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Abstract: Tourette syndrome (TS) is a disabling neurodevelopmental disorder characterized by
multiple, recurrent tics. The pharmacological treatment of TS is currently based on dopaminergic
antagonists; however, these drugs are associated with extrapyramidal symptoms and other serious
adverse events. Recent evidence suggests that positive allosteric modulators (PAMs) of GABAA recep-
tors containing α6 subunits (α6 GABAARs) oppose the behavioral effects of dopamine. Building on
this evidence, in the present study, we tested the efficacy of DK-I-56-1, a highly selective PAM for α6
GABAARs, in mouse models of TS exhibiting tic-related responses. DK-I-56-1 significantly reduced
tic-like jerks and prepulse inhibition (PPI) deficits in D1CT-7 transgenic mice, a well-documented
mouse model of TS. DK-I-56-1 also prevented the exacerbation of spontaneous eyeblink reflex in-
duced by the potent dopamine D1 receptor agonist SKF 82958, a proxy for tic-like responses. We also
showed that both systemic and prefrontal cortical administration of DK-I-56-1 countered the PPI
disruption caused by SKF 82958. Although the effects of DK-I-56-1 were akin to those elicited by
dopaminergic antagonists, this drug did not elicit extrapyramidal effects, as measured by catalepsy.
These results point to α6 GABAAR PAMs as promising TS therapies with a better safety profile than
dopaminergic antagonists.
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1. Introduction

Tics are semi-voluntary movements or utterances, typically executed in a contextually
inappropriate and repetitive fashion. Although tics vary greatly in duration and complexity,
they are often manifested as clonic, sudden spasms, such as eyeblinks, facial grimaces,
head jerking, throat clearing, and shoulder shrugging. The most disabling tic disorder,
Tourette syndrome (TS), is a neurodevelopmental illness characterized by multiple motor
and at least one phonic tic for longer than one year [1]. TS is also characterized by other
phenotypic alterations, such as information processing deficits [2]; in particular, TS patients
exhibit alterations of prepulse inhibition (PPI) of the startle reflex [3], an operational index
of sensorimotor gating.

Although the causes of TS remain partially elusive, ample evidence has shown that this
disorder has a strong genetic predisposition [4]. Its etiology is also contributed by multiple
environmental factors, including prenatal and perinatal adverse events [5]. The interaction
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of these factors is interpreted to lead to dysregulated connectivity of the cortico-striato-
thalamo-cortical connectivity [6–9] and contributed by alterations of the dopaminergic
system [10,11]. Accordingly, the mainstay of the pharmacological therapy of TS and other
chronic tic disorders is based on dopamine D2 receptor antagonists, such as haloperidol
(HAL) and pimozide [12]; in addition, recent trials have shown that the highly selective
D1 receptor antagonist ecopipam produces similar therapeutic effects [13]. However,
dopamine receptor blockers are not optimal therapies due to their significant adverse
events, such as extrapyramidal symptoms [14], as well as their inconsistent efficacy and
limited therapeutic compliance.

Emerging preclinical evidence suggests that the activation of GABAA receptors con-
taining α6 subunits (α6 GABAARs) may be a potential therapeutic agent for tic disor-
ders. Specifically, it was demonstrated that positive allosteric modulators (PAMs) of
these receptors oppose the PPI deficits induced by the potent dopamine releaser metham-
phetamine [15]. Although these data are promising, PPI deficits are not pathognomonic
of TS, but are exhibited across a wide range of heterogeneous neuropsychiatric disor-
ders, including schizophrenia, mania, and obsessive-compulsive disorder (OCD) [16].
To understand whether this category of compounds may also reduce tics, the present
study was designed to assess the therapeutic potential of the pyrazoloquinolinone DK-I-
56-1 (7-methoxy-2-(4-methoxy-d3-phenyl)-2,5-dihydro-3H-pyrazolo[4,3-c]quinolin-3-one)
(Figure 1), a highly selective and potent PAM of α6 GABAARs [17]. This compound was de-
veloped as a stable analog of the α6 GABAAR PAM PZ-II-029, with enhanced bioavailability
and a similar lack of cytotoxic, hepatotoxic, or sedative effects [17,18].
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D1CT-7 mice are a transgenic line generated through the attachment of a neuropo-
tentiating cholera toxin to the D1 dopamine receptor promoter; these animals display tic-
like manifestations, consisting of brief, sudden axial jerks [21,22]. We previously reported 
that exposing these animals to brief stressors dramatically increases these manifestations 
and elicits PPI deficits [23]. These characteristics confer high face and predictive validity 
for TS to D1CT-7 mice.  
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Rodent models of TS are highly valuable tools for the identification of novel ther-
apeutic targets [19]. Interpreting which motoric phenomena in animal models can be
reliably likened to tics is a significant challenge due to the heterogeneous nature of these
manifestations in patients and the incomplete knowledge of their neurobiological mech-
anisms [20]. Thus, predictions on the therapeutic potential of investigational drugs in
TS should be preferably based on multiple, complementary models, capturing different
aspects of this disorder. In view of this premise, we tested the effects of DK-I-56-1 in two
complementary models, D1CT-7 mice and the exacerbation of spontaneous eyeblink by D1
receptor activation, which have high face validity with respect to human tics, insofar as
they exhibit sudden spontaneous movements highly isomorphic with these manifestations.

D1CT-7 mice are a transgenic line generated through the attachment of a neuropoten-
tiating cholera toxin to the D1 dopamine receptor promoter; these animals display tic-like
manifestations, consisting of brief, sudden axial jerks [21,22]. We previously reported that
exposing these animals to brief stressors dramatically increases these manifestations and
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elicits PPI deficits [23]. These characteristics confer high face and predictive validity for TS
to D1CT-7 mice.

Spontaneous eyeblinks are regarded as a reliable index of dopaminergic activity in
the brain [24] and are significantly exacerbated by the activation of D1 receptors [25].
Several premises point to these manifestations as the closest phenomenological proxies of
tics: first, they represent the most common type of tics; second, both spontaneous eyeblinks
and tics are preceded by similar premonitory urges, based on common neurobiological
substrates [26]; third, TS patients display a significant increase in spontaneous eyeblink
frequency [27,28] and a lower ability to suppress eyeblinks [29]. Notably, D1 receptor
activation in mice is also conducive to other TS-related responses, including grooming
stereotypies and PPI deficits [30,31].

To capture both the therapeutic potential and the possible extrapyramidal effects of
DK-I-56-1, we also tested its effects on the PPI deficits displayed by both mouse models
and compared its effects with those elicited by D1 and D2 receptor antagonists, also with
respect to catalepsy, a well-established paradigm to measure extrapyramidal symptoms.

2. Materials and Methods

Animals. Adult C57BL/6J mice (3–4 months old, 25–35 g) were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA) and acclimated to housing facilities for
7–10 days. D1CT-7 mice and their wild-type (WT) littermates were bred in the husbandry
facilities of the University of Utah and genotyped as previously described [23]. Mice were
group-housed (3/cage), with food and water ad libitum. Housing facilities were maintained
at 22 ◦C with a 12-h light/dark cycle (lights on from 6:00 AM to 6:00 PM). Experimental
manipulations were carried out between 9:00 AM and 4:00 PM. Handling and experimental
procedures were performed in compliance with the National Institute of Health guidelines
and approved by the Institutional Animal Care and Use Committee at the University
of Utah.

Drugs. For systemic injections, DK-I-56-1 was synthesized as previously described [17]
and dissolved in 2.5% DMSO, 2.5% Tween 80, and 0.9% NaCl. For local intracerebral infu-
sions, DK-I-56-1 was dissolved in DMSO. SKF 82958, SCH 23390, and HAL were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and dissolved as previously described [32].

Experimental procedures. In the first series of experiments, we tested the effects
of DK-I-56-1 on tic-like behaviors and PPI deficits in D1CT-7 and WT mice exposed to
spatial confinement (as this stressor has been shown to dramatically augment tic-like
responses and disrupt sensorimotor gating). Following a 30-min session of spatial confine-
ment (during which tic-like responses and other spontaneous behaviors were monitored),
mice underwent startle and PPI testing, as previously described [23,33].

In the second series of experiments, we studied how DK-I-56-1 affected the enhance-
ment of spontaneous eyeblinks, grooming stereotypies, and PPI deficits caused by the D1
dopamine receptor agonist SKF 82958 in C57BL/6 mice. Finally, to chart the neuroanatomi-
cal substrates responsible for the effects of DK-I-56-1, we tested the effects of local injections
of DK-I-56-1 in the medial prefrontal cortex and nucleus accumbens, the two key brain
areas involved in PPI deficits induced by dopamine receptor agonists.

Throughout the study, the effects of DK-I-56-1 were compared with those of the
prototypical D1 and D2 receptor antagonists SCH23390 and haloperidol. All experiments
were performed in counterbalanced order to minimize potential differences in testing time.

Spatial confinement and evaluation of tic-like responses and spontaneous behaviors in
D1CT-7 mice. Spatial confinement within the home-cage environment was used as an envi-
ronmental stressor to elicit tic-like responses and PPI deficits in D1CT-7 mice, as previously
reported [33]. Briefly, mice were single-housed for five days before testing to allow for the
establishment of territorial behavior and to maximize the stressfulness of confinement. Im-
mediately after treatment, mice were confined within a clear, bottomless Plexiglass cylinder
(diameter: 10 cm; height: 30 cm), inside their home cage. Behaviors were video-recorded for
the entire session. Only the last 20-min sessions were scored (to allow neophobia to subside
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and drugs to be distributed in the brain). Tic-like behaviors (rapid motor outburst, consist-
ing of twitches of the head, and/or muscle contractions of the body), digging, grooming,
and rearing behaviors were scored by trained observers blind to genotype and treatments,
using Behavioral Tracker 1.5 (http://behaviortracker.com) software. Treatments were
randomly assigned to each experimental group.

Spontaneous eye blinking. Eye blinking was studied by placing mice in the same
cylinder used for spatial confinement, mounted on a square platform adjacent to four
video cameras placed on each of the four sides in close proximity to the cylinder, as shown
in Figure 2. This configuration allows experimenters to monitor eyeblinks remotely and
continuously, in a non-invasive fashion, and without the employment of head restraint
bars. To minimize stress, animals were exposed to the apparatus for 3 days before testing,
and the actual testing session was limited to 5 min. Eyeblinks and grooming stereotypies
were scored by trained observers blind to treatment groups, using Behavioral Tracker.
Treatments were randomly assigned to each experimental group.
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PPI. Startle testing was conducted as previously described [34]. Briefly, the apparatus
used to measure startle reflexes (SR-LAB; San Diego Instruments, San Diego, CA, USA)
consisted of six Plexiglas cages (diameter: 5 cm) in sound-attenuated chambers with fan
ventilation. Each cage was mounted on a piezoelectric accelerometric platform connected to
an analog-digital converter. The response to each stimulus was recorded as 65 consecutive
1-ms readings. A dynamic calibration system was used to ensure comparable sensitivities
across chambers. The startle testing protocol featured a 70-dB background white noise
and consisted of a 5-min acclimatization period, followed by three consecutive blocks of
pulse, prepulse + pulse, and “no stimulus” trials. During the first and the third block,
mice received only five pulse-alone trials of 115 dB. Conversely, in the second block,
mice were exposed to a pseudorandom sequence of 50 trials, consisting of 12 pulse-alone
trials, 30 trials of pulse preceded by 73, 76, or 82-dB prepulse intensities (10 for each
level of prepulse loudness), and eight no stimulus trials, where only the background
noise was delivered. Intertrial intervals were selected randomly between 10 and 15 s.
Sound levels were assessed using an A-scale setting. Percent PPI (%PPI) was calculated
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using the formula: [1 − (mean startle in “prepulse-pulse” trials/mean startle in “pulse-
alone” trials)] × 100. The first five pulse-alone bursts were excluded from the calculation.
As no interaction between prepulse levels and treatment was found in the statistical
analysis, %PPI values were collapsed across prepulse intensities to represent average %PPI.

Stereotaxic cannulation. Stereotaxic surgery was performed with a protocol based
on our previous publication [35], adapted for mice. Briefly, mice were anesthetized with
ketamine/xylazine (80 mg/kg; 20 mg/kg, IP) and placed in a stereotaxic apparatus (Kopf,
Tujunga, CA, USA). Bilateral craniotomies were performed above the target sites, and stain-
less steel cannulae were lowered into place and implanted using dental cement. The lengths
of the cannulae were selected to end 0.5 mm above the targeted areas, with the correspond-
ing injector projecting 1 mm beyond the guide tip. The target locations for cannulation
from bregma were the medial prefrontal cortex (AP +1.8 mm, ML ±0.3 mm, DV −2.5 mm)
and nucleus accumbens (AP +1.4 mm, ML ±0.5 mm, DV −4.3 mm). These locations
were selected based on their well-characterized role in regulating sensorimotor gating by
dopaminergic agonists. Coordinates were taken from bregma, according to the stereotaxic
brain atlas by Franklin and Paxinos [36]. Mice were given antibiotic therapy for two days
(enrofloxacin, Bayer HealthCare, Shawnee Mission, KS, USA) and allowed to recover in
their home cages for seven days before testing.

Bar test. Catalepsy was measured by means of the bar test, performed as described
previously [37]. Briefly, the forepaws of the mouse were placed on a bar fixed at the height
of 5 cm above the working surface. The latency to descend from the bar with both paws
was calculated.

Statistical analysis. Normality and homoscedasticity of data distribution were verified
using Kolmogorov–Smirnov and Bartlett’s tests. Statistical analyses of parametric data
were performed by one- or two-way ANOVA, as appropriate, followed by Newman–Keuls
test for post-hoc comparisons. Statistical significance was set at p < 0.05.

3. Results

DK-I-56-1 dose-dependently reduces tic-like behaviors and PPI deficits in D1CT-7
mice. We first tested the effects of DK-I-56-1 (5, 10 mg/kg, IP) on tic-like responses in D1CT-
7 mice subjected to spatial confinement. As shown in Figure 3, DK-I-56-1 was significantly
effective in reducing tic-like responses (Figure 3A) and grooming behavior (Figure 3B),
but not digging (Figure 3C) or rearing (Figure 3D).

Furthermore, while this drug failed to alter startle amplitude (Figure 4A), it restored
PPI in D1CT-7 mice (Figure 4B). We then compared the effects of the most effective dose
of DK-I-56-1 (10 mg/kg) on tic-like responses and PPI in comparison with those of the
prototypical D1 and D2 dopamine receptor antagonists SCH 23390 (0.5 mg/kg, IP) and
HAL (0.3 mg/kg, IP).

As expected, DK-I-56-1 significantly reduced tic-like behaviors in both WT and D1CT-7
mice (Figure 5A). Tic-like responses were also reduced by the D1 receptor antagonist SCH
23390 (Figure 5B) and the D2 receptor antagonist HAL (Figure 5C).

Next, we analyzed the effect of DK-I-56-1, SCH 23390, and HAL on the startle response
of D1CT-7 and WT mice. DK-I-56-1 did not alter the startle amplitude of either genotype,
even though a significant reduction in startle reflex was found in D1CT-7 mice compared
with WT littermates (Figure 6A). However, this drug reversed the PPI deficits observed in
D1CT-7 mice without affecting this index in WT littermates (Figure 6B). Similar to DK-I-
56-1, SCH 23390 did not affect startle amplitude (Figure 6C) but reversed the PPI deficits
observed in D1CT-7 mice (Figure 6D). Finally, HAL was found to reduce startle amplitude
in both genotypes, but this effect was not genotype-specific (Figure 6E). As expected,
HAL reversed the PPI deficits observed in D1CT-7 mice (Figure 6F).



Biomolecules 2021, 11, 175 6 of 13

Biomolecules 2021, 11, x FOR PEER REVIEW 5 of 13 
 

Figure 2. Schematic representation of the apparatus to study spontaneous eyeblinks in mice. For 
further details, see text. 

Stereotaxic cannulation. Stereotaxic surgery was performed with a protocol based on 
our previous publication [35], adapted for mice. Briefly, mice were anesthetized with ket-
amine/xylazine (80 mg/kg; 20 mg/kg, IP) and placed in a stereotaxic apparatus (Kopf, 
Tujunga, CA, USA). Bilateral craniotomies were performed above the target sites, and 
stainless steel cannulae were lowered into place and implanted using dental cement. The 
lengths of the cannulae were selected to end 0.5 mm above the targeted areas, with the 
corresponding injector projecting 1 mm beyond the guide tip. The target locations for can-
nulation from bregma were the medial prefrontal cortex (AP +1.8 mm, ML ±0.3 mm, DV 
−2.5 mm) and nucleus accumbens (AP +1.4 mm, ML ±0.5 mm, DV −4.3 mm). These loca-
tions were selected based on their well-characterized role in regulating sensorimotor gat-
ing by dopaminergic agonists. Coordinates were taken from bregma, according to the ste-
reotaxic brain atlas by Franklin and Paxinos [36]. Mice were given antibiotic therapy for 
two days (enrofloxacin, Bayer HealthCare, Shawnee Mission, KS, USA) and allowed to 
recover in their home cages for seven days before testing. 

Bar test. Catalepsy was measured by means of the bar test, performed as described 
previously [37]. Briefly, the forepaws of the mouse were placed on a bar fixed at the height 
of 5 cm above the working surface. The latency to descend from the bar with both paws 
was calculated. 

Statistical analysis. Normality and homoscedasticity of data distribution were veri-
fied using Kolmogorov–Smirnov and Bartlett’s tests. Statistical analyses of parametric 
data were performed by one- or two-way ANOVA, as appropriate, followed by Newman–
Keuls test for post-hoc comparisons. Statistical significance was set at p < 0.05.  

3. Results 
DK-I-56-1 dose-dependently reduces tic-like behaviors and PPI deficits in D1CT-7 

mice. We first tested the effects of DK-I-56-1 (5, 10 mg/kg, IP) on tic-like responses in 
D1CT-7 mice subjected to spatial confinement. As shown in Figure 3, DK-I-56-1 was sig-
nificantly effective in reducing tic-like responses (Figure 3A) and grooming behavior (Fig-
ure 3B), but not digging (Figure 3C) or rearing (Figure 3D).  

 
Figure 3. Effects of DK-I-56-1 (DK) on Tourette Syndrome-related motoric responses in D1CT-7 
mice exposed to spatial confinement. DK significantly reduced (A) tic-like responses (F(2,15) = 
9.66, p = 0.002) and the duration of (B) grooming behavior (F(2,19) = 4.48; p = 0.03), but not (C) dig-
ging or (D) rearing. All analyses were performed by one-way ANOVAs. Significance refers to the 

Figure 3. Effects of DK-I-56-1 (DK) on Tourette Syndrome-related motoric responses in D1CT-7
mice exposed to spatial confinement. DK significantly reduced (A) tic-like responses (F(2,15) = 9.66,
p = 0.002) and the duration of (B) grooming behavior (F(2,19) = 4.48; p = 0.03), but not (C) digging or
(D) rearing. All analyses were performed by one-way ANOVAs. Significance refers to the results
of post-hoc comparisons. * p < 0.05; *** p < 0.001 in comparison with vehicle (VEH). n = 6–8/group.
Doses are indicated in mg/kg (IP). For further details, see text.
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Figure 5. Effects of DK-I-56-1 (DK, 10 mg/kg, IP) on tic-like responses in D1CT-7 and wild-type (WT) mice exposed to
spatial confinement, as compared with dopaminergic antagonists. (A) DK significantly reduced tic-like behaviors in both
genotypes (Genotype × treatment interaction: F(1,25) = 4.46; p = 0.04). (B) The D1 receptor antagonist SCH 23390 (SCH,
0.5 mg/kg, IP) also reduced tic-like behaviors in all genotypes (Genotype × treatment interaction: F(1,32) = 11.54; p = 0.002).
(C) The D2 receptor antagonist haloperidol had similar effects (HAL, 0.5 mg/kg, IP) (Genotype × treatment interaction:
F(1,30) = 4.61, p = 0.04). All analyses were performed by two-way ANOVAs. * p < 0.05; *** p < 0.001; **** p < 0.0001 vs.
WT mice treated with vehicle (VEH); # p < 0.05; #### p < 0.0001 vs. D1CT-7 mice treated with VEH. n = 7–9/experimental
group. For further details, see text.
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Figure 6. Effects of DK-I-56-1 (DK, 10 mg/kg, IP) and dopaminergic antagonists on tic-like responses in D1CT-7 and
wild-type (WT) mice exposed to spatial confinement. (A) D1CT-7 mice had lower startle amplitude than WT littermates
(Main effect of genotype: F(1,25) = 49.04, p < 0.0001), but this difference was not affected by DK. (B) DK reversed the PPI
deficits observed in D1CT-7 mice, but not WT mice (Genotype × treatment interaction: F(1,25) = 12.37; p = 0.002). (C) The D1
receptor antagonist SCH 23390 (0.5 mg/kg, IP) did not affect startle amplitude. (D) SCH 23390 reversed the PPI deficits in
D1CT-7 mice (Genotype × treatment interaction: F(1,24) = 5.36; p = 0.03). (E) The D2 receptor antagonist haloperidol (HAL,
0.5 mg/kg, IP) reduced startle reflex in both WT and D1CT-7 mice (Main effect of treatment: F(1,24) = 36.64, p < 0.0001).
(F) HAL reversed the PPI deficits observed in D1CT-7 mice (Genotype × treatment interaction: F(1,24) = 44.99; p < 0.0001).
ˆˆˆˆ p < 0.0001; main effect of genotype (D1CT-7 vs. WT); ** p < 0.01; **** p < 0.0001 vs. WT mice treated with vehicle (VEH);
#### p < 0.0001 vs. D1CT-7 group vehicle-treated. n = 7–8/group. For further details, see text.

DK-I-56-1 counters the elevation of eyeblinks and PPI deficits induced by SKF 82958.
We then tested the effects of DK-I-56-1 (10 mg/kg, IP), SCH, and HAL on the enhance-
ment of eye blinking induced by SKF 82958 (0.5 mg/kg, IP) (Figure 7). As expected,
SKF 82958 dramatically increased spontaneous eye blinking; furthermore, DK-I-56-1 re-
duced the number of eyeblinks. A significant interaction between the two treatments
revealed that DK-I-56-1 significantly reduced the eyeblinks in SKF 82958-treated mice
(Figure 7A). The analysis of SCH 23390 confirmed that this drug fully countered the
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elevation in eyeblinks caused by SKF 82958 (Figure 7B). Conversely, HAL reduced eye-
blinks, but this effect did not interact with the elevation of eyeblinks induced by SKF 82958
(Figure 7C).
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A significant interaction between the two treatments was found (F(1,22) = 6.37, p = 0.02), revealing that DK significantly
reduced the blinks in mice treated with SKF 82958. (B) The D1 antagonist SCH 23390 (0.5 mg/kg, IP) also countered the
elevation in eyeblinks caused by SKF 82958 (Main effect of SKF 82958: F(1,30) = 28.68, p < 0.00001; Main effect of SCH 23390:
F(1,30) = 181.6, p < 0.00001; Interaction: F(1,30) = 25.10, p = 0.00002). (C) The D2 antagonist haloperidol (HAL, 0.5 mg/kg,
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Building on these results, we then assessed whether DK-I-56-1 could reduce PPI
deficits induced by SKF 82958 (0.5 mg/kg, IP) (Figure 8). The analysis of startle ampli-
tude revealed that neither DK-I-56-1 nor SKF 82958 significantly modified this response
(Figure 8A). Conversely, SKF 82958 dramatically reduced PPI; furthermore, DK-I-56-1
countered the PPI deficits caused by the D1 receptor agonist (Figure 8B).
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Figure 8. Effects of DK-I-56-1 (DK, 10 mg/kg, IP) on (A) startle response and (B) prepulse inhibition (PPI) in C57/BL6 mice
treated with SKF 82958 (0.5 mg/kg, IP). Two-way ANOVA detected that SKF 82958 dramatically reduced PPI (Main effect:
F(1,42) = 9.73, p = 0.003), and DK countered the PPI deficits caused by the D1 receptor agonist (Interaction: F(1,42) = 5.43,
p = 0.02). Significance levels refer to the results of post-hoc comparisons. ** p < 0.01 vs. mice treated with the vehicle of DK
(VEH) and saline (SAL, controlling for SKF 82958); ### p = 0.0001 vs. mice treated with VEH and SKF 82958. n= 11–12/group.
For further details, see text.
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Given the postsynaptic location of D1 receptors, we inferred that the mechanisms
of DK-I-56-1 might operate downstream from these receptors. Thus, we tested the brain-
regional effects of this drug in two key regions implicated in the dopaminergic regulation of
PPI, namely the medial prefrontal cortex and nucleus accumbens. As shown in Figure 9A,B,
DK-I-56-1 (10 nmol) infusion in the medial prefrontal cortex failed to affect startle reflex in
mice, but significantly countered the PPI deficits produced by SKF 82958 (F(1,20) = 19.34;
p < 0.001; p < 0.01 for comparison of vehicle + SKF 82958 vs. DK-I-56-1 + SKF 82958).
Conversely, no ameliorative effect was found when DK-I-56-1 was injected in the nucleus
accumbens (Figure 9C,D).
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Figure 9. DK-I-56-1 (DK, 10 nmol) infusion in the medial prefrontal cortex (mPFC) (A) failed to affect startle reflex in mice,
but (B) significantly countered the PPI deficits produced by SKF 82958 (F(1,20) = 19.34; p = 0.0003). Conversely, infusions of
this drug in the nucleus accumbens (NAc) (C) did not affect startle amplitude, and (D) failed to reverse the PPI deficits
induced by SKF 82958. All analyses were performed by 2-way ANOVAs. Significance levels refer to the results of post-hoc
comparisons. * p < 0.05; **** p < 0.0001 vs. mice treated with the vehicle of DK (VEH) and saline (SAL, controlling for SKF
82958); ### p = 0.0001 vs. mice treated with VEH and SKF 82958. n = 6–8/group. For further details, see text.

DK-I-56-1 fails to induce catalepsy in the bar test. Finally, we tested the effects of
DK-I-56-1 in the bar test. Unlike HAL, DK-I-56-1 failed to produce a significant increase in
catalepsy (Table 1).

Table 1. Effects of DK-I-56-1, haloperidol on catalepsy in the bar test. *** p < 0.001 in comparison
with DK-I-56-1.

Drugs Catalepsy (s) n

DK-I-56-1 (10 mg/kg, IP) 0.2 ± 0.04 8
Vehicle of DK-I-56-1 0.13 ± 0.05 6

Haloperidol (0.3 mg/kg, IP) 11.01 ± 1.2 ***1 8
Vehicle of haloperidol 0.3 ± 0.06 8

1 p < 0.001 in comparison with vehicle.
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4. Discussion

The main results of this study indicate that DK-I-56-1, the selective PAM of α6
GABAARs, reduced tic-related responses in two distinct mouse models of TS, representing
complementary aspects of tic phenomenology. While these effects were accompanied by
ameliorative effects on the PPI deficits, they were not generalized to other behavior, under-
scoring the specificity of the effects of DK-I-56-1 to TS-pertinent behavioral manifestations.
While the effects of DK-I-56-1 were similar to those of D1 and D2 receptor antagonists,
the α6 GABAAR PAM did not elicit any extrapyramidal effects, as measured by catalepsy
in the bar test. Taken together, these results strongly suggest that DK-I-56-1 may exert
potent therapeutic properties in TS and other tic disorders with a good tolerability profile.

Several preliminary results point to a potential involvement of GABAAR α6 subunits
in TS: for example, the gene GABRA6 has been shown to affect TS risk [38]. Further-
more, the extract of the plant Clerodendrum inerme was found to reduce tic severity in a
treatment-refractory case of tic disorder [39]. The main psychoactive ingredient of C. inerme,
hispidulin, is also a PAM for α6 GABAARs and blocks the hyperlocomotion and PPI deficits
induced by the potent dopamine releaser methamphetamine [15,40]. While PPI deficits
induced by dopaminergic agents are used to detect potential therapeutic effects in TS [19],
the lack of specificity of these phenotypes limits the predictive potential of these models.

The D1CT-7 mouse model of TS [21,22] was generated via a neuropotentiating trans-
gene expressed in a subset of neurons harboring D1 receptors in the somatosensory cortex,
piriform cortex, and intercalated nucleus of the amygdala [21]. The expression of this
transgene results in several phenotypes strikingly reminiscent of TS, such as tic-like my-
oclonic axial jerks, which are attenuated by antipsychotics and other treatments approved
for TS [22,23]. Most importantly, D1CT-7 mice also exhibit other phenotypic characteristics
reminiscent of TS, including PPI deficits and a dramatic exacerbation of tic-like behaviors
after exposure to spatial confinement, a mild acute stressor [23]. Our data indicate that
α6 GABAARs control tic-like behaviors and PPI deficits in D1CT-7 mice. Although the
mechanisms underlying these effects remain unknown, the enhancement of the inhibitory
action in one of the neuropotentiated cortical areas in these models may be responsible
for the observed responses. Of note, premonitory urges are associated with a reduction
in gray matter in the somatosensory cortex and in the insula [41], possibly reflecting
preliminary reports of reductions in interneurons [42] and alterations in the GABAergic
tone [43]. Future studies are needed to verify whether potential GABAergic dysfunctions in
these regions may be directly implicated in the genesis of premonitory urges and whether
activation of α6 GABAARs may reduce these manifestations.

Spontaneous eye blinking has long been considered one of the closest phenomenologi-
cal proxies to tics. Indeed, both manifestations are typically sudden, semi-voluntary, and
preceded by premonitory urges with similar neural substrates. Some studies have shown
that TS patients have a higher frequency of eyeblinks in TS and report higher urge severity
and discomfort in relation to eyeblink suppression. Previous studies have shown that
spontaneous eyeblink is increased by activation of D1 but not D2 receptors [25]. Our data
show that these responses are reduced by D1 and D2 dopamine receptor antagonists. These
results underscore the high predictive validity of this model of TS.

It should be noted, however, that the effects of DK-I-56-1 were also observed in animals
treated with saline solution, indicating that α6 GABAARs may control both spontaneous
eye blinking activity as well as its exacerbation by D1 receptor activation. One of the most
surprising findings of our study was that DK-I-56-1 reduced the PPI disruption mediated
by the D1 receptor agonist SFK-82958, and local injections of this compound mimicked
this effect in the medial prefrontal cortex. Although most α6 GABAARs are located on
granule cells in the cerebellum [44–46], these receptors have also been documented in
other brain regions of rodents, including the prefrontal cortex [47]. The enhancement
of GABAergic tone in this region may be critical in improving information processing
and sensorimotor gating by reinforcing lateral inhibition mechanisms. Future studies are
warranted to substantiate further the mechanisms underlying our findings.
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Several limitations of the present study should be acknowledged. First, our analyses
were limited to two models of TS relying on a high face and predictive validity; however,
our studies did not fully substantiate the mechanisms underlying the specific role of
α6 GABAARs in TS pathophysiology and in the modulation of D1 receptor-mediated
responses. Future studies will be needed on alternative models that address the relevance
of these receptors with well-characterized elements of TS pathophysiology, such as the
lack of striatal interneurons or the mutation of specific genes implicated in this disorder.
Second, although our analyses reveal a potential involvement of the prefrontal cortex in
the mechanisms of action of DK-I-56-1, our data cannot rule out the potential involvement
of the cerebellum in these effects. Recent findings suggest a primary involvement of this
region in the pathophysiology of TS [48–50]. In particular, recent studies point to abnormal
discharges of cerebellar neurons in temporal proximity to tic execution [50]. From this
perspective, it is also important to note that the cerebellum is connected to the basal ganglia
via bidirectional connections [51,52]; moreover, tics are associated with aberrant activity
in basal ganglia as well as enhanced cerebellar activity [50]. These premises support the
possibility that activation of cerebellar α6 GABAARs may limit the expression of tic-like
behaviors initiated in the striatum.

These limitations notwithstanding, our data strongly support the possibility that
DK-I-56-1 may exert therapeutic properties in TS with limited liability for extrapyramidal
symptoms. Given the current limitations of the available pharmacological armamentarium
for TS management, our data encourage the further development of this drug and other α6
GABAAR PAMs as potential novel therapies for this disabling disorder.
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et al. Trigeminal neuropathic pain development and maintenance in rats are suppressed by a positive modulator of α6 GABAA
receptors. Eur. J. Pain. 2019, 23, 973–984. [CrossRef]

19. Godar, S.C.; Mosher, L.J.; Di Giovanni, G.; Bortolato, M. Animal models of tic disorders: A translational perspective. J. Neurosci.
Methods 2014, 238, 54–69. [CrossRef]

20. Bortolato, M.; Pittenger, C. Modeling tics in rodents: Conceptual challenges and paths forward. J. Neurosci. Methods 2017, 292,
12–19. [CrossRef]

21. Campbell, K.M.; De Lecea, L.; Severynse, D.M.; Caron, M.G.; McGrath, M.J.; Sparber, S.B.; Sun, L.Y.; Burton, F.H. OCD-like
behaviors caused by a neuropotentiating transgene targeted to cortical and limbic D1+ neurons. J. Neurosci. 1999, 19, 5044–5053.
[CrossRef]

22. Nordstrom, E.J.; Burton, F.H. A transgenic model of comorbid Tourette’s syndrome and obsessive-compulsive disorder circuitry.
Mol. Psychiatry 2002, 7, 617–625. [CrossRef] [PubMed]

23. Godar, S.C.; Mosher, L.J.; Strathman, H.J.; Gochi, A.M.; Jones, C.M.; Fowler, S.C.; Bortolato, M. The D1CT-7 mouse model of
Tourette syndrome displays sensorimotor gating deficits in response to spatial confinement. Br. J. Pharmacol. 2016, 173, 2111–2121.
[CrossRef] [PubMed]

24. Jongkees, B.J.; Colzato, L.S. Spontaneous eye blink rate as predictor of dopamine-related cognitive function—A review. Neurosci.
Biobehav. Rev. 2016, 71, 58–82. [CrossRef] [PubMed]

25. Desai, R.I.; Neumeyer, J.L.; Bergman, J.; Paronis, C.A. Pharmacological characterization of the effects of dopamine D1 agonists on
eye blinking in rats. Behav. Pharmacol. 2007, 18, 745–754. [CrossRef] [PubMed]

26. Brandt, V.C.; Beck, C.; Sajin, V.; Baaske, M.K.; Bäumer, T.; Beste, C.; Anders, S.; Münchau, A. Temporal relationship between
premonitory urges and tics in Gilles de la Tourette syndrome. Cortex 2016, 77, 24–37. [CrossRef] [PubMed]

27. Tulen, J.H.M.; Azzolini, M.; De Vries, J.A.; Groeneveld, W.H.; Passchier, J.; Van De Wetering, B.J.M. Quantitative study of
spontaneous eye blinks and eye tics in Gilles de la Tourette’s syndrome. J. Neurol. Neurosurg. Psychiatry 1999, 67, 800–802.
[CrossRef]

28. Tharp, J.A.; Wendelken, C.; Mathews, C.A.; Marco, E.J.; Schreier, H.; Bunge, S.A. Tourette syndrome: Complementary insights
from measures of cognitive control, eyeblink rate, and pupil diameter. Front. Psychiatry 2015, 6, 95. [CrossRef]

29. Botteron, H.E.; Richards, C.A.; Nishino, T.; Ueda, K.; Acevedo, H.K.; Koller, J.M.; Black, K.J. The urge to blink in Tourette
syndrome. Cortex 2019, 120, 556–566. [CrossRef]

30. Starr, B.S.; Starr, M.S. Differential effects of dopamine D1 and D2 agonists and antagonists on velocity of movement, rearing and
grooming in the mouse. Implications for the roles of D1 and D2 receptors. Neuropharmacology 1986, 25, 455–463. [CrossRef]

31. Ralph-Williams, R.J.; Lehmann-Masten, V.; Geyer, M.A. Dopamine D1 rather than D2 receptor agonists disrupt prepulse inhibition
of startle in mice. Neuropsychopharmacology 2003, 28, 108–118. [CrossRef]

32. Frau, R.; Pillolla, G.; Bini, V.; Tambaro, S.; Devoto, P.; Bortolato, M. Inhibition of 5α-reductase attenuates behavioral effects of D1-,
but not D2-like receptor agonists in C57BL/6 mice. Psychoneuroendocrinology 2013, 38, 542–551. [CrossRef] [PubMed]

http://doi.org/10.1093/brain/awu311
http://www.ncbi.nlm.nih.gov/pubmed/25392196
http://doi.org/10.1016/j.pneurobio.2020.101884
http://doi.org/10.1002/ana.410120408
http://doi.org/10.2165/00003495-200161150-00005
http://www.ncbi.nlm.nih.gov/pubmed/11772131
http://doi.org/10.1002/mds.27457
http://www.ncbi.nlm.nih.gov/pubmed/30192018
http://doi.org/10.2147/NDT.S12990
http://www.ncbi.nlm.nih.gov/pubmed/22442630
http://doi.org/10.1111/bph.14198
http://www.ncbi.nlm.nih.gov/pubmed/29518821
http://doi.org/10.1007/BF03033358
http://doi.org/10.1021/acs.jmedchem.7b01664
http://doi.org/10.1002/ejp.1365
http://doi.org/10.1016/j.jneumeth.2014.09.008
http://doi.org/10.1016/j.jneumeth.2017.02.007
http://doi.org/10.1523/JNEUROSCI.19-12-05044.1999
http://doi.org/10.1038/sj.mp.4001144
http://www.ncbi.nlm.nih.gov/pubmed/12140785
http://doi.org/10.1111/bph.13243
http://www.ncbi.nlm.nih.gov/pubmed/26171666
http://doi.org/10.1016/j.neubiorev.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27555290
http://doi.org/10.1097/FBP.0b013e3282f14ee6
http://www.ncbi.nlm.nih.gov/pubmed/17989512
http://doi.org/10.1016/j.cortex.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26922503
http://doi.org/10.1136/jnnp.67.6.800
http://doi.org/10.3389/fpsyt.2015.00095
http://doi.org/10.1016/j.cortex.2019.07.010
http://doi.org/10.1016/0028-3908(86)90168-1
http://doi.org/10.1038/sj.npp.1300017
http://doi.org/10.1016/j.psyneuen.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22877998


Biomolecules 2021, 11, 175 13 of 13

33. Mosher, L.J.; Godar, S.C.; Nelson, M.; Fowler, S.C.; Pinna, G.; Bortolato, M. Allopregnanolone mediates the exacerbation of
Tourette-like responses by acute stress in mouse models. Sci. Rep. 2017, 7, 3348. [CrossRef] [PubMed]

34. Wyatt, L.R.; Godar, S.C.; Khoja, S.; Jakowec, M.W.; Alkana, R.L.; Bortolato, M.; Davies, D.L. Sociocommunicative and sensorimotor
impairments in male P2X4-deficient mice. Neuropsychopharmacology 2013, 38, 1993–2002. [CrossRef] [PubMed]

35. Devoto, P.; Frau, R.; Bini, V.; Pillolla, G.; Saba, P.; Flore, G.; Corona, M.; Marrosu, F.; Bortolato, M. Inhibition of 5α-reductase in the
nucleus accumbens counters sensorimotor gating deficits induced by dopaminergic activation. Psychoneuroendocrinology 2012, 37,
1630–1645. [CrossRef] [PubMed]

36. Franklin, K.B.J.; Paxinos, G. The Mouse Brain in Stereotaxic Coordinates; Oxford Academic Press: Oxford, UK, 1997.
37. Cadeddu, R.; Bäckström, T.; Floris, G.; Nordkild, P.; Segerdahl, M.; Bortolato, M. Isoallopregnanolone reduces tic-like behaviours

in the D1CT-7 mouse model of Tourette syndrome. J. Neuroendocrinol. 2020, 32, e12754. [CrossRef] [PubMed]
38. Fernandez, T.V.; Sanders, S.J.; Yurkiewicz, I.R.; Ercan-Sencicek, A.G.; Kim, Y.S.; Fishman, D.O.; Raubeson, M.J.; Song, Y.; Yasuno,

K.; Ho, W.S.C.; et al. Rare copy number variants in tourette syndrome disrupt genes in histaminergic pathways and overlap with
autism. Biol. Psychiatry 2012, 71, 392–402. [CrossRef]

39. Fan, P.C.; Huang, W.J.; Chiou, L.C. Intractable chronic motor tics dramatically respond to Clerodendrum inerme L. gaertn. J. Child
Neurol. 2009, 24, 887–890. [CrossRef] [PubMed]

40. Huang, W.J.; Lee, H.J.; Chen, H.L.; Fan, P.C.; Ku, Y.L.; Chiou, L.C. Hispidulin, a constituent of Clerodendrum inerme that remitted
motor tics, alleviated methamphetamine-induced hyperlocomotion without motor impairment in mice. J. Ethnopharmacol. 2015,
166, 18–22. [CrossRef]

41. Draper, A.; Jackson, G.M.; Morgan, P.S.; Jackson, S.R. Premonitory urges are associated with decreased grey matter thickness
within the insula and sensorimotor cortex in young people with Tourette syndrome. J. Neuropsychol. 2016, 10, 143–153. [CrossRef]

42. Vaccarino, F.M.; Kataoka-Sasaki, Y.; Lennington, J.B. Cellular and Molecular Pathology in Tourette Syndrome. In Tourette Syndrome;
Oxford University Press: Oxford, UK, 2013; pp. 205–220.

43. Lerner, A.; Bagic, A.; Simmons, J.M.; Mari, Z.; Bonne, O.; Xu, B.; Kazuba, D.; Herscovitch, P.; Carson, R.E.; Murphy, D.L.; et al.
Widespread abnormality of the γ-aminobutyric acid-ergic system in Tourette syndrome. Brain 2012, 135, 1926–1936. [CrossRef]

44. Gutierrez, A.; Khan, Z.U.; De Blas, A.L. Immunocytochemical localization of the α6 subunit of the γ-aminobutyric acidA receptor
in the rat nervous system. J. Comp. Neurol. 1996, 365, 504–510. [CrossRef]

45. Pirker, S.; Schwarzer, C.; Wieselthaler, A.; Sieghart, W.; Sperk, G. GABA(A) receptors: Immunocytochemical distribution of 13
subunits in the adult rat brain. Neuroscience 2000, 101, 815–850. [CrossRef]

46. Hörtnagl, H.; Tasan, R.O.; Wieselthaler, A.; Kirchmair, E.; Sieghart, W.; Sperk, G. Patterns of mRNA and protein expression for 12
GABAA receptor subunits in the mouse brain. Neuroscience 2013, 236, 345–372. [CrossRef] [PubMed]

47. Agrawal, J.; Dwivedi, Y. GABAA Receptor Subunit Transcriptional Regulation, Expression Organization, and Mediated Calmod-
ulin Signaling in Prefrontal Cortex of Rats Showing Testosterone-Mediated Impulsive Behavior. Front. Neurosci. 2020, 14, 600099.
[CrossRef] [PubMed]

48. Tobe, R.H.; Bansal, R.; Xu, D.; Hao, X.; Liu, J.; Sanchez, J.; Peterson, B.S. Cerebellar morphology in tourette syndrome and
obsessive-compulsive disorder. Ann. Neurol. 2010, 67, 479–487. [CrossRef]

49. Caligiore, D.; Mannella, F.; Arbib, M.A.; Baldassarre, G. Dysfunctions of the basal ganglia-cerebellar-thalamo-cortical system
produce motor tics in Tourette syndrome. PLoS Comput. Biol. 2017, 13, e1005395. [CrossRef]

50. McCairn, K.W.; Iriki, A.; Isoda, M. Global dysrhythmia of cerebro-basal ganglia-cerebellar networks underlies motor tics following
striatal disinhibition. J. Neurosci. 2013, 33, 697–708. [CrossRef]

51. Hoshi, E.; Tremblay, L.; Féger, J.; Carras, P.L.; Strick, P.L. The cerebellum communicates with the basal ganglia. Nat. Neurosci.
2005, 8, 1491–1493. [CrossRef]

52. Bostan, A.C.; Dum, R.P.; Strick, P.L. The basal ganglia communicate with the cerebellum. Proc. Natl. Acad. Sci. USA 2010, 107,
8452–8456. [CrossRef]

http://doi.org/10.1038/s41598-017-03649-1
http://www.ncbi.nlm.nih.gov/pubmed/28611376
http://doi.org/10.1038/npp.2013.98
http://www.ncbi.nlm.nih.gov/pubmed/23604007
http://doi.org/10.1016/j.psyneuen.2011.09.018
http://www.ncbi.nlm.nih.gov/pubmed/22029952
http://doi.org/10.1111/jne.12754
http://www.ncbi.nlm.nih.gov/pubmed/31175669
http://doi.org/10.1016/j.biopsych.2011.09.034
http://doi.org/10.1177/0883073808331088
http://www.ncbi.nlm.nih.gov/pubmed/19617461
http://doi.org/10.1016/j.jep.2015.03.001
http://doi.org/10.1111/jnp.12089
http://doi.org/10.1093/brain/aws104
http://doi.org/10.1002/(SICI)1096-9861(19960212)365:3&lt;504::AID-CNE12&gt;3.0.CO;2-Q
http://doi.org/10.1016/S0306-4522(00)00442-5
http://doi.org/10.1016/j.neuroscience.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23337532
http://doi.org/10.3389/fnins.2020.600099
http://www.ncbi.nlm.nih.gov/pubmed/33240041
http://doi.org/10.1002/ana.21918
http://doi.org/10.1371/journal.pcbi.1005395
http://doi.org/10.1523/JNEUROSCI.4018-12.2013
http://doi.org/10.1038/nn1544
http://doi.org/10.1073/pnas.1000496107

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

