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Abstract

The pathophysiology of the tics that define Gilles de la Tourette syndrome (TS) is not well
understood. Local disinhibition within the striatum has been hypothesized to play a pathogenic
role. In support of this, experimental disinhibition by local antagonism of GABA-A receptors
within the striatum produces tic-like phenomenology in monkey and rat. We replicated this effect
in mice via local picrotoxin infusion into the dorsal striatum. Infusion of picrotoxin into
sensorimotor cortex produced similar movements, accompanied by signs of behavioral activation;
higher-dose picrotoxin in the cortex produced seizures. Striatal inhibition with local muscimol
completely abolished tic-like movements after either striatal or cortical picrotoxin, confirming
their dependence on the striatal circuitry; in contrast, cortical muscimol attenuated but did not
abolish movements produced by striatal picrotoxin. Striatal glutamate blockade eliminated tic-like
movements after striatal picrotoxin, indicating that glutamatergic afferents are critical for their
generation. These studies replicate and extend previous work in monkey and rat, providing
additional validation for the local disinhibition model of tic generation. Our results reveal a key
role for corticostriatal glutamatergic afferents in the generation of tic-like movements in this
model.
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Introduction

Tics are involuntary stereotyped motor and vocal behaviors often associated with subjective
premonitory urges; they are a defining symptom of Gilles de la Tourette syndrome (TS) and
are frequently seen in other neuropsychiatric conditions. TS has childhood onset, with a
prevalence among school aged children of 0.3-0.8%, and is diagnosed worldwide (Knight et
al., 2012; Robertson and Stern, 1997; Scharf et al., 2012). Tics are often chronic, disruptive,
and stigmatizing, producing substantial morbidity (Leckman, 2002). The pathophysiology of
tic disorders is not well understood, and causative genes have proven elusive (State, 2011,
Williams et al., 2013). The most effective pharmacological management of tics consists of
antagonists of the dopamine (DA) D2 receptor, such as haloperidol. However, the
substantial side effects of these agents limit their use, especially in children, and treatment
drop-outs are common (Bloch, 2008).

Dysfunction of the cortico-basal ganglia circuitry is thought to be central to the
pathophysiology of tic disorders (Leckman et al., 2010; Williams et al., 2013). Structural
imaging has revealed a reduction in the size of caudate and putamen (Peterson et al., 2003)
that correlates with disease persistence (Bloch et al., 2005). Functional imaging studies have
similarly implicated this circuitry (Rickards, 2009). The sensorimotor cortex is thinned in
children with TS, with cortical thickness negatively correlated with the severity of tic
symptoms (Sowell et al., 2008). In contrast, regional volumes of dorsal prefrontal and
parietal cortex are significantly increased in children with TS (Peterson et al., 2001); this
may relate to compensatory responses or volitional tic suppression (Peterson et al., 1998).
Structural abnormalities have also been described in the thalamus (Miller et al., 2010),
cerebellum (Tobe et al., 2010), and elsewhere in the brain. Recently, post-mortem
investigations have shown alterations in striatal microcircuitry in severe, refractory TS, with
a reduction in the density of several populations of striatal interneuron (Kalanithi et al.,
2005; Kataoka et al., 2010; Lennington et al., 2014).

It has been proposed that tics arise from foci of pathological disinhibition within the striatum
(caudate-putamen) (Mink, 2001, 2003). In support of such a model, small, discrete strokes
of the caudate and putamen have been observed to produce both motor and phonic tics
(Kwak and Jankovic, 2002). Direct injections of GABA-A receptor antagonists into the
monkey or rat striatum produce contralateral tic-like movements of limbs and face (Bronfeld
et al., 2011; Bronfeld et al., 2013; Marsden et al., 1975; McCairn et al., 2009; McCairn et
al., 2013; Tarsy et al., 1978; Worbe et al., 2013), providing experimental support for this
concept as well as an animal model in which the consequences of local striatal inhibition can
be examined (Pittenger, 2014).

Non-human primates, in which most work on local striatal disinhibiton has been performed,
are well suited for electrophysiological studies, but less so for pharmacological or genetic
investigations. Here we replicate the local striatal disinhibition model in mice using local
striatal infusion of picrotoxin, producing phenomenology similar to that reported in non-
human primates and in rats (Bronfeld et al., 2011; Bronfeld et al., 2013; McCairn et al.,
2009; McCairn et al., 2013; Tarsy et al., 1978; Worbe et al., 2013). This permits
pharmacological investigations of the model. Specifically, we investigated the ability of
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local modulation of glutamate and GABA within the corticostriatal circuitry to modulate tics
produced by local striatal inhibition, to increase construct validity of the model and to probe
the underlying neuronal mechanisms. Past studies of local disinhibition in non-human
primates and rats have used the GABA-A antagonist bicuculine (Bronfeld et al., 2011,
Bronfeld et al., 2013; McCairn et al., 2009; McCairn et al., 2013; Worbe et al., 2013). We
used a more specific GABA-A receptor antagonist, picrotoxin, because bicuculine has been
reported to also block calcium-activated potassium SK channels and produce epileptiform
oscillations in the thalamic network (Kleiman-Weiner et al., 2009).

Materials and Methods

Subjects

Drugs

Procedures

Adult male C57BI/6 mice, aged 2.5-5 months, were purchased from Jackson Laboratories
(www.jax.org) and used in all experiments. Mice were housed under a 12/12 hr light/dark
cycle under controlled temperature and humidity conditions. All procedures were performed
in accordance with the NIH Guide for the Use of Experimental Animals and were approved
and overseen by Yale University’s IACUC.

Picrotoxin (PTX), muscimol (Musc), (RS)-4-(phosphonomethyl)-piperazine-2-carboxylic
acid (PMPA), and D-amphetamine sulfate were all purchased from Sigma, St. Louis, MO.
They were dissolved in sterile saline for intracranial or intraperitoneal administration.

Stainless steel single- or double-injection guide cannulae (PlasticsOne, Roanoke, VA) were
unilaterally implanted 1 week before experiments, using standard stereotaxic methods under
ketamine/xylazine anesthesia. Initial mapping experiments (Figure 1A) used a range of
targeting coordinates; subsequent experiments focused on three regions: AP+0.5, L —-2.2, V
-3.2 for dorsolateral striatum (DLS); AP+0.4, L —-1.7, VV —3.5 for central striatum (CES); or
AP-0.1, L 2.0, V —-1.5 for sensorimotor cortex (Cx) (all refer to the tip of injection cannula;
see Figure 1A). For pharmacological and EEG experiments only DLS and Cx sites were
used, as these were the sites where tics were most reliably elicited (see Figure 1). The total
number of mice used for mapping and dose-response PTX experiments was 67. The number
of animals for dose-response experiments in Cx, DLS, and CES is presented in Table 1.

Saline, picrotoxin (PTX), and other drugs were microinjected into the striatum or cortex in a
fixed volume of 0.2 puL over 2 min using a microdrive and a 1.0 uL Hamilton syringe
connected with a 30-cm Teflon tubing to the injection cannula (PlasticsOne, Roanoke, VA).
During microinjection the animal was freely moving in the home cage. At the end of
infusion the injector remained in place for an additional 1 min. Two Hamilton syringes were
used for simultaneous double injections into striatum and cortex. For experiments requiring
local pre-treatment with other pharmacological agents, the pre-treatment injection was
performed 10 min before PTX injection into the same site, or a different site using double
cannulae. A within-subjects design was used. The number of animals in each experiment is
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as follows: 4 in intra-DLS PTX/Musc, 7 in intra-DLS PTX/PMPA, 5 in intra-DLS PTX/
intra-cortical Musc, 5 in intra-cortical PTX/intra-DLS Musc.

Tic-like movements of the head or limbs were counted over 5-min intervals at 5, 15, 25, and
45 min after PTX microinjection. Data are represented at each time point or as the total
number of tics summed over all intervals.

Following all striatal targetings and most cortical targetings, 0.3 uL of toluidine blue was
microinjected through the cannula 15 min prior to sacrifice and cannula placement was
confirmed by visualization of the dye in brain slice.

EEG recordings were performed as previously described (Buchanan et al., 2014; Buchanan
and Richerson, 2010). Briefly, mice were implanted with stainless steel guide cannulae
(PlasticsOne, Roanoke, VA) into striatum as before, and an EEG head mount (PlasticsOne,
Roanoke, VA) was secured to the skull with 4 epidural screws and dental cement. EEG was
recorded from epidural screw electrodes over right frontal and parietal cortex with the aid of
custom software written in Matlab. Two leads for EMG recording were implanted into the
neck muscles, contralateral to the injection cannula. One week after surgery the animals
were connected to the pre-amplifier (PlasticsOne, Roanoke, VA) and placed into a
Plexiglass recording chamber. Baseline EEG was recorded for 30—40min followed by
injection of PTX. Videos were recorded with two web cameras (Logitech Orbit AF) from
the opposite sides, and video recording was temporally synchronized with EEG and EMG.

Four mice were tested with 2 PTX injections, spaced 1-2 weeks apart: low (0.1-0.2ug) and
high (0.3-0.6ug) doses of PTX to compare tic- and seizure-associated EEG. In each
experiment 10-s intervals of digitized data recording, corresponding to 5, 10, 20, and 40 min
after PTX, were extracted in MatLab (Mathworks, Natick, MA). EEG was analyzed in
epochs corresponding to tic-like motor events, identified by the corresponding EMG bursts.
These events were frequently associated, especially at higher PTX doses, with complex
discharges consistent with electrographic spikes lasting up to 70 msec, characterized by a
brief positive sharp transient followed by a negative EEG deflection with an amplitude at
least twice that of the baseline activity. Using these electrographic parameters, the EEG was
re-evaluated for the presence of similar complex discharges in the absence of tic-like motor
events.

Results are presented as mean + S.E.M. or medians and 25 to 75 percentile range, as
appropriate. Between-subject designs were analyzed by one or two-way ANOVA followed
by Tukey’s posthoc test. Latency data were analyzed by Kruskal-Wallis ANOVA followed
by Dunn’s posthoc test. Within-subject designs, where same animals received repeated
treatments, were analyzed by repeated measures (RM) ANOVA with Geisser-Greenhouse’s
correction or paired t-test where appropriate. The level of significance was p < 0.05 for all
analyses.
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Results

Phenomenology

Local infusion of the GABA-A antagonist bicuculine into the dorsal striatum has previously
been shown to produce tic-like phenomenology in monkey and rat (Bronfeld et al., 2011;
Bronfeld et al., 2013; McCairn et al., 2009; McCairn et al., 2013; Tarsy et al., 1978). We
sought to replicate this effect in mice, using the more specific GABA-A antagonist
picrotoxin (PTX).

In exploratory experiments, we infused 0.1 or 0.2 ug PTX into targets throughout the
corticostriatal circuitry and monitored the behavioral results (see Figure 1A). Infusion into
the central and dorsolateral striatum produced intermittent, non-rhythmic, tic-like
movements consisting of rapid stereotyped lifting of the contralateral forepaw or hindpaw or
jerks of the head (see Supplementary Videos 1, 2). These are reminiscent of the tic-like
phenomenology previously reported in non-human primate and in rat (Bronfeld et al., 2011;
Bronfeld et al., 2013; McCairn et al., 2009; McCairn et al., 2013; Tarsy et al., 1978).

Infusion into the overlying sensorimotor cortex produced similar tic-like movements,
accompanied by general behavioral activation, consisting of exploration, sniffing in the
cage, and occasional licking of the hindpaws. PTX in the dorsomedial striatum, in contrast,
produced no manifest behavioral effect or, in sites adjacent to the lateral ventricle (from
which PTX might have spread broadly), to a general behavioral suppression. PTX in the
ventral striatum produced locomotor activation accompanied by stereotypical sniffing and
licking at the walls, without accompanying tic-like movements. Infusion of higher doses of
PTX into the cortex (0.3-0.6 pg) frequently produced behaviorally evident seizures; seizures
were also occasionally seen after cortical infusions at the 0.2 g dose, or at striatal sites after
higher doses (see below).

As the aim of this study is to characterize tic-like movements, for all subsequent
experiments we performed PTX infusions only into the dorsal striatum and the sensorimotor
cortex, where such movements were observed (see Supplementary Videos). An image of a
typical injection site in striatum, marked by infusion of toluidine blue just before euthanasia,
is shown in Fig. 1B.

To further characterize tic-like movements generated by local disinhibition in the central
striatum (CES) and dorsolateral striatum (DLS) and the overlying sensorimotor cortex, we
injected two doses of PTX into each site, 0.1 and 0.2 ug (always in 0.2 pl saline). Time
courses of tic-like behaviors are shown in Figure 1C, D. At the striatal sites, the higher dose
significantly reduced the latency to the first tic. Fewer tics were observed at the lower dose
at the CES sites, relative to DLS and Cx, consistent with our qualitative observations in pilot
experiments; while this comparison did not reach statistically significance (1-way ANOVA
of tic number at 0.1 pg: p = 0.07), the observation led us to focus on DLS infusions for
subsequent experiments. At the higher dose the number of tics was increased at all sites.
These data are summarized in Table 1. Behaviorally evident seizures were occasionally seen
after cortical injection, especially after the 0.2 ug dose; animals that developed seizures were
excluded from analysis.
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Injection of muscimol, a GABA-A receptor agonist (Johnston, 2014), into the DLS prior to
PTX injection at the same site abrogated tic generation, confirming the dependence of the
tics on GABAergic mechanisms (paired t-test: p = 0.0014.; Figure 1E, F).

Electroencephalographic correlates of tics

We examined the EEG correlates of tic-like movements after increasing intrastriatal doses of
picrotoxin over a range of doses (0.1-0.6 ug; Figure 2). In 60% of observed 10-s intervals,
tic-like movements were associated with electrographic complexes, which consisted of a
brief positive transient followed by a negative deflection with an amplitude at least twice the
baseline variability of the EEG trace. At the low PTX doses used in behavioral experiments
(0.1-0.2 pg), many tic-like movements were not preceded by detectable spikes, especially
early after PTX administration (Fig. 2A, D). At higher doses, spikes were clearer and
preceded almost all tic-like movements (Fig. 2B). Tonic seizures emerged intermittently
after injection of high doses of PTX (0.3-0.6 pg) into the striatum (note that these higher
doses were not used in behavioral experiments). Behaviorally evident seizures were
accompanied by characteristic electrographic activity (Fig. 2C); such seizure activity was
not seen during tic-like movements, and tic-like movements were not discernible during
seizures.

The relationship between phasic tic-like movements and electrographic complexes evolved
during the hour after PTX injection. Tic-like movements not accompanied by detectable
EEG complexes appeared mostly at 5 min after PTX, while the complexes without tic-like
movements appeared later in the trial (Fig. 2D), especially after high doses of PTX.

Cortical contributions to tic-like movements after striatal PTX

The principal cells of the striatum, the medium spiny neurons, are GABAergic. If the
production of tic-like movements after local PTX infused into the DLS results from the
autonomous firing of these cells, it should be independent of afferent tone. On the other
hand, if the tics result from a disinhibited response to afferent excitatory synaptic activity,
they should be susceptible to local blockade of glutamate. To test this, we infused the
NMDA receptor antagonist PMPA (0.2 pg in 0.2 pl) (Feng et al., 2005), or saline, into the
DLS 10 minutes before PTX (0.2 pug in 0.2 pl). This dramatically attenuated tics (One-tailed
paired t-test, t(6)=6.0, p < 0.0005; Figure 3A, B), confirming their dependence on afferent
glutamatergic activity.

We reasoned that a similar attenuation might be seen if cortical activity were
pharmacologically inhibited. To test this, we infused the GABA-A agonist muscimol
(MUSC; 0.2 ug in 0.2 pl) into the overlying sensorimotor cortex 10 minutes before infusing
PTX (0.2 ug in 0.2 pl) into the DLS. As predicted, this attenuated the production of tic-like
movements (One-tailed paired t-test, p < 0.03; Figure 3C, D). The suppression was less
profound than after intrastriatal glutamate antagonism (compare to Figure 3A, B); this is
most likely because not all sources of afferent excitatory tone to the PTX-infused zone of the
striatum were inhibited by local cortical MUSC.
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Striatal contributions to tic-like movements after cortical PTX

Cortical PTX produces tic-like movements, in addition to behavioral activation. To test
whether these tic-like movements also depend on cortical projections to the striatum, we
infused MUSC (or saline) into the DLS 10 minutes before infusing PTX into sensorimotor
cortex (0.2 pg). The same cohort of 5 mice received PTX 5 times in this experiment,
separated by 2-3 days, as shown in Figure 3E; PTX infusions #1, 3, and 5 were preceded by
cortical saline, while #2 and #4 were preceeded by 0.2 ug (#2) or 0.075 pg (#4) of MUSC.
Interestingly, the emission of tic-like movements increased across the three PTX-alone
infusions, suggesting sensitization. 0.2 g striatal MUSC completely abrogated tic-like
movements (one-tailed paired t-test: p = 0.0001 vs. PTX session #1, p = 0.003 vs. PTX
session #3). The effect of 0.075 pg MUSC was more subtle (p = 0.1 vs. PTX session #3, p =
0.024 vs. PTX session #5); there was a clear reduction in tic-like movements in three of the
animals, but no alteration in the other two.

DLS MUSC, at both doses, produced ipsiversive rotations, as has been reported previously
after striatal inactivation (Figure 3F). These were greater in session #4 (0.075 pg).
Ipsiversive rotations were never seen with saline or PTX infusion into the DLS.

Discussion

Tics have been proposed to result from foci of pathological disinhibition within the striatum
(Mink, 2001). This may relate to a deficit in local inhibitory tone, as suggested by a
documented reduction in parvalbumin-expressing interneurons in post-mortem TS striatum
(Kalanithi et al., 2005; Kataoka et al., 2010); these interneurons are a potent source of feed-
forward inhibition in the striatum (Gittis et al., 2010). Additional support for this hypothesis
derives from the recapitulation of tic-like phenomenology after local pharmacological
disinhibition within the striatum (Bronfeld et al., 2013; Marsden et al., 1975; McCairn et al.,
2009; McCairn et al., 2013; Tarsy et al., 1978; Worbe et al., 2013).

We have replicated this phenomenon in mouse, after microinfusion of low doses of
picrotoxin into the dorsal striatum (Figure 1; Supplementary Video 1, 2). We observe
intermittent rapid, stereotyped, repetitive, non-rhythmic movements of contralateral limbs or
head that recapitulate key phenomenological characteristics of tics (Kurlan, 2010; Leckman,
2002). These movements seem to be always focal and not to interfere with ongoing motor
behavior: mice could explore cage, eat pellets, or lie immobile while experiencing “tics”.
Overall, this murine model presents good face validity and gives an advantage of easily
quantifiable behavioral end-points that can be applied to studies with mutant or transgenic
lines.

Tic-like movements were abolished by striatal infusion of the GABA-A agonist muscimol
(Figure 1E, F), confirming the key role of striatal neuronal activity in the production of the
phenomenon.

Similar tic-like movements can be elicited when PTX is infused into sensorimotor Cx
overlying striatum (Figure 1). Deficient intracortical inhibition in Cx has been reported in
TS patients (Ziemann et al., 1997), although the deficits in inhibitory tone are likely to be
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more subtle than those produced by PTX infusion. In contrast to DLS infusions, mice with
Cx PTX infusions displayed behavioral activation, characterized by locomation, licking
hindpaws or food pellets, and sniffing, in addition to tics. This may reflect a spread of
activity along the cortico-cortical connections into the prefrontal cortex, which projects to
the ventral striatum and brainstem centers regulating locomotion and motivation (Swanson,
2000). Tic-like movements have been reported to be difficult to induce after cortical
disinhibition in the rat (Tarsy et al., 1978) or to require larger doses of PTX than in striatum
(Patel and Slater, 1987). However, we find Cx infusions in mice to produce tics similarly to
DLS infusions (Figure 1C, D; Table 1). Unsurprisingly, cortical infusions were more likely
to produce seizures, especially at higher doses of PTX.

Intra-striatal PTX infusion could also produce seizure at sufficiently high doses (see Figure
2C), possibly due to diffusion or reflux of infused PTX into the cortex. However, several
observations suggest that the tic-like movements we observe at lower PTX doses are not due
to cortical seizure activity. First, at the 0.1 and 0.2 pug doses, tic-like movements induced by
intra-DLS PTX were often accompanied by no detectable EEG abnormalities (see Figure
2A). When an EEG correlate did emerge it consisted of a single spike, distinct from
epileptiform discharges seen at higher doses of PTX (Figure 2B, C). These spikes dissociate
from tic-like movements, especially during the first 5-10 min and at low PTX doses; this
makes clear that they are not motion artifacts, and that they are not an essential correlate of
tic production. Coordinated firing in the motor cortex has been observed after intra-striatal
PTX in conjunction with tic-like movements in non-human primate (McCairn et al., 2009),
albeit using a more sophisticated recording approach (cortical LFP using a high-impedance
electrode). There are several reasons why we might see such discharges in this model (as in
the non-human primate), whereas they have not been reported in TS patients. EEG
recordings in the mouse are collected from electrodes affixed to the thin skull, in close
proximity to the cortical surface, and therefore may be more sensitive to coherent cortical
discharge than extracranial EEG recordings in patients. Coherent cortical discharge may also
be greater in this model than in patients; PTX-induced disinhibition is likely to produce
rather dramatic dysregulation within the basal ganglia (McCairn et al., 2009), whereas the
lower-amplitude tics characteristic of most cases of TS may correspond to more focal effects
that may be more difficult to detect in the EEG signal.

The convenience of the mouse model allowed us to test several hypotheses regarding the
generation of these tic-like movements. First, we probed the interaction of cortical afferents
with striatal activity in the generation of tics. The NMDA antagonist PMPA attenuated tics
produced by striatal PTX, as did muscimol infusion into the overlying cortex (Figure 3A—
D). These findings suggest that tic-like movements generated after striatal disinhibition do
not result from spontaneous striatal activity but rather from enhanced responsivity to
afferent glutamatergic synaptic input. These results are similar to those reported in a
previous study, in which cooling or ablation of the cortex completely prevented striatal
PTX-induced movements (Muramatsu et al., 1990), although the use of an anesthetized
preparation in that study precludes direct comparison with our results. In aggregate, these
results support a critical role for cortico-striatal interactions, as opposed to autonomous
striatal activity, in the generation of tics in this model.

Exp Neurol. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pogorelov et al.

Page 9

Any animal model of a human condition must contend with questions of face validity —
whether the phenomena under investigation actually recapitulate the neurological symptoms
they purport to (Macri et al., 2013). Previous studies using local injections of PTX or
bicuculline have variably described consequent movements as dyskinesias (Muramatsu et
al., 1990), myoclonus (Patel and Slater, 1987; Tarsy et al., 1978), or tics (Bronfeld et al.,
2011; Bronfeld et al., 2013). Myoclonic jerks sometimes are difficult to differentiate from
tics on clinical observation (Vercueil, 2006). Myoclonus is present in a variety of metabolic,
toxic, and degenerative conditions and insults and can be associated with epilepsy (Borg,
2006). Certain features of the present model lead us to conclude that the tic-like movements
we observe after striatal PTX recapitulate tics, rather than my myoclonus (see
Supplementary Videos 1, 2). First, myoclonus has been associated with pathologies in non-
striatal regions (Shibasaki and Hallett, 2005), while tics are more closely associated with
pathologies of cortico-basal ganglia circuits (Albin and Mink, 2006; Leckman et al., 2010;
Mink, 2001, 2003; Williams et al., 2013). We find that inhibition of striatum with muscimol
can completely suppress tics evoked from either DLS or Cx (Figure 1E, F; Figure 3E),
confirming that striatal activity is critical to the phenomenonology. Second, tics can be
observed at rest, while myoclonus is more typically associated with movements or postural
adjustments (unless it is related to epilepsy) or with sensory stimulation (Borg, 2006;
Vercueil, 2006). We observe tic-like movements both at rest and during the execution of
otherwise normal activities (see Supplementary Videos), providing further support for the
interpretation that they recapitulate the mechanisms and phenomenology of tics.

Animal models are traditionally judged with respect to face validity (recapitulation of
disease phenomenology), construct validity (recapitulation of putative causal mechanisms),
and predictive validity (response to therapeutic interventions) (Pittenger, 2014; Willner,
1984). This PTX model satisfies the first two criteria: it produces phenomenology
reminiscent of tics and recapitulates a hypothesized pathophysiological mechanism (Mink,
2001). Our mechanistic studies provide new evidence for the importance of gluatmatergic
afferents in tic generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Diagram of frontal sections (from www.brain-map.org) showing sites of injections and

evoked effects in exploratory pilot experiments: © tic-like movements; € no apparent
behavioral effect; * locomotor activation, sniffing, hindpaw licking; O behavioral
depression. B. Cresyl violet staining of a typical injection site in striatum after infusion of
0.3 uL toluidine blue 20 min before euthanasia. C. Time course of tics, quantified in 5
minute bins starting 5, 15, 25, and 45 min after 0.1 ug of PTX injected into CES, DLS, and
Cx. D. Same for 0.2 ug of PTX. E. Pharmacological blockade of PTX-induced tic-like
movements by muscimol (MUSC). Saline (SAL) or Musc 0.2 pg was injected 10 min before
PTX using the same cannula, targeting the DLS (n = 4; all animals received both treatments,
several days apart). F. All tic-like movements were eliminated by muscimol pretreatment.
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Figure 2.

EEG recordings from 2 electrodes (EEG1, 2), time-locked to EMG to identify tic-like
movements (which were also identified on time-locked video), after intra-DLS PTX (n=4).
A. Sample EEG and EMG 5 minutes after 0.2 ug of PTX; emission of tic-like movements,
scored from EMG and video, is indicated by arrows. Tic-like movements frequent did not
correlate with EEG complexes under these conditions (see 2D). B. Sample EEG from the
same mouse 20 minutes after 0.4 ug PTX. Tics after this larger PTX dose were generally
associated with pronounced electrographic complexes, as indicated. C. An episode of
electrographic seizures 40 minutes after 0.4 ug intrastriatal PTX. D. Time distribution of tics
not accompanied by EEG complexes and of the EEG complexes without tics (total number
of 10s epochs = 48).
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Figure 3.

Local pharmacological manipulation of PTX-induced tics. A, B. Saline or PMPA (0.2 ug in
0.2 ul) was injected 10 min before PTX into the same DLS site. All animals received both
treatments, separated by several days; n = 7 animals. C, D. Antagonism by cortical MUSC
of tics evoked by PTX from DLS. All animals received both treatments, separated by several
days; n =5 animals. E. Dose-dependent antagonism by striatal MUSC of tics evoked by
PTX from Cx (n=5). Post-hoc comparisons by 1-tailed t-test (uncorrected): *** p < 0.0001;
**p <0.005; * p<0.025; T p<0.1. F. Ipsiversive rotations were seen after DLS MUSC;
they were increased in the fourth session, after the 0.075 pg dose. No ipsiversive rotations

were seen in the other conditions.
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Latency to first tic and number of tics evoked by 0.1 and 0.2ug of PTX at three sites

Latency (minutes; median and interquartile range)

Table 1

N =

0.2ug N=

Cx
DLS

CES

Number of Tics (mean + SEM)

8.75(64-12) 11

7

9.75 (6.5-13) 4

9(6.5-11.2) 11
6 (5-8) * 9
6.25(4.7-9) 8

Cx
DLS
CES

161.6 (34) 11
155.7 (46) 7
13.3 (8.4) 4

2266 (35) 11
248.4 (59) 9
205.3 (68) 8

Cx - Sensorimotor Cortex; DLS - Dorsolateral Striatum; CES - Central Striatum.

P<0.05 compared with Cx
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