85, P = 0.056; main effect of group, F(1,9) =
0.014, P = 0.9; time × group interaction, F(11,99) = 0.537, P = 0.874. (B) El-
evated motor stereotypies over time, as measured by an automated video-
analysis system, after amphetamine challenge in DLS ChAT-ablated mice.
RM-ANOVA: main effect of time, F(11,99) = 0.48, P = 0.9; main effect of
group, F(1,9) = 0.25, P = 0.6; time × group interaction F(11,99) = 2.02, P =
0.034. Post hoc tests at specific time points are by two-tailed t test. (C) Au-
tomated stereotypy counts correlated with manual counts (measured 30–
60 min after amphetamine) r = 0.813; P = 0.002. (D) Manual assessment of
stereotypy, scored by a rater blind to experimental condition, performed
post hoc 30–60 min after amphetamine (when automated scoring indicated
a separation between groups), confirmed a significant increase in stereotypy
after DLS ChAT ablation. RM-ANOVA: main effect of time, F(5,45) = 4.992;
P = 0.051; main effect of group, F(1,9) = 10.60, P = 0.01; time × group in-
teraction, F(5,45) = 1.57, P = 0.3. (E) Summed manually scored stereotypy
across 30–60 min. T(9) = 3.255, P = 0.01. (F) Elevated locomotor activity after
amphetamine challenge in DMS ChAT-ablated mice. RM-ANOVA: main ef-
fect of time, F(11,121) = 55.6, P < 0.001; main effect of group, F(1,11) = 3.2,
P = 0.102; time × group interaction, F(11,121) = 2.16, P = 0.021. (G) Motor
stereotypies after amphetamine challenge in DMS ChAT-ablated mice,
scored by the automated system, did not differ between groups. RM-
ANOVA: main effect of time, F(11,121) = 16, P < 0.001; main effect of group,
F(1,11) = 0.047, P = 0.8; time × group interaction, F(11,121) = 0.7, P = 0.7. n =
6 ablated, 5 control for the DLS group and 7 ablated, 6 control for the DMS
group; all values are mean ± SEM *P < 0.05, **P < 0.01.

A B

C D

Fig. 5. Motor coordination and learning after ChAT ablation. (A) Impaired
rotorod performance at baseline in DLS ChAT-ablated mice. Student’s t test:
t(9) = 2.9; P < 0.019. (B) Intact motor learning across repeated rotorod trials
in DLS ChAT-ablated mice (2 d at 3 trials/d; note that T1 here is also shown in
A). RM-ANOVA: main effect of trial, F(5,45) = 5.05, P = 0.001; main effect of
group, F(1,9) = 0.24, P = 0.63; trial × group interaction, F(5,45) = 2.29, P =
0.06. (C) Intact initial rotorod performance in DMS ChAT-ablated mice.
Student’s t test: t(11) = 0.15; P = 0.88. (D) Intact motor learning in DMS ChAT-
ablated mice. RM-ANOVA: main effect of trial, F(5,55) = 9.53, P < 0.001; main
effect of group, F(1,11) = 3.15, P = 0.10; trial × group interaction, F(5,55) =
0.946, P = 0.46. n = 6 ablated, 5 control for the DLS group and 7 ablated,
6 control for the DMS group; all values are mean ± SEM *P < 0.05.
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interneuron (25, 26), developmental stress, or immune challenge
(13), is required for spontaneous tic-like movements to emerge.
It should be noted that the individuals studied in the post-

mortem study on which our experiment is based (26) had partic-
ularly severe disease that persisted into adulthood and remained
prominent despite attempts at treatment. It is possible that the
ChAT deficit we are modeling here is specific to such refractory
cases and would not be seen in treatment-responsive or de-
velopmentally remitting TS. The examination of such severe cases
may nevertheless shed light on pathophysiological mechanisms that
are shared with more typical disease. It might be, for example, that
ChAT neurons are dysfunctional but not absent in milder disease
and that compensatory optimization of their function is a mecha-
nism for symptom improvement over the course of development.
We have described the repeated unpredictable presentation of

a loud acoustic startle stimulus (Fig. 3) as an acute stressor. Both
acute and chronic stressors can accentuate tic symptomatology
in individuals with TS (3–5). We have not objectively measured
other correlates of stress, such as corticosterone levels, and other
interpretations of the mechanism by which the repeated startle
stimuli produced enhanced and fragmented grooming stereotypies
are possible. For example, startle stimuli can themselves in some
cases trigger or potentiate tics (42, 43). However, the stereotypies
we observe were not phasically entrained to the presentation of
startle stimuli; rather, they occurred intermittently throughout and
after the period of startle stimulus presentation (Movie S1 and Fig.
3). Irrespective of the specific underlying mechanism, this paradigm
clearly illustrates increased tic-like stereotypies after ChAT in-
terneuron ablation, in the absence of a pharmacological challenge.
The cause of the slight enhancement of amphetamine-induced

locomotion after DMS ChAT ablation, and its relevance to TS, is
unclear. It is noteworthy that the most medial portion of the ro-
dent dorsal striatum is functionally related to the ventral striatum/
nucleus accumbens, in which a ChAT deficit has been docu-
mented in schizophrenia (28) but not in TS (26).
The effects of ChAT ablation in the DLS on striatal neuro-

chemistry and information processing remain to be explored in
detail. Cholinergic interneurons, also termed “tonically active
neurons,” have a role in the modulation of striatal dopamine
dynamics (44, 45); disruption of dopamine (DA) may therefore
underlie the observed effects (13). However, ChAT inter-
neurons also regulate both other populations of striatal inter-
neurons and the MSNs themselves; a ChAT deficit may therefore
lead to disorganized striatal information processing, independent
of any effect on DA (46). ChAT interneurons also encode task-
relevant information during reward-motivated contingency learn-
ing (47–49) and mediate the integration of thalamic and cortical
afferent information (48, 50). The disruption of these functions
may also contribute to aspects of the symptomatology of TS.
The fact that we see behavioral abnormalities that recapitulate

aspects of TS after ChAT interneuron ablation in the adult
indicates that a cholinergic deficit in the adult is sufficient to
produce TS-relevant consequences. A cholinergic deficit might
be pharmacologically mitigated by using cholinesterase inhib-
itors, which extend the half-life of endogenously released ace-
tylcholine. A few small studies and case reports have attempted
this, with some reports of benefit but also with significant side
effects (51, 52). An alternative is the use of muscarinic or nico-
tinic cholinergic agonists, although it remains unclear which
receptors would optimally be targeted. A few studies suggest that
nicotine gum or patch are of little benefit by themselves but can
augment that efficacy of haloperidol treatment; side effects again
have been limiting in many cases (51). It should be noted that TS
symptoms fluctuate, and therefore that uncontrolled studies are
notoriously unreliable; placebo-controlled trials of these thera-
peutic strategies are needed.
Our work does not address the cause of the cholinergic deficit.

The ChAT interneurons may fail to develop or differentiate

properly, fail to migrate to the striatum during development, mi-
grate but die without integrating properly into the striatal circuitry,
or develop and integrate normally but die (or dedifferentiate) at a
later time. Inflammatory damage to them is an interesting possi-
bility, given recent evidence for an elevated inflammatory state in
the TS striatum (27, 53), but this remains speculative. The
development of preventative or disease-modifying therapeutics
targeting the cholinergic deficit will be facilitated by clarification
of its etiology.
This work highlights the potential importance of cholinergic

dysregulation to the pathophysiology of TS and establishes a
system in which the consequences of this dysregulation, which
recapitulates one aspect of the abnormalities documented post-
mortem (26), can be examined. These results are consistent with
an emerging body of evidence suggesting that deep brain stim-
ulation of the intralaminar nuclei of the thalamus, which project
to ChAT-positive interneurons in the striatum (50), can be of
benefit in severe, intractable TS (54). It is to be hoped that better
understanding of this aspect of the pathophysiology of TS will
lead to new treatment options.

Materials and Methods
All experiments were performed in accordance with the NIH’s Guide for the
Care and Use of Laboratory Animals (55) and were approved by the Yale
University Institutional Animal Care and Use Committee. More details are
included in SI Materials and Methods.

Immunotoxins. ChAT interneuron ablation in the striatum has been pre-
viously performed using proteinaceous toxins coupled to specific anti-
bodies (29–32). Unfortunately, whereas ChAT interneuron ablation was
apparent after ChAT-saporin (SAP), we also found reductions in ChAT
immunoreactivity, qualitative changes in ChAT cell morphology, and pat-
chy cell loss after treatment with IgG-SAP, even at low doses (Fig. S1). This
motivated us to design a targeting system for more specific and controlled
interneuronal ablation.

Vector Constructs and Validation of Cell Ablation. DT induces apoptosis with
extraordinary efficiency (56), but it cannot normally enter rodent cells. Expression
of the simian diphtheria toxin receptor (sDTR) renders mouse cells sensitive to
ablation after systemic DT (57). We developed a combinatorial approach to re-
strict sDTR, fused to a flu antigen (FLAG) epitope for ready immunohistochemical
identification, to ChAT interneurons of the dorsal striatum. Construct A06
expresses eGFP in cre-negative cells but sDTR in cre-positive cells. The negative
control construct, C06, expresses eGFP in all infected cells, irrespective of cre-
expression (Fig. 1A). This was confirmed by transient transfection in cultured N2a
neuroblastoma cells (Fig. 1B). The constructs were packaged into AAVrh10 se-
rotype (58) and infused into the dorsal striatum, one on each side, to validate
ChAT-specific DTR expression and cell ablation (Fig. 2).

Quantitative PCR Expression Analysis. Mice were killed 15 d following DT
injection (∼30 d following virus infusion), to correspond to the period when
behavioral analysis was performed (7–27 d following DT). Brains were rap-
idly dissected and mRNA isolated; target genes were quantified by RT-PCR.

Behavioral Analysis. For behavioral analysis, virus A06 was infused bilaterally
into adult male ChAT-cre mice for ablation; genetically identical littermate
control animals received a bilateral infusion of control virus C06. All mice
received DT (15 μg/kg) 15 d after surgery; behavioral analysis began 1 wk
later and continued for ∼3 wk.

Elevated plus maze, open field exploration, PPI, and rotorod testing were
performed as previously described (10, 37, 59).

Stress-induced stereotypy was measured using an acute stress paradigm,
which consisted of the repeated, unpredictable presentation of a loud
startle stimulus in a sound-attenuating chamber. Grooming and stereo-
typies were scored from video by a rater blind to experimental condition.

For amphetamine-induced stereotypy, the amphetamine dose, 7.0 mg/kg,
was empirically determined in pilot experiments to be sufficient to produce
moderate stereotypies in animals on this genetic background. Stereotypy
was initially scored using an automated system (HomeCageScan, www.
cleversysinc.com; Fig. 4 B and G); confirmatory analysis was performed by
manual scoring from video by a scorer blind to experimental condition, as
previously described (10).
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