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Abstract: Treatment of tremors, such as in essential tremor (ET) and Parkinson’s disease (PD) is mostly
ineffective. Exact tremor pathomechanisms are unknown and relevant animal models are missing.
GABA-A receptor is a target for tremorolytic medications, but current non-selective drugs produce
side effects and have safety liabilities. The aim of this study was a search for GABA-A subunit-
specific tremorolytics using different tremor-generating mechanisms. Two selective positive allosteric
modulators (PAMs) were tested. Zolpidem, targeting GABA-A α1, was not effective in models of
harmaline-induced ET, pimozide- or tetrabenazine-induced tremulous jaw movements (TJMs), while
the novel GABA-A α2/3 selective MP-III-024 significantly reduced both the harmaline-induced ET
tremor and pimozide-induced TJMs. While zolpidem decreased the locomotor activity of the rats, MP-
III-024 produced small increases. These results provide important new clues into tremor suppression
mechanisms initiated by the enhancement of GABA-driven inhibition in pathways controlled by α2/3
but not α1 containing GABA-A receptors. Tremor suppression by MP-III-024 provides a compelling
reason to consider selective PAMs targeting α2/3-containing GABA-A receptors as novel therapeutic
drug targets for ET and PD-associated tremor. The possibility of the improved tolerability and safety
of this mechanism over non-selective GABA potentiation provides an additional rationale to further
pursue the selective α2/3 hypothesis.

Keywords: resting tremor; action tremor; GABAA alpha 1; GABAA alpha 2/3; Parkinson’s disease;
essential tremor; MP-III-024; zolpidem; positive allosteric modulator; tetrabenazine

1. Introduction

Tremors are uncontrollable, rhythmic, and oscillating movements produced by alter-
nating or synchronous contractions of antagonistic muscles in different parts of the body.
Tremor is a common symptom of many neurological diseases, such as Parkinson’s disease
(PD), or can constitute an independent disease, such as essential tremor (ET). Tremor signifi-
cantly hinders daily functioning and has a direct negative impact on the patient’s quality of
life. Besides some progress in the treatment of those diseases, tremor remains their key, but
still untreated, symptom. Currently, there are no specific and effective enough anti-tremor
pharmacotherapies and we still do not understand the exact mechanism underlying tremor
pathology. Therefore, there is an immediate need to focus attention on exploring new
molecular pathways and searching for improved tremorolytics drug targets.
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1.1. Essential Tremor

ET is a chronic progressive disease that increases in prevalence with age, in which
postural or kinetic tremor is present with a frequency range of 4–12 Hz, affecting various
parts of the body, mainly the hands, head, tongue, legs, and less frequently other parts such
as the face, torso, or voice [1,2]. Pathophysiological mechanisms underlying ET are complex
and poorly understood. Results of post-mortem studies are inconsistent, some of them
demonstrating Lewy Body pathology [3], cerebellar Purkinje cell (PCs) degeneration [3–6]
or even normal brain morphology without PCs loss [7]. Results of clinical and post-mortem
studies and research in animal models indicate that brain structures such as the inferior
olive nuclei, cerebellum, thalamus, and cerebral cortex forming the cerebello–thalamo–
cortical network are involved, and that hyperactivity of the glutamatergic neurons of the
olivocerebellar circuit seems to be crucial for evoking tremor [2,8–11]. There are several
different hypotheses regarding the mechanisms of ET generation, the most popular of which
are: (1) the neurodegenerative hypothesis; (2) the central oscillatory network hypothesis;
and (3) the GABAergic hypothesis [2,8,11].

A lack of understanding of ET pathophysiology makes it difficult to develop effective
pharmacotherapy, and there is hardly any drug specifically developed for treating tremors.
Potentiating GABA-A receptors in the CNS or inhibiting beta-adrenergic systems most
consistently improves tremor in the clinic. Current symptomatic treatment of ET with
propranolol (beta-antagonist) and primidone (an antiepileptic drug), is ineffective in 30–50%
patients and induces a large number of side effects [2,12–14]. Other drugs likely to be
effective in ET include topiramate or benzodiazepines (clonazepam and alprazolam) and
analogues of GABA (pregabalin and gabapentin). Interestingly, ethanol also binds to
GABA-A receptors and decreases ET. However, the specific anti-tremor mechanisms of
actions of these drugs has not been defined. In general, it seems that substances that act
via GABA-A and increase the duration of receptor opening but not the drugs that increase
GABA availability are associated with tremor reduction [2]. Nevertheless, the drugs used
are not tremor-specific agents but have a broad range of action, are not effective enough
and show multiple harmful side effects.

Another major problem in the development of anti-tremor therapies is the lack of
reliable models. One of them is GABA-A α1 global or cerebellar PCs selective knock-out
mice [15,16], while the most common is the harmaline (a β-carboline derivative) model of
ET [2,17–19]. Many substances that were shown to reduce human tremors are also effective
in the harmaline model (ethanol, benzodiazepines, primidone, and other GABA-A receptor
potentiators) [14,17], thus validating the model’s predictive utility for human translation,
though it still has drawbacks.

1.2. PD Tremor

Besides akinesia, bradykinesia, and muscle rigidity, tremor at rest is one of the main
symptoms of idiopathic PD, yet most resistant to currently-available therapy. Tremor is
also observed in neuroleptic-induced parkinsonism [20,21]. Bradykinesia and rigidity
result from the degeneration of dopaminergic nigrostriatal neurons and disturbances in the
basal ganglia-thalamo-cortico-basal ganglia neuronal circuitry [22–24]. Neuropathological
mechanisms underlying tremors are still not fully understood but seem to be distinct from
other PD motor symptoms [20,21,25]. Importantly, there is no correlation between tremor
magnitude and the degree of DA deficiency in the striatum and a ‘gold standard’ therapy
with L-DOPA and dopamine agonists is very poor in treating tremors [26]. Other PD
therapies include deep brain stimulation (DBS) of subcortical nuclei such as the ventral
intermediate nucleus of the thalamus (VIM) and subthalamic nucleus (STN), which is
limited to drug-resistant, advanced forms of tremor [20].

Besides DA, other neurotransmitters including GABA and glutamate in the basal
ganglia have also been suggested to be involved in the mechanism of parkinsonian tremor
induction [27–29]. Results of neuroimaging human studies have suggested that in addition
to the basal ganglia and cerebellum, which are the most important structures for the genera-
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tion of parkinsonian tremor, the ventral thalamus, which receives glutamatergic projections
from the cerebellum and GABAergic projections from the basal ganglia, is a relay station
for neurotransmission to cortical regions [30–33]. The key structures in those neuronal net-
works seemingly responsible for tremor express GABA-A receptors [34–36]. Importantly, a
phase 2, open-label clinical study (NCT03000569) with 14 PD patients explored Zuranolone
(SAGE-217), an investigational oral neuroactive steroid GABA-A PAM as an oral adjunct to
the treatment of Parkinsonian tremor and showed a reduction of tremor symptoms after
7 days of treatment. The MDS-UPDRS Part II/III tremor score significantly improved by
40% from baseline and persisted for 7 days after drug discontinuation [37]. This report
strongly supports the role of GABA-A in tremor management, although Zuranolone is
not a selective GABA-A PAM as it potentiates both synaptic and extrasynaptic GABA-A
receptors, enhancing phasic and tonic inhibitory currents.

Interestingly, there are reports on the putative PD tremor-reducing effect of zolpi-
dem, a PAM of GABA-A receptors which displays a high affinity to the α1 subunit.
Daniele et al. [38] described several case studies in which zolpidem administered to pa-
tients with PD as a sleep inducer showed a visible improvement in their motor symptoms
(such as akinesia, rigidity, but also resting tremor). The authors hypothesized that such
effects were mediated by the high density of zolpidem binding sites in the two main out-
put structures of the basal ganglia that are abnormally overactive in PD (globus pallidus
internal, GPi, and substantia nigra reticulata, SNr), through GABA-A α1 receptors.

Currently, there are no ideal models of Parkinsonian resting tremor recapitulating the
full dynamics and complexity of its pathophysiological mechanisms. The only available
way of studying it in rodents is the analysis of Tremulous Jaw Movements (TJMs), defined
as “rapid vertical deflections of the lower jaw that resemble chewing but are not directed
at any particular stimulus” [27]. TJMs are triggered by similar conditions that lead to
parkinsonism in humans e.g., by striatal DA depletion (for example by tetrabenazine and
reserpine) and acute or subchronic administration of typical antipsychotics (haloperidol
and pimozide) [27,39], and are suppressed by known antiparkinsonian drugs, including
L-DOPA and DA agonists, as well as by DBS of the STN [39–43]. Multiple studies have
demonstrated that TJMs depend on the ventrolateral striatum, but the involvement of both
“indirect” striatopallidal and “direct” striatonigral GABAergic downstream pathways has
also been suggested [35,39,44–47].

Although ET and PD tremors have different characteristics, it is possible that they
also share some similar mechanisms. There is current evidence that ET may precede the
onset of PD in a subset of patients. The risk of ET is significantly increased in relatives of
PD patients, suggesting a shared hereditary predisposition. As in PD, the dopaminergic
deficit and Lewy bodies as well as smell deficits are observed in some ET patients [48–50].
Therefore, a direct comparison of ET and PD tremors, as in the present study, could provide
new insight into their mechanistic commonalities.

1.3. GABA-A α2/3 Subunit Specific Receptors as Novel Drug Targets against Tremor

As summarized above, convergent input from anatomical, pharmacological, and
neurochemical studies have strongly implicated the enhancement of GABAergic neuro-
transmission through GABA-A receptors as an important anti-tremor mechanism both in
ET and PD [35,38,46,51–55]. Although enhanced inhibition by GABA-A receptor PAMs
that non-selectively interact with α1, α2, α3, and α5 subunits produces anti-tremorogenic
effects, such PAMs are also associated with sedation, ataxia, tolerance development, mem-
ory impairment, and abuse liability [56]. Amrutkar et al. [51] showed that, in addition to
diazepam, NS16085—a GABA-A α2/3 subtype selective modulator with reduced modula-
tion at α1 and negligible efficacy at α5 receptors [57,58]—could also suppress tremor in a
model using harmaline as a tremor inducer. This finding is potentially a highly important
clue in defining a new drug target for the discovery of improved medications for treating
tremors. There are several selective compounds in development that selectively target
α2/3-containing GABA-A receptors [58,59]. Both preclinical and, in some cases, clinical
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data support the proposition of improvement in the side-effect profile of these compounds
relative to non-selective GABA-A receptor PAMs [56,59]. One such α2/3-selective com-
pound, KRM-II-81, an imidazodiazepine, already showed antiseizure, antinociceptive, and
anxiolytic activity in rodent models without sedation, tolerance, or abuse liability.

Therefore, the aim of the present study is to further test the hypothesis that the poten-
tiation of α2/3-selective GABA-A receptors will have a tremorolytic effect. In the present
work, we used the α2/3-selective PAM, MP-III-024, a compound without signficicant
effect on α1- and α5-containing GABA-A receptors [59,60]. As for comparison and in
relation to the described-above PD case studies, zolpidem, which selectively potentiates
α1-containing GABA-A receptors [56], was used. To ensure that there is broad generality
to the anti-tremor effects of this mechanism, and due to a lack of ideal models, it is neces-
sary to employ multiple tremor inducers. The previous single study targeting GABA-A
α2/3-selective mechanisms used only harmaline as an inducer. In the present study, we
employed three different animal models of tremor. ET was modelled by harmaline injection
while dopamine-related TJMs were induced by pimozide or tetrabenazine.

The results of this study show that zolpidem in subhypnotic doses was not effective in
reducing either ET or TJM, but MP-III-024 targeting GABA-A α2/3 receptor subunits has
the therapeutic potential both in the harmaline and TJMs animal models. Moreover, MP-III-
024 was not sedating. We conclude that α2/3-containing GABA-A receptors comprise a
new molecular target for the discovery of an improved treatment for the suppression of
tremors in PD and ET patients.

2. Materials and Methods
2.1. Animals

Adult male Wistar Han rats (Charles River, Germany), weighing 250–340 g prior to the
experiment, were kept in an animal room at 12 h dark/light cycle (the light on from 7 AM
to 7 PM) with a temperature of 22 ± 2 ◦C and relative humidity of 55 ± 5%, with 4–5 rats
per cage with free access to food and water. All experiments were carried out during the
light period and behavioral tests were performed during the light phase between 8 AM
and 4 PM. The experiments were carried out in compliance with the Act on Experiments on
Animals of 21 January 2005 amended on 15 January 2015 (published in Journal of Laws no.
23/2015 item 266, Poland), and according to the Directive of the European Parliament and
of the Council of Europe 2010/63/EU of 23 September 2010 on the protection of animals
used for scientific purposes. They also received the approval of the Local Ethics Committee
at the Maj Institute of Pharmacology, Polish Academy of Sciences, Cracow (permission no:
271/2018, 89/2020, 90/2021). All efforts were designed to minimize both the suffering and
the number of animals used.

2.2. Compounds

Harmaline hydrochloride dihydrate (Sigma-Aldrich, Merck & Co. Inc., Rahway, NJ,
USA) was dissolved in sterile redistilled water and administered acutely at a dose of
15 mg/kg ip. Pimozide (Sigma-Aldrich, Merck & Co. Inc., Rahway, NJ, USA), antagonist
of dopamine receptors, mainly D2, but also D3 i D4, was dissolved in warm 0.3% tartaric
acid and administered subchronically (7 injections, once a day) at a dose of 1 mg/kg.
Tetrabenazine (TBZ), a reversible type 2 vesicular monoamine transporter (VMAT) inhibitor,
was dissolved in 20% DMSO in 0.9% NaCl (1N HCl was added to get the drug completely
into solution, according to [61,62]; final pH = 3.5) and given acutely at a dose of 2 mg/kg.
This treatment procedure was based on previous experiments that employed the pimozide-
induced TJMs model [47,63], see also Supplementary Data Figures S1–S3. Zolpidem
hemitartare (synthesized and provided by Dr. M. Marcinkowska, Jagiellonian University,
Medical College, Kraków, Poland), according to the previously reported procedure [64], a
positive allosteric modulator of GABA-A receptors containing α1 subunit was dissolved
in sterile redistilled water and administered acutely at doses of 0.34, 0.67, 1.01 mg/kg.
MP-III-024 (methyl 8-ethynyl-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-
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carboxylate, synthesized in the laboratory of J.M. Cook, University of Wisconsin-Milwaukee,
(Milwaukee, WI, USA), a positive allosteric modulator selective for α2/3 subunits of
GABA-A receptor, was suspended in 0.5% methyl cellulose in 0.9% NaCl and given at
doses of 3.2 and 10 mg/kg in a volume of 2 mL/kg. All compounds were injected in
a volume of 2 mL/kg ip. Control animals received appropriate vehicles: water, 0.3%
tartaric acid, 20% DMSO in 0.9% NaCl (pH = 3.5) or 0.5% methyl cellulose in 0.9% NaCl
instead of harmaline/zolpidem, pimozide, TBZ and MP-III-024, respectively. The times of
administration of the above compounds are shown in Figure 1. The doses and pre-treatment
times were based on the previous literature [60,65–68] and pharmacokinetic data provided
by substance authors.
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Figure 1. Timelines of drug administration and harmaline-induced tremor measurement (A,B) or
observation and counting of TJMs induced by pimozide (C,D) or TBZ (E). FPA measurement of
harmaline-induced tremor lasted 30 min or 60 min for experiments with zolpidem and MP-III-024,
respectively. Abbreviations: FPA—Force Plate Actimeter; TBZ—tetrabenazine; TJMs—Tremulous
Jaw Movements.

MP-III-024 was administered 30 min prior to harmaline, 3.5 h after the last pimozide
injection. Zolpidem was administered subsequently with harmaline, 3 h 45 min after the
last pimozide injection or 1 h 45 min after TBZ.

2.3. Experimental Procedures
2.3.1. Harmaline-Induced Tremor and Locomotor Activity Analysis

The measurement of tremor and locomotor activity was performed automatically
using Force Plate Actimeters (FPA; BASi, West Lafayette, IN, USA) according to [54,69,70],
and started immediately after harmaline administration. FPA consists of a measuring cage
placed in a sound-attenuating chamber. Four force transducers placed under the corners of
the measuring cage‘s floor allow for recording the animal position on a Cartesian plane,
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tracking its movement across the floor and measuring the force exerted on the plate. Data
were collected during time units of 10.24 s (“frames”) with the sampling frequency of
100 points/s. Tremor was analyzed using Fast Fourier Transform on each frame of the
experiment. The resulting power spectra were subjected to logarithmic transformation
(log10) and averaged over one (experiments with zolpidem) or two (study with MP-III-
024) consecutive 180-frame series creating two intervals (0–30.72 and 30.73–61.44 min;
to simplify, further times are designated as 0–30 and 30–60 min) to give the following
parameters: AP1—averaged power in frequency band I (0–8 Hz), AP2—averaged power
in frequency band II (9–15 Hz), Tremor Index (TI)–the difference in power between AP2
and AP1. The total distance travelled during one or two intervals, measured in millimeters,
was used as a measure of locomotor activity.

2.3.2. Tremulous Jaw Movements (TJMs) Analysis

The measurement of TJMs started 4 h after the last dose of pimozide or 2 h after
TBZ administration. All rats used in these experiments responded to TBZ and subchronic
pimozide with TJMs. Observations of rats were made in a clear Plexiglass cylinder (30 cm
diameter, 40 cm high) placed in front of an angled mirror. TJMs were defined as rapid
vertical deflections of the lower jaw that resembled chewing but were not directed at any
particular stimulus [27]. Each individual deflection of the jaw was recorded for 10 min
using a mechanical hand counter by a trained observer, who was blind to the experimental
condition of the rat being observed. The observation was also video recorded for later
verification with live counting.

2.4. Statistical Analysis

Results are presented as means ± standard errors of mean (SEM). The statistical
analysis of the results was performed using STATISTICA v. 13 software (StatSoft Inc.,
Tulsa, OK, USA); p ≤ 0.05 was considered statistically significant and 0.1 ≥ p ≥ 0.05 were
considered trends. For the results obtained using FPA (harmaline-induced tremor and
locomotor activity), factorial ANOVA (zolpidem experiments) or ANOVA for repeated
measures (experiments with MP-III-024; two time points: 0–30 min and 30–60 min) was
used. TJMs were analyzed by factorial ANOVA. For individual comparisons between
groups, the LSD post hoc test was used. The number of animals in each group is given in
the figure descriptions.

3. Results
3.1. MP-III-024 Inhibits Harmaline-Induced Tremor and Increases the Locomotor Activity

In order to establish whether the GABA-A α2/3 subunit specific PAM MP-III-024 has
the potential to decrease tremors related to ET, we tested its effect on harmaline-induced
tremor and locomotor activity. Harmaline (15 mg/kg) caused a generalized tremor in rats,
which was observed as a significant increase in the AP2 parameter (power in the range
of 8–15 Hz) (Figure 2B) and the tremor index (Figure 2C) compared to the control group
and both these changes persisted for the entire 60 min of tremor measurement. Harmaline
additionally altered the locomotor activity of rats, measured by the total distance travelled,
decreasing it in the first 30 min, and then increasing walking between 30–60 min after
administration as compared to the control rats (Figure 2E). Harmaline itself lowered AP1
(power within 0–8 Hz frequency band) within the first 30 min of measurement (Figure 2D).
This experiment was performed up to 60 min after harmaline injection to observe the length
of effect (Figure 1A).
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Figure 2. The effect of MP-III-024 (3.2, 10 mg/kg) on the harmaline-induced tremor: (A) power
spectrum, (B) AP2, (C) tremor index, (D) AP1, and (E) locomotor activity (distance) of rats. The
power spectrum within a range of 0–20 Hz, averaged over the two intervals (0–30 and 30–60 min)
for all animals in each group is shown. Tremor parameter data are shown as the means ± SEM.
AP1—power in the 0–8 Hz band, AP2—power in the 8–15 Hz band. The number of animals: SOLV,
n = 8; HARM 15 mg/kg, n = 8; MP 3.2 mg/kg, n = 8; MP 10 mg/kg, n = 8; MP 3.2 mg/kg + HARM
15 mg/kg, n = 10; MP 10 mg/kg + HARM 15 mg/kg, n = 10. Statistics: ANOVA for repeated measures
with regard to AP2 (HARM effect: F[1,47] = 27.111, p = 0.001; MP effect: F[2,47] = 1.459, p = 0.243;
time effect: F[1,47] = 54.740, p = 0.001), Tremor index (HARM effect: F[1,47] = 217.767, p = 0.001;
MP effect: F[2,47] = 3.576, p = 0.036; time effect: F[1,47] = 2.004, p = 0.163), AP1 (HARM effect:
F[1,47] = 83.421, p = 0.001; MP effect: F[2,47] = 2.381, p = 0.104; time effect: F[1,47] = 275.344, p = 0.001)
and Distance (HARM effect: F[1,47] = 3.537, p = 0.067; MP effect: F[2,47] = 5.414, p = 0.007; time
effect: F[1,47] = 279.195, p = 0.001). LSD post-hoc test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, a p = 0.077,
b p = 0.060 vs. SOLV; c p = 0.090 vs. HARM 15 mg.
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MP-III-024, a positive allosteric modulator of α2/3 subunit containing GABA-A re-
ceptors, given alone had no effect on AP2 and distance parameters, but showed a trend to
decrease tremor index (both doses) as compared to solvent. MP-III-024 itself also increased
animal mobility. The lower dose (3.2 mg/kg) extended the total distance travelled by the
animals during the first 30 min of measurement and raised the AP1 parameter at the same
time. The increase in AP1 was also noted for the dose of 10 mg/kg in comparison to solvent
control (Figure 2D).

MP-III-024 at both doses used (3.2 and 10 mg/kg), significantly attenuated the tremor
induced by harmaline, which is illustrated by the power spectrum and AP2 graphs
(Figure 2B). The anti-tremor effect of MP-III-024 at the higher dose was weaker, as it
affected AP2 but not the tremor index parameter and lasted for the entire 60 min of mea-
surement. On the other hand, the effect of MP-III-024 at the lower dose was stronger and
more visible, as it decreased both the AP2 and the tremor index but lasted for a shorter
duration (0–30 min). Additionally, following harmaline, MP-III-024 in both doses increased
the locomotor activity (distance parameter) in comparison to animals treated with har-
maline alone during 0–30 min (after the dose of 3.2 mg/kg) or 0–60 min of measurement
(10 mg/kg) (Figure 2E). Generally, the observed effects of MP-III-024 on harmaline tremor
were not dose-dependent in the tested range.

3.2. MP-III-024 Inhibits the Pimozide-Induced TJMs

To determine if a GABA-A α2/3 subunit specific PAM is effective in reducing tremor
in other types of tremor, pimozide was administered at a dose of 1 mg/kg once a day for
7 days. Pimozide induced TJMs in all animals. There were no differences between the effect
of MP-III-024 given alone and the solvent (SOLV) control group, but MP-III-024 at both
doses used (3.2 and 10 mg/kg) significantly inhibited pimozide-induced TJMs (Figure 3).
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Figure 3. Reversal of the pimozide-induced tremulous jaw movements (TJMs) by MP-III-024 (3.2,
10 mg/kg). The data are shown as the mean (± SEM) number of tremulous jaw movements (TJMs)
per 10 min observation period. The number of animals: SOLV, n = 7; PIM 1 mg/kg, n = 8; MP
3.2 mg/kg, n = 8; MP 10 mg/kg, n = 8, PIM 1 mg/kg + MP 3.2 mg/kg, n = 6; PIM 1 mg/kg + MP
10 mg/kg, n = 7. Statistics: Factorial ANOVA (PIM effect: F[1,38] = 41.736, p = 0.001; MP effect:
F[2,38] = 3.919, p = 0.028) + LSD post-hoc test (** p ≤ 0.01, *** p ≤ 0.001).

3.3. Zolpidem Has No Effect on Either Harmaline-Induced Tremor or TJMs after Pimozide or TBZ

To verify if GABA-A α1 subunit specific drug zolpidem could affect tremor related
to ET, it was tested in a harmaline model. Harmaline (15 mg/kg), similar to our previous
experiments [54,69,70], induced whole-body tremor. It appeared a few minutes after
administration and was manifested by an increase in tremor power within the frequency
band of 8–15 Hz (AP2) (Figure 4B), with the peak for frequencies around 10 Hz (Figure 4A),
and in increasing the tremor index parameter (AP2-AP1, Figure 4C) compared to the control
group for the entire 30 min of measurement. At the same time, harmaline decreased the
AP1 parameter representing animal movements in the lower range of frequency (0–8 Hz)
but without affecting the locomotor activity of the animals (distance) (Figure 4D,E).
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Figure 4. The effect of zolpidem (0.34, 0.67, 1.01 mg/kg) on harmaline-induced tremor: (A) power
spectrum, (B) AP2, (C) tremor index, (D) AP1, and (E) locomotor activity (distance) of rats. The
power spectrum within a range of 0–20 Hz, averaged over the whole measurement period (0–30 min)
for all animals in each group is shown. Tremor parameters data are shown as the means ± SEM.
AP1—power in the 0–8 Hz band, AP2—power in the 8–15 Hz band. The number of animals: SOLV,
n = 11; HARM 15 mg/kg, n = 15; ZOL 0.34 mg/kg, n = 5; ZOL 0.67 mg/kg, n = 6; ZOL 1.01 mg/kg,
n = 6; ZOL 0.34 mg/kg + HARM 15 mg/kg, n = 8; ZOL 0.67 mg/kg + HARM 15 mg/kg, n = 6;
ZOL 1.01 mg/kg + HARM 15 mg/kg, n = 8. Statistics: Factorial ANOVA with regard to AP2
(HARM effect: F[1,57 = 21,391, p = 0.001; ZOL effect: F[3,57] = 0.546, p = 0.653), Tremor index
(HARM effect: F[1,57] = 103.001, p = 0.001; ZOL effect: F[3,57] = 3.142, p = 0.032), AP1 (HARM
effect: F[1,57] = 49.307, p = 0.001; ZOL effect: F[3,57] = 19.014, p = 0.001), and Distance (HARM effect:
F[1,57] = 5.421, p = 0.023; ZOL effect: F[3,57] = 4.481, p = 0.007). LSD post-hoc test: ** p ≤ 0.01,
*** p ≤ 0.001.
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Zolpidem, a positive allosteric modulator of GABA-A α1 receptors, was tested in three
subhypnotic doses [65,66]. Given alone, zolpidem had no major effect on tremor or activity
parameters as compared to control solvent (SOLV) group, but the profile of changes was
dose-dependent. In particular, at the highest dose (1.01 mg/kg), zolpidem itself increased
the tremor index, while in the middle and the highest doses (0.67 and 1.01 mg/kg) it also
lowered the AP1 and distance parameters compared to controls (Figure 4C,D).

Zolpidem at the lowest (0.34 mg/kg) and the highest dose (1.01 mg/kg), adminis-
tered together with harmaline, seemed to increase the power between 8–15 Hz above
the harmaline-induced peak when looking at the power spectrum graph (Figure 4A), but
no such effect was observed when analyzing the values of individual tremor parameters
(AP2 or tremor index) (Figure 4B,C). Coadministration of zolpidem (at any dose) with
harmaline had no effect on tremor parameters, AP2 and tremor index, or on locomotor
activity compared to animals treated with harmaline alone.

Pimozide administered at a dose of 1 mg/kg once a day for 7 days, as well as TBZ
given as a single dose of 2 mg/kg, induced TJMs in all animals subjected to those treatments.
Control experiment showing Pimozide or TBZ influence on locomotor activity and catalepsy
is shown in Supplementary Figures S1–S3. Zolpidem administered alone in the middle
dose (0.67 mg/kg) had no effect, and coadministration with pimozide or TBZ did not affect
TJMs in either model (Figure 5A,B).

Biomolecules 2023, 12, x FOR PEER REVIEW 10 of 20 
 

AP1—power in the 0–8 Hz band, AP2—power in the 8–15 Hz band. The number of animals: SOLV, 

n = 11; HARM 15 mg/kg, n = 15; ZOL 0.34 mg/kg, n = 5; ZOL 0.67 mg/kg, n = 6; ZOL 1.01 mg/kg, n = 

6; ZOL 0.34 mg/kg + HARM 15 mg/kg, n = 8; ZOL 0.67 mg/kg + HARM 15 mg/kg, n = 6; ZOL 1.01 

mg/kg + HARM 15 mg/kg, n = 8. Statistics: Factorial ANOVA with regard to AP2 (HARM effect: 

F[1,57 = 21,391, p = 0.001; ZOL effect: F[3,57] = 0.546, p = 0.653), Tremor index (HARM effect: F[1,57] 

= 103.001, p = 0.001; ZOL effect: F[3,57] = 3.142, p = 0.032), AP1 (HARM effect: F[1,57] = 49.307, p = 

0.001; ZOL effect: F[3,57] = 19.014, p = 0.001), and Distance (HARM effect: F[1,57] = 5.421, p = 0.023; 

ZOL effect: F[3,57] = 4.481, p = 0.007). LSD post-hoc test: ** p ≤ 0.01, *** p ≤ 0.001. 

Zolpidem, a positive allosteric modulator of GABA-A α1 receptors, was tested in 

three subhypnotic doses [65,66]. Given alone, zolpidem had no major effect on tremor or 

activity parameters as compared to control solvent (SOLV) group, but the profile of 

changes was dose-dependent. In particular, at the highest dose (1.01 mg/kg), zolpidem 

itself increased the tremor index, while in the middle and the highest doses (0.67 and 1.01 

mg/kg) it also lowered the AP1 and distance parameters compared to controls (Figure 

4C,D). 

Zolpidem at the lowest (0.34 mg/kg) and the highest dose (1.01 mg/kg), administered 

together with harmaline, seemed to increase the power between 8–15 Hz above the har-

maline-induced peak when looking at the power spectrum graph (Figure 4A), but no such 

effect was observed when analyzing the values of individual tremor parameters (AP2 or 

tremor index) (Figure 4B,C). Coadministration of zolpidem (at any dose) with harmaline 

had no effect on tremor parameters, AP2 and tremor index, or on locomotor activity com-

pared to animals treated with harmaline alone. 

Pimozide administered at a dose of 1 mg/kg once a day for 7 days, as well as TBZ 

given as a single dose of 2 mg/kg, induced TJMs in all animals subjected to those treat-

ments. Control experiment showing Pimozide or TBZ influence on locomotor activity and 

catalepsy is shown in Supplementary Figures S1–S3. Zolpidem administered alone in the 

middle dose (0.67 mg/kg) had no effect, and coadministration with pimozide or TBZ did 

not affect TJMs in either model (Figure 5A,B). 

 

Figure 5. Zolpidem (0.67 mg/kg) had no effect on pimozide-induced (A) or TBZ-induced (B) trem-

ulous jaw movements (TJMs). The data are shown as the mean (±SEM) number of tremulous jaw 

movements (TJMs) per 10 min observation period. The number of animals: SOLV, n = 11; PIM 1 

mg/kg, n = 10; TBZ 2 mg/kg, n = 11; ZOL 0.67 mg/kg, n = 10; PIM 1 mg/kg +ZOL 0.67 mg/kg, n = 10; 

TBZ 2 mg/kg + ZOL 0.67 mg/kg, n = 10. Statistics: Factorial ANOVA for PIM (PIM effect: F[1,37] = 

26.019, p = 0.001; ZOL effect: F[1,37] = 0.446, p = 0.508) and TBZ (TBZ effect: F[1,38] = 51.114, p = 0.001; 

ZOL effect: F[1,38] = 0.410, p = 0.526) + LSD post-hoc test (** p ≤ 0.01, *** p ≤ 0.001). 

4. Discussion 

GABA-A receptors are ionotropic, rapidly-responding ligand-gated ion channels 

formed as heteropentamers. They can be assembled from 19 different subunits forming Cl 

channels, thus presenting enormous heterogeneity of receptor subtypes. The α1-contain-

ing GABA-A receptors are the most widely distributed GABA-A receptors in the brain 

(48% of the global gene expression for GABA-A receptors), expressed predominantly in 

Figure 5. Zolpidem (0.67 mg/kg) had no effect on pimozide-induced (A) or TBZ-induced (B) tremu-
lous jaw movements (TJMs). The data are shown as the mean (±SEM) number of tremulous
jaw movements (TJMs) per 10 min observation period. The number of animals: SOLV, n = 11;
PIM 1 mg/kg, n = 10; TBZ 2 mg/kg, n = 11; ZOL 0.67 mg/kg, n = 10; PIM 1 mg/kg +ZOL
0.67 mg/kg, n = 10; TBZ 2 mg/kg + ZOL 0.67 mg/kg, n = 10. Statistics: Factorial ANOVA for
PIM (PIM effect: F[1,37] = 26.019, p = 0.001; ZOL effect: F[1,37] = 0.446, p = 0.508) and TBZ (TBZ effect:
F[1,38] = 51.114, p = 0.001; ZOL effect: F[1,38] = 0.410, p = 0.526) + LSD post-hoc test (** p ≤ 0.01,
*** p ≤ 0.001).

4. Discussion

GABA-A receptors are ionotropic, rapidly-responding ligand-gated ion channels
formed as heteropentamers. They can be assembled from 19 different subunits forming Cl
channels, thus presenting enormous heterogeneity of receptor subtypes. The α1-containing
GABA-A receptors are the most widely distributed GABA-A receptors in the brain (48% of
the global gene expression for GABA-A receptors), expressed predominantly in the cerebral
cortex and cerebellum, while α2 and α3 subunits are mostly present in the thalamus
and molecular layers of the cerebellum [71] (see also below). Depending on the subunit
composition and arrangement, as well as distribution in the various brain regions, these
receptors exhibit different pharmacology and functional output of tested substances. Two
GABA binding sites are formed by an α and β subunits and one benzodiazepine binding
site formed by an α and γ subunits. Whereas the GABA neurotransmitter opens the Cl
channel, ligands acting via the benzodiazepine binding site cannot directly open it, but only
allosterically enhance (positive allosteric modulators-PAMs) or reduce (negative allosteric
modulators) GABA-induced currents [56,57].



Biomolecules 2023, 13, 197 11 of 20

4.1. The Tremorolytic Effect of GABA-A α2/3 Subtype Selective Positive Allosteric
Modulator MP-III-024

In this study we tested novel GABA-A α2/3 selective receptor PAM, MP-III-024 and
showed that it significantly reduced the harmaline-induced tremor which is in line with
the previous reports using other GABA-A α2/3 targeting but less selective substances of
different pharmacological profiles [51].

So far, multiple studies showed tremorolytic effect of non-selective GABA-A α1/2/3/5
receptor PAMs both in ET patients and experimental rodent studies. Anti-tremor effects of
benzodiazepines, ethanol, alprazolam, diazepam, muscimol, and used as first-line therapy
for ET–primidone, strongly support a role for the GABAergic system in ET. However, their
clinical use is limited due to side effects such as sedation, ataxia, tolerance development,
and memory impairment [2,51,56]. With such a non-selective approach, sedation, ataxia,
and dependence are related to the activity at the α1 subunit, muscle relaxation to α2,
anxiolysis and analgesia and anticonvulsant effects to α2/3, and memory impairment
depends on the α5 subunit [56].

Therefore, Amrutkar et al. [51] were the first to hypothesize that subtype selective
GABA-A receptor modulators acting selectively via the α2 and α3 subunits may have an
improved side effect profile while retaining the tremorolytic beneficial effects in ET. They
showed experimentally in the animal model of ET, similar to that induced by harmaline, a
tremorolytic effect of NS16085 [51], which is a GABA-A α2/3 subtype selective modulator
with low level of negative modulation at α1 and negligible efficacy at α5 receptors [57,58].
By comparison of NS16085 with NS11394-GABA-A α2/3/5 receptor PAM, they showed that
it was the α2/3, but not the α5, subunit which played a role in the anti-tremor efficacy [51].
Our study, using another GABA-A α2/3 selective compound, MP-III-024, supports their
observations. Another study on ET patients using GABA-A α2/3/5 subtype-selective PAM,
TPA023, have shown its effectiveness “superior to placebo, but not statistically significant”
in reducing kinetic tremors in ET patients [72]. Therefore, GABA-A α2/3/5 subtype-
selective PAMs have tremor-reducing potential both in human and in an animal ET model.
The absence of α5 potentiation by MP-III-024 [63] strongly suggests that potentiation
of α2/3-containing GABA-A receptors is sufficient. Since α5 has potential burdens on
cognition, sedation, and tolerance [62], further study of the potential therapeutic value of
α2/3-selective PAMs are warranted.

Our studies went a step further, and we tested GABA-A α2/3-specific PAM without
α1 or α5 efficacy, MP-III-024, and confirmed the previous observation in harmaline-induced
ET-like tremor.

That α2/3, but not α1, subunit-containing GABA-A receptors are sufficient for anti-
tremor efficacy is based on the MP-III-024 pharmacological profile proven previously
in vitro in functional GABA receptor assays [60] and the fact that zolpidem, which is α1-
selective, was not tremorolytic and NS16085’s effectiveness was shown even with its small
α1 antagonism. Additionally, other selective α2/3-receptor PAMs have shown activity in
tremor patients (discussed above).

Moreover, we show for the first time that MP-III-024 was also effective not only in the
ET model but also against pimozide-induced TJMs.

MP-III-024 is a positive allosteric modulator with preference for GABA-A α2 and α3
receptors relative to α1 and α5, as well as an improved metabolic profile as compared to
another subtype-selective PAMs. Although MP-III-024 is an ester, it is more metabolically
stable than its analog, HZ-166 [60,67]. In addition, other analogs such as KRM-II-81 that
substitute a bioisostere for the ester function are known to provide markedly-improved
drug-like properties [59]. MP-III-024 has a good metabolic stability, with 75% and 76%
remaining after one hour of mouse or human liver microsome assay. The half-life of MP-III-
024 is 141.5 min with an intrinsic clearance of 0.491 µL/min/mg and a metabolic rate of
9.815 nmol/min/mg [60]. As an ionotropic receptor ligand, its effects are observed very fast
after administration. Our study timeline fits in the maximum drug bioavailability window.
MP-III-024 produced significant decreases in tremor but these effects were not always
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dose-dependent. This finding contrasts with the dose-dependent changes in nociception
observed with this compound [60]. The data show that the lowest dose of MP-III-024 tested
(3.2 mg/kg) produced almost complete reversal of harmaline-induced tremor in the AP2
parameter (Figure 2B). Doses lower than 3.2 mg/kg should be tested in future studies to
fully realize the dose range of activity of this compound. Nonetheless, the data suggest an
important possibility that tremor is more potently controlled by α2/3-containing GABA-A
receptors than nociception.

Fischer et al. [60] showed that MP-III-024 dose- and time-dependently reversed me-
chanical hyperalgesia (10 and 32 mg/kg) and did not affect locomotor activity or operant
behavior. It was reported by Rahman et al. [68] that MP-III-024 can reduce the amount of
opioids needed to control pain when dosed together with morphine, therefore showing
synergistic pain reduction. As predicted, substances of this type are non-sedative, do not
impair motor functions and do not develop tolerance or addiction. An example of this
was described using another compound of similar pharmacology, KRM-II-81, which was
disclosed as a non-sedating anxiolytic-like agent. Preclinical data demonstrated its efficacy
in animal models of anxiety, depression, acute and chronic pain, epilepsy, and traumatic
brain injury, along with reduced sedation, motor-impairment, tolerance development, and
abuse liability [56,73]. Our results indicate that GABA-A α2/3 could become a starting
point for studies to understand tremor generation and extinction mechanisms and indicate
a new biological target for therapy.

4.2. Different Tremor Models, Same Effect—Why?

Interestingly, for comparison, we also tested MP-III-024 in pimozide-induced model of
TJMs and it also generated a significant tremorolytic effect. Since MP-III-024 was effective
in tremor reduction in harmaline and pimozide-induced models, GABA-A α2/3-related
mechanisms could be the common point of tremor regulation. Despite that both models are
induced by differently acting substances, they potentially share common effector. Thus, MP-
III-024 effect is probably located downstream of striatum and at least partially dependent
on GABA-A α2/3.

Tremors in ET are mostly postural or kinetic with a frequency range of 4–12 Hz, while
resting tremor in PD occurs in a frequency range of 3–7 Hz. Pimozide acts as an antagonist
of dopamine D2, D3, and D4 receptors; the 5-HT7 receptor and SNr and GPi appear to
be a major basal ganglia output region through which the thalamo-cerebellar circuit and
tremor are regulated [27]. Interaction between the basal ganglia and cerebellum was also
indicated as the most important for the generation of parkinsonian tremor. This concept
has been summarized as the “dimmer-switch” theory of PD tremor, which proposes that
tremor is initiated in basal ganglia structures, but the cerebellum modulates its amplitude
and rhythmicity [25,31,33,34]. Recent studies indicated that other brain structures, such as
the ventral thalamus, which receives glutamatergic projections from the cerebellum and
GABAergic projections from the basal ganglia, appear to be a region of convergence of
neuronal impulses, where they are processed and relayed to the cerebral cortex. These
basal ganglia-thalamo-cortical and cerebello-thalamo-cortical circuits were assumed to be
completely independent, but recent data suggested some points of their contact, such as
the motor cortex [30,32]. Therefore, the pathophysiology of parkinsonian tremor also needs
further research.

The suggested mechanisms of harmaline-induced tremors are that it enhances synaptic
activity of the climbing fibers originating in the inferior olive nuclei. Their pathological
activation causes excessive glutamate release in the cerebellum [74,75] and affects GABAer-
gic Purkinje cells. This leads to disinhibition of deep cerebellar neurons consequently
increasing glutamate release in the thalamus [69]. Rhythmic activity of this structure, re-
sults in generation of action tremor, the clinical feature of ET [2,11]. The exact mechanisms
underlying tremor generation by harmaline, or in ET are still unclear.

Based on the results of this study, we can only roughly hypothesize but it seems that
both in pimozide- and harmaline-induced tremors and by approximation probably in ET
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and PD, the common tremor regulating pathways include the cerebellum, thalamus and
motor cortex.

4.3. Lack of Tremorolytic Effect of Zolpidem in Experimental Studies

Zolpidem is the most selective known GABA-A α1 PAM used in the clinic as a
hypnotic drug for the short-term treatment of sleeping problems. Previous clinical obser-
vations by Daniele et al. [76] in a pilot study with ten PD patients showed remarkable
improvement of motor symptoms, surprisingly including tremor, even after a single dose of
zolpidem. A case report by Farver & Khan [77] described the beneficial effects of zolpidem
in patient suffering from antipsychotic-induced parkinsonian-like tremors. In addition,
Růzicka et al. [78] and Hall et al. [79] reported improved patients’ UPDRS scores after
zolpidem. The hypothesis behind those observations was that in PD overactivity of the
GABAergic neurons in the GP can lead to overinhibition of the thalamus and the cere-
bral cortex. With a selective inhibition of GABA-A α1 in the main structures involved in
movement disorder zolpidem might counteract it.

In contrast, a recent study by Diamond et al. [80] indicated no change in GABA-A α1
expression in the GP of PD patients as compared to healthy humans, counteracting the
classical hypothesis of pathophysiology of movement disorder evoked by dopamine loss.

Besides clinical case reports and promising hypothesis and few optimistic reviews,
there are limited studies attempting to validate the GABA-A α1 role in PD tremor besides
the motor dysfunction. Even reports by Daniele et al. [76] and zolpidem use in the clinic
were focused on motor impairment while tremor was indicated only as one of the symptoms.
Recent metanalysis by Laifenfeld et al. [81] suggested repurposing zolpidem for use in
slowing PD progression but their analysis was focused on dementia, falls and psychosis,
not tremor. There are two registered clinical trials on zolpidem in PD (clinicaltrials.gov).
One was withdrawn and second assessed motor function including tremor (NCT03621046),
although the data are still not released. The same group published interesting results on
zolpidem positively affecting bradykinesia and movement initiation by the measurement
of beta oscillations in 17 PD patients [82] but again, not tremor.

Despite promising preliminary effects in PD patients, and an attractive working
hypothesis based on GABA-A α1 expression in the key brain structures related to PD and
tremor and strong selectivity of the tested drug, in our experimental study zolpidem did
not affect tremor in either of the tested doses and none of the different animal tremor
models. The studies of Diamond et al. [80] are in line with our suggestion that α1 subunit
does not play a role in CNS-mediated PD tremor.

One of the reasons for the lack of zolpidem effectivity could be due to an overly
widespread expression of GABA-A α1 in the brain to evoke specific effects on the tremor,
despite its localization in key regions of interest. GABA-A receptors and associated α1
subunit are expressed in the SNr, GPi, GPe, STN, thalamus, motor cortex and many other
structures, thus possibly counteracting each other function. The second, more reliable
reason could be the role of advanced dopaminergic neuron degeneration and resulting
adaptation/dysfunction of multiple downstream regulatory loops, as well as the involve-
ment of other neuronal pathways affected in severe stages of late PD as it was described in
the clinical case reports. The complexity and heterogeneity of patient PD tremor is not fully
reflected by the available simplified rat models.

In our test models using pimozide and tetrabenazine for induction of TJM, the nigros-
triatal system was only functionally and temporarily blocked. Therefore, although it is
possible to evoke dopamine-related tremor in rodents even without permanent nigrostriatal
lesion our results in rat models indicate that tremor induction by pimozide or tetrabenazine
is not identical with human tremor and is based on mechanisms far downstream from
striatum and probably not GABA-A α1 selectively–related process.

Importantly, besides just a few studies on non-human, old age primates, the available
rodent models of PD-related nigrostriatal degeneration and/or proteinopathy evoking loss
of dopamine (6-OHDA, MPTP/MPP+, α-synuclein, rotenone, paraquat, genetic models,

clinicaltrials.gov
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etc.), even those most severe, do not exhibit tremors. Therefore, the direct role of dopamine
in the pathophysiology of PD-tremors is speculative, especially given that L-DOPA treat-
ment only partially alleviates tremor in patients. Although tremor is considered to be the
most specific marker of PD, its severity has not been shown to parallel disease progres-
sion or the degree of nigrostriatal neuron loss. However, recent study showed that rest
tremor correlates with reduced contralateral striatal dopamine transporter binding in PD
patients [83]. Therefore, research is inconclusive in this aspect. PD is also a very heteroge-
nous disease itself, recently being divided into multiple more specific subtypes. Thus, the
tremor-dominant PD subtype has a more benign course and it is hypothesized that tremor
itself could be the sign of compensatory mechanisms counteracting akinesia/bradykinesia.
All these prompts to hypothesize that additional anatomical regions, downstream affected
networks, and neurotransmitters contribute to parkinsonian tremor. In the exploratory
small clinical study by Daniele et al. [76], the best effects of zolpidem were observed in the
patients with the most advanced stages of PD. Therefore, long-term use of antiparkinsonian
pharmacotherapy and system adaptation in late-phase PD patients should be taken under
consideration [84].

Our results indicate that human late PD-tremor and tetrabenazine- or pimozide-
induced dopamine-related rat tremor may not have overlapping pathomechanisms with
respect to GABA-A α1 receptor subunit. The question remains which physioanatomical or
functional aspects of the human, but not rodent, brain is responsible for tremor generation.
This discrepancy could be a starting point for a search for tremor-specific mechanisms in PD.
Therefore, if the tested models represent at least partially-relevant mechanisms underlying
tremor generation, our results are not in line with repurposing zolpidem as an anti-tremor
medication. The mechanistic role of the effects zolpidem on akinesia, bradykinesia, stiffness,
and other PD symptoms should be studied otherwise.

4.4. Lack of Tremorolytic Effect of Zolpidem in ET Model

Our results show also that zolpidem has no influence also on harmaline-induced
ET-like tremor in rats in neither of the three tested doses. In the report by Assini &
Abercrombie [52], the first dose affecting motor function tested on rotarod in naive mice was
1 mg/kg of zolpidem. A dose of 0.5 mg/kg did not evoke any significant impairment. In
our study, although we tested a similarly low, sub-hypnotic doses of zolpidem, it decreased
locomotor activity measured in FPA as distance travelled and general rat mobility measured
as AP1 parameter in the two higher doses (0.67 and 1.01 mg/kg) 30 min after treatment.
The effect was dose-dependent. This is in line with known observations that GABA-A α1
subunit is responsible for sedation. Therefore, those results point out that if harmaline
induced tremor is relevant to ET physiology then GABA-A α1 is not specifically involved
in ET pathology.

4.5. GABA-A α1 vs. α2/3 Subunit Localisation

In this study, tremor was decreased by GABA-A α2/3 but not GABA-A α1 selective
PAMs. The pharmacological output of tested substances depends on receptor subunit
composition and distribution in the specific brain regions. Therefore, based on our results,
one could hypothesize that structures with dominant α2/3 but not α1 expression could be
the regions of interest for further detailed studies of tremor.

One of the possible explanations is the dominating expression of α2 and lack of α1
GABA-A subunit in the inferior olivary complex, a structure which enhanced synaptic
activity which is directly responsible for tremor generation, at least in ET and harmaline-
induced models. Activation of inhibitory GABAergic transmission in this structure is
probably responsible for decreasing tremor. Other potential targets lacking GABA-A α1,
but with high expression of α2, are striatum and cerebellar Purkinje cell layers with no α1
or α2 subunits but numerous α3 protein signals. Strong immunoreactivity for α2- and α

3-containing GABA-A receptors has been detected in the parvalbumin positive neurons in
the thalamus and molecular layers of the cerebellum [85–89]. Hypothetically, structures
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expressing α2/3 but not α1, GABA-A receptor subunits could be the target for future
tremor therapies.

4.6. Effect on Locomotor Activity

Side effects characteristics of benzodiazepines are daytime drowsiness and impaired
motor coordination. In fact, GABA-A α2/3, but not α1, specific PAMs have an improved
profile in this regard. Previous studies [60] already showed that MP-III-024 did not affect
locomotor activity (3.2, 10, 32 mg/kg) during 60 min of open field tests or operant behavior
(3.2, 10, 32, 100 mg/kg) during 160 min in the nose-poke operant chamber test. In our study
MP-III-024 alone tested in a lower dose (3.2 mg/kg) significantly increased distance trav-
elled (walking), and all animal movements (not only locomotion but also body movements
in place) quantified as AP1 parameters in both doses (3.2 and 10 mg/kg). This increased
animal mobility was observed during the first 30 min of the test in FPA, which corresponds
to the first 60 min after MP-III-024 injection. As compared to the results of Fischer et al. [60],
their animals at the corresponding doses did not show significant increases in the two
types of movement behavior analyses, although some tendencies might be visible. The
FPA analysis used in our study is a much more sensitive method of quantification than
open field. When MP-III-024 was administered before harmaline it also increased loco-
motor activity as compared to harmaline alone group. Interestingly, harmaline itself has
bidirectional effects on locomotor activity in rats due to tremor generation, when ana-
lyzed directly after i.p. injection [70]. In the first 30 min of analysis, it decreases distance
travelled then increases it in the following 30 min as compared to controls. It seems that
harmaline treatment and induction of tremor in rats postpones their exploratory activity
and it was also observed in the combined treatment group. In conclusion, MP-III-024
not only does not impair motor activity in rats but temporarily increases it in time-points
mostly corresponding with exploratory activity. Further cognitive- and motivation-driven
tests would bring more information on the role of GABA-A α2/3 specific mechanisms.
Nevertheless, additional mechanisms facilitating movement could be of the highest interest
in potential PD pharmacotherapy using selective GABA-A receptor α2/3 subtype but not
α1 specific PAMs.

5. Conclusions

Traditional GABA-A PAM drugs have safety and tolerability concerns that include
sedation, motor-impairment, respiratory depression, tolerance, and dependence. The
search for improved therapeutic agents focuses on more selective ligands that potentiate
GABA-A receptors [56]. There is a huge void in pharmacotherapy of tremor, therefore, it is
necessary to target it as the main study subject. Here we have shown for the first time that
GABA-A α2/3, but not GABA-A α1, is a promising target for tremorolytic therapies both
in ET and PD tremor disorders.

Our results indicate that zolpidem, a positive allosteric modulator selective to GABA-
A α1 subunits did not affect tremor induced by harmaline, tetrabenazine, or pimozide,
while MP-III-024—a positive allosteric modulator selective to GABA-A receptor α2/3
subunits—decreased tremor parameters in both ET and PD related types of tremors. The
effectiveness of MP-III-024 suggests at least partially overlapping mechanism of tremor
pathophysiology in those two neuropathologies. The results of this work offer an important
hint in elucidating tremor suppression mechanisms. The data suggest that GABA-A α2/3
should be considered a novel drug-target for PD and ET tremor therapy, with additional
potential towards movement facilitation in PD.
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12. Hedera, P.; Cibulčík, F.; Davis, T.L. Pharmacotherapy of Essential Tremor. J. Cent. Nerv. Syst. Dis. 2013, 5, 43–55. [CrossRef]
[PubMed]

13. Ondo, W.G. Current and Emerging Treatments of Essential Tremor. Neurol. Clin. 2020, 38, 309–323. [CrossRef] [PubMed]
14. Zesiewicz, T.A.; Shaw, J.D.; Allison, K.G.; Staffetti, J.S.; Okun, M.S.; Sullivan, K.L. Update on Treatment of Essential Tremor. Curr.

Treat. Options Neurol. 2013, 15, 410–423. [CrossRef] [PubMed]
15. Kralic, J.E.; Criswell, H.E.; Osterman, J.L.; O’Buckley, T.K.; Wilkie, M.E.; Matthews, D.B.; Hamre, K.; Breese, G.R.; Homanics,

G.E.; Morrow, A.L. Genetic Essential Tremor in Gamma-Aminobutyric AcidA Receptor Alpha1 Subunit Knockout Mice. J. Clin.
Investiig. 2005, 115, 774–779. [CrossRef]

16. Nietz, A.; Krook-Magnuson, C.; Gutierrez, H.; Klein, J.; Sauve, C.; Hoff, I.; Wick, Z.C.; Krook-Magnuson, E. Selective Loss of
the GABAAα1 Subunit from Purkinje Cells Is Sufficient to Induce a Tremor Phenotype. J. Neurophysiol. 2020, 124, 1183–1197.
[CrossRef]

17. Handforth, A. Harmaline Tremor: Underlying Mechanisms in a Potential Animal Model of Essential Tremor. Tremor Other
Hyperkinetic Mov. 2012, 2, 02-92-769–1. [CrossRef]

18. Martin, F.C.; Le, A.T.; Handforth, A. Harmaline-Induced Tremor as a Potential Preclinical Screening Method for Essential Tremor
Medications. Mov. Disord. 2005, 20, 298–305. [CrossRef]

19. Miwa, H. Rodent Models of Tremor. Cerebellum 2007, 6, 66–72. [CrossRef]
20. Helmich, R.C.; Dirkx, M. Pathophysiology and Management of Parkinsonian Tremor. Semin. Neurol. 2017, 37, 127–134. [CrossRef]
21. Deuschl, G.; Raethjen, J.; Baron, R.; Lindemann, M.; Wilms, H.; Krack, P. The Pathophysiology of Parkinsonian Tremor: A Review.

J. Neurol. 2000, 247 (Suppl. S5), V33–V48. [CrossRef] [PubMed]
22. DeLong, M.R.; Wichmann, T. Basal Ganglia Circuits as Targets for Neuromodulation in Parkinson Disease. JAMA Neurol. 2015,

72, 1354. [CrossRef] [PubMed]
23. Gerfen, C.R. The Neostriatal Mosaic: Multiple Levels of Compartmental Organization. Trends Neurosci. 1992, 15, 133–139.

[CrossRef]
24. Castela, I.; Hernandez, L.F. Shedding Light on Dyskinesias. Eur. J. Neurosci. 2021, 53, 2398–2413. [CrossRef] [PubMed]
25. Helmich, R.C. The Cerebral Basis of Parkinsonian Tremor: A Network Perspective. Mov. Disord. 2018, 33, 219–231. [CrossRef]
26. Hallett, M. Parkinson’s Disease Tremor: Pathophysiology. Park. Relat. Disord. 2012, 18, S85–S86. [CrossRef]
27. Salamone, J.D.; Mayorga, A.J.; Trevitt, J.T.; Cousins, M.S.; Conlan, A.; Nawab, A. Tremulous Jaw Movements in Rats: A Model of

Parkinsonian Tremor. Prog. Neurobiol. 1998, 56, 591–611. [CrossRef]
28. Ionov, I.D.; Pushinskaya, I.I.; Frenkel, D.D.; Gorev, N.P.; Shpilevaya, L.A. Neuroanatomical Correlates of the Inhibition of

Tremulous Jaw Movements in Rats by a Combination of Memantine and ∆ 9-tetrahydrocannabinol. Br. J. Pharmacol. 2020, 177,
1514–1524. [CrossRef]

29. Rabey, J.M.; Nissipeanu, P.; Korczyn, A.D. Efficacy of Memantine, an NMDA Receptor Antagonist, in the Treatment of Parkinson’s
Disease. J. Neural. Transm. Park. Dis. Dement. Sect. 1992, 4, 277–282. [CrossRef]

30. 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]

31. Helmich, R.C.; Hallett, M.; Deuschl, G.; Toni, I.; Bloem, B.R. Cerebral Causes and Consequences of Parkinsonian Resting Tremor:
A Tale of Two Circuits? Brain 2012, 135, 3206–3226. [CrossRef]

32. Antonini, A.; Moeller, J.R.; Nakamura, T.; Spetsieris, P.; Dhawan, V.; Eidelberg, D. The Metabolic Anatomy of Tremor in
Parkinson’s Disease. Neurology 1998, 51, 803–810. [CrossRef]

33. Helmich, R.C.; Janssen, M.J.R.; Oyen, W.J.G.; Bloem, B.R.; Toni, I. Pallidal Dysfunction Drives a Cerebellothalamic Circuit into
Parkinson Tremor. Ann. Neurol. 2011, 69, 269–281. [CrossRef]

34. van den Berg, K.R.E.; Helmich, R.C. The Role of the Cerebellum in Tremor—Evidence from Neuroimaging. Tremor Other
Hyperkinet. Mov. 2021, 11, 49. [CrossRef]

35. Finn, M.; Mayorga, A.J.; Conlan, A.; Salamone, J.D. Involvement of Pallidal and Nigral Gaba Mechanisms in the Generation of
Tremulous Jaw Movements in Rats. Neuroscience 1997, 80, 535–544. [CrossRef]

36. Zhang, X.; Santaniello, S. Role of Cerebellar GABAergic Dysfunctions in the Origins of Essential Tremor. Proc. Natl. Acad. Sci.
USA 2019, 116, 13592–13601. [CrossRef]

37. Bullock, A.; Kaul, I.; Li, S.; Silber, C.; Doherty, J.; Kanes, S.J. Zuranolone as an Oral Adjunct to Treatment of Parkinsonian Tremor:
A Phase 2, Open-Label Study. J. Neurol. Sci. 2021, 421, 117277. [CrossRef]

38. Daniele, A.; Panza, F.; Greco, A.; Logroscino, G.; Seripa, D. Can a Positive Allosteric Modulation of GABAergic Receptors Improve
Motor Symptoms in Patients with Parkinson’s Disease? The Potential Role of Zolpidem in the Treatment of Parkinson’s Disease.
Park. Dis. 2016, 2016, 2531812. [CrossRef]

39. Collins-Praino, L.E.; Paul, N.E.; Rychalsky, K.L.; Hinman, J.R.; Chrobak, J.J.; Senatus, P.B.; Salamone, J.D. Pharmacological and
Physiological Characterization of the Tremulous Jaw Movement Model of Parkinsonian Tremor: Potential Insights into the
Pathophysiology of Tremor. Front. Syst. Neurosci. 2011, 5, 49. [CrossRef]

40. Podurgiel, S.J.; Yohn, S.E.; Dortche, K.; Correa, M.; Salamone, J.D. The MAO-B Inhibitor Deprenyl Reduces the Oral Tremor and
the Dopamine Depletion Induced by the VMAT-2 Inhibitor Tetrabenazine. Behav. Brain Res. 2016, 298, 188–191. [CrossRef]

http://doi.org/10.4137/JCNSD.S6561
http://www.ncbi.nlm.nih.gov/pubmed/24385718
http://doi.org/10.1016/j.ncl.2020.01.002
http://www.ncbi.nlm.nih.gov/pubmed/32279712
http://doi.org/10.1007/s11940-013-0239-4
http://www.ncbi.nlm.nih.gov/pubmed/23881742
http://doi.org/10.1172/JCI200523625
http://doi.org/10.1152/jn.00100.2020
http://doi.org/10.5334/tohm.108
http://doi.org/10.1002/mds.20331
http://doi.org/10.1080/14734220601016080
http://doi.org/10.1055/s-0037-1601558
http://doi.org/10.1007/PL00007781
http://www.ncbi.nlm.nih.gov/pubmed/11081802
http://doi.org/10.1001/jamaneurol.2015.2397
http://www.ncbi.nlm.nih.gov/pubmed/26409114
http://doi.org/10.1016/0166-2236(92)90355-C
http://doi.org/10.1111/ejn.14777
http://www.ncbi.nlm.nih.gov/pubmed/32394612
http://doi.org/10.1002/mds.27224
http://doi.org/10.1016/S1353-8020(11)70027-X
http://doi.org/10.1016/S0301-0082(98)00053-7
http://doi.org/10.1111/bph.14914
http://doi.org/10.1007/BF02260076
http://doi.org/10.1073/pnas.1000496107
http://doi.org/10.1093/brain/aws023
http://doi.org/10.1212/WNL.51.3.803
http://doi.org/10.1002/ana.22361
http://doi.org/10.5334/tohm.660
http://doi.org/10.1016/S0306-4522(97)00087-0
http://doi.org/10.1073/pnas.1817689116
http://doi.org/10.1016/j.jns.2020.117277
http://doi.org/10.1155/2016/2531812
http://doi.org/10.3389/fnsys.2011.00049
http://doi.org/10.1016/j.bbr.2015.11.008


Biomolecules 2023, 13, 197 18 of 20

41. Collins-Praino, L.E.; Paul, N.E.; Ledgard, F.; Podurgiel, S.J.; Kovner, R.; Baqi, Y.; Müller, C.E.; Senatus, P.B.; Salamone, J.D. Deep
Brain Stimulation of the Subthalamic Nucleus Reverses Oral Tremor in Pharmacological Models of Parkinsonism: Interaction
with the Effects of Adenosine A2A Antagonism. Eur. J. Neurosci. 2013, 38, 2183–2191. [CrossRef] [PubMed]

42. Cousins, M.S.; Carriero, D.L.; Salamone, J.D. Tremulous Jaw Movements Induced by the Acetylcholinesterase Inhibitor Tacrine:
Effects of Antiparkinsonian Drugs. Eur. J. Pharmacol. 1997, 322, 137–145. [CrossRef] [PubMed]

43. Salamone, J.D.; Carlson, B.B.; Rios, C.; Lentini, E.; Correa, M.; Wisniecki, A.; Betz, A. Dopamine Agonists Suppress
Cholinomimetic-Induced Tremulous Jaw Movements in an Animal Model of Parkinsonism: Tremorolytic Effects of Pergolide,
Ropinirole and CY 208–243. Behav. Brain Res. 2005, 156, 173–179. [CrossRef]

44. Cousins, M.S.; Finn, M.; Trevitt, J.; Carriero, D.L.; Conlan, A.; Salamone, J.D. The Role of Ventrolateral Striatal Acetylcholine in the
Production of Tacrine-Induced Jaw Movements. Pharmacol. Biochem. Behav. 1999, 62, 439–447. [CrossRef] [PubMed]

45. Salamone, J.D.; Betz, A.J.; Ishiwari, K.; Felsted, J.; Madson, L.; Mirante, B.; Clark, K.; Font, L.; Korbey, S.; Sager, T.N.; et al.
Tremorolytic Effects of Adenosine A2A Antagonists: Implications for Parkinsonism. Front. Biosci. 2008, 13, 3594–3605. [CrossRef]
[PubMed]

46. Wisniecki, A.; Correa, M.; Arizzi, M.N.; Ishiwari, K.; Salamone, J.D. Motor Effects of GABA(A) Antagonism in Globus Pallidus:
Studies of Locomotion and Tremulous Jaw Movements in Rats. Psychopharmacology 2003, 170, 140–149. [CrossRef] [PubMed]

47. Kosmowska, B.; Ossowska, K.; Wardas, J. Blockade of Adenosine A2A Receptors Inhibits Tremulous Jaw Movements as Well as
Expression of Zif-268 and GAD65 MRNAs in Brain Motor Structures. Behav. Brain Res. 2022, 417, 113585. [CrossRef]

48. Shahed, J.; Jankovic, J. Exploring the Relationship between Essential Tremor and Parkinson’s Disease. Park. Relat. Disord. 2007, 13,
67–76. [CrossRef]

49. Lenka, A.; Benito-León, J.; Louis, E.D. Is There a Premotor Phase of Essential Tremor? Tremor. Other Hyperkinet. Mov. 2017, 7, 498.
[CrossRef]

50. Labiano-Fontcuberta, A.; Benito-León, J. [Essential Tremor and Parkinson’s Disease: Are They Associated?]. Rev. Neurol. 2012, 55,
479–489.

51. Amrutkar, D.V.; Dyhring, T.; Jacobsen, T.A.; Larsen, J.S.; Sandager-Nielsen, K. Anti-Tremor Action of Subtype Selective Positive
Allosteric Modulators of GABAA Receptors in a Rat Model of Essential Tremors. Cerebellum 2020, 19, 265–274. [CrossRef]
[PubMed]

52. Assini, R.; Abercrombie, E.D. Zolpidem Ameliorates Motor Impairments in the Unilaterally 6-Hydroxydopamine-Lesioned Rat.
Eur. J. Neurosci. 2018, 48, 1896–1905. [CrossRef] [PubMed]

53. Collins-Praino, L.E.; Podurgiel, S.J.; Kovner, R.; Randall, P.A.; Salamone, J.D. Extracellular GABA in Globus Pallidus Increases
during the Induction of Oral Tremor by Haloperidol but Not by Muscarinic Receptor Stimulation. Behav. Brain Res. 2012, 234,
129–135. [CrossRef] [PubMed]

54. Kosmowska, B.; Ossowska, K.; Wardas, J. Pramipexole Reduces Zif-268 MRNA Expression in Brain Structures Involved in the
Generation of Harmaline-Induced Tremor. Neurochem. Res. 2020, 45, 1518–1525. [CrossRef]

55. Kralic, J.E. Molecular and Pharmacological Characterization of GABAA Receptor Alpha 1 Subunit Knockout Mice. J. Pharmacol.
Exp. Ther. 2002, 302, 1037–1045. [CrossRef]

56. Cerne, R.; Lippa, A.; Poe, M.M.; Smith, J.L.; Jin, X.; Ping, X.; Golani, L.K.; Cook, J.M.; Witkin, J.M. GABAkines–Advances in the
Discovery, Development, and Commercialization of Positive Allosteric Modulators of GABAA Receptors. Pharmacol. Ther. 2022,
234, 108035. [CrossRef]

57. Sieghart, W.; Savic, M.M. International Union of Basic and Clinical Pharmacology. CVI: GABAA Receptor Subtype-and Function-
Selective Ligands: Key Issues in Translation to Humans. Pharmacol. Rev. 2018, 70, 836–878. [CrossRef]

58. de Lucas, A.G.; Ahring, P.K.; Larsen, J.S.; Rivera-Arconada, I.; Lopez-Garcia, J.A.; Mirza, N.R.; Munro, G. GABAA A5 Subunit-
Containing Receptors Do Not Contribute to Reversal of Inflammatory-Induced Spinal Sensitization as Indicated by the Unique
Selectivity Profile of the GABAA Receptor Allosteric Modulator NS16085. Biochem. Pharmacol. 2015, 93, 370–379. [CrossRef]

59. Witkin, J.M.; Lippa, A.; Smith, J.L.; Jin, X.; Ping, X.; Biggerstaff, A.; Kivell, B.M.; Knutson, D.E.; Sharmin, D.; Pandey, K.P.; et al.
The Imidazodiazepine, KRM-II-81: An Example of a Newly Emerging Generation of GABAkines for Neurological and Psychiatric
Disorders. Pharmacol. Biochem. Behav. 2022, 213, 173321. [CrossRef]

60. Fischer, B.; Schlitt, R.; Hamade, B.; Rehman, S.; Ernst, M.; Poe, M.; Li, G.; Kodali, R.; Arnold, L.; Cook, J. Pharmacological and
Antihyperalgesic Properties of the Novel A2/3 Preferring GABAA Receptor Ligand MP-III-024. Brain Res. Bull. 2017, 131, 62–69.
[CrossRef]

61. Podurgiel, S.J.; Nunes, E.J.; Yohn, S.E.; Barber, J.; Thompson, A.; Milligan, M.; Lee, C.A.; López-Cruz, L.; Pardo, M.;
Valverde, O.; et al. The Vesicular Monoamine Transporter (VMAT-2) Inhibitor Tetrabenazine Induces Tremulous Jaw Movements
in Rodents: Implications for Pharmacological Models of Parkinsonian Tremor. Neuroscience 2013, 250, 507–519. [CrossRef]
[PubMed]

62. Yohn, S.E.; Thompson, C.; Randall, P.A.; Lee, C.A.; Müller, C.E.; Baqi, Y.; Correa, M.; Salamone, J.D. The VMAT-2 Inhibitor
Tetrabenazine Alters Effort-Related Decision Making as Measured by the T-Maze Barrier Choice Task: Reversal with the
Adenosine A2A Antagonist MSX-3 and the Catecholamine Uptake Blocker Bupropion. Psychopharmacology 2015, 232, 1313–1323.
[CrossRef] [PubMed]

http://doi.org/10.1111/ejn.12212
http://www.ncbi.nlm.nih.gov/pubmed/23600953
http://doi.org/10.1016/S0014-2999(97)00008-3
http://www.ncbi.nlm.nih.gov/pubmed/9098680
http://doi.org/10.1016/j.bbr.2004.05.019
http://doi.org/10.1016/S0091-3057(98)00214-7
http://www.ncbi.nlm.nih.gov/pubmed/10080235
http://doi.org/10.2741/2952
http://www.ncbi.nlm.nih.gov/pubmed/18508458
http://doi.org/10.1007/s00213-003-1521-z
http://www.ncbi.nlm.nih.gov/pubmed/12827348
http://doi.org/10.1016/j.bbr.2021.113585
http://doi.org/10.1016/j.parkreldis.2006.05.033
http://doi.org/10.5334/tohm.382
http://doi.org/10.1007/s12311-020-01106-w
http://www.ncbi.nlm.nih.gov/pubmed/31989440
http://doi.org/10.1111/ejn.14075
http://www.ncbi.nlm.nih.gov/pubmed/30019535
http://doi.org/10.1016/j.bbr.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22728308
http://doi.org/10.1007/s11064-020-03010-5
http://doi.org/10.1124/jpet.102.036665
http://doi.org/10.1016/j.pharmthera.2021.108035
http://doi.org/10.1124/pr.117.014449
http://doi.org/10.1016/j.bcp.2014.12.010
http://doi.org/10.1016/j.pbb.2021.173321
http://doi.org/10.1016/j.brainresbull.2017.03.001
http://doi.org/10.1016/j.neuroscience.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23867769
http://doi.org/10.1007/s00213-014-3766-0
http://www.ncbi.nlm.nih.gov/pubmed/25323625


Biomolecules 2023, 13, 197 19 of 20

63. Ishiwari, K.; Betz, A.; Weber, S.; Felsted, J.; Salamone, J.D. Validation of the Tremulous Jaw Movement Model for Assessment of
the Motor Effects of Typical and Atypical Antipychotics: Effects of Pimozide (Orap) in Rats. Pharmacol. Biochem. Behav. 2005, 80,
351–362. [CrossRef]

64. Fajkis, N.; Marcinkowska, M.; Gryzło, B.; Krupa, A.; Kolaczkowski, M. Study on a Three-Step Rapid Assembly of Zolpidem and
Its Fluorinated Analogues Employing Microwave-Assisted Chemistry. Molecules 2020, 25, 3161. [CrossRef]

65. Murphy, H.M.; Ihekoronze, C.; Wideman, C.H. Zolpidem-Induced Changes in Activity, Metabolism, and Anxiety in Rats.
Pharmacol. Biochem. Behav. 2011, 98, 81–86. [CrossRef] [PubMed]

66. Mierzejewski, P.; Kolaczkowski, M.; Marcinkowska, M.; Wesolowska, A.; Samochowiec, J.; Pawlowski, M.; Bienkowski, P.
Antipsychotic-like Effects of Zolpidem in Wistar Rats. Eur. J. Pharmacol. 2016, 773, 51–58. [CrossRef]

67. Poe, M.M. Synthesis of Subtype Selective Bz/GABAA Receptor Ligands for the Treatment of Anxiety, Epilepsy and Neuropathic
Pain, As Well As Schizophrenia and Asthma. Ph.D. Thesis, University of Wisconsin-Milwaukee, Milwaukee, WI, USA, 2016.

68. Rahman, M.A.; Keck, T.M.; Poe, M.M.; Sharmin, D.; Cook, J.M.; Fischer, B.D. Synergistic Antihyperalgesic and Antinociceptive
Effects of Morphine and Methyl 8-Ethynyl-6-(Pyridin-2-Yl)-4H-Benzo[f]Imidazo[1,5-a][1,4]Diazepine-3-Carboxylate (MP-III-024):
A Positive Allosteric Modulator at A2GABAA and A3GABAA Receptors. Psychopharmacology 2021, 238, 1585–1592. [CrossRef]

69. Kosmowska, B.; Ossowska, K.; Konieczny, J.; Lenda, T.; Berghauzen-Maciejewska, K.; Wardas, J. Inhibition of Excessive
Glutamatergic Transmission in the Ventral Thalamic Nuclei by a Selective Adenosine A1 Receptor Agonist, 5′-Chloro-5′-Deoxy-
(±)-ENBA Underlies Its Tremorolytic Effect in the Harmaline-Induced Model of Essential Tremor. Neuroscience 2020, 429, 106–118.
[CrossRef]

70. Ossowska, K.; Głowacka, U.; Kosmowska, B.; Wardas, J. Apomorphine Enhances Harmaline-Induced Tremor in Rats. Pharmacol.
Rep. 2015, 67, 435–441. [CrossRef]

71. Sequeira, A.; Shen, K.; Gottlieb, A.; Limon, A. Human Brain Transcriptome Analysis Finds Region- and Subject-Specific Expression
Signatures of GABAAR Subunits. Commun. Biol. 2019, 2, 153. [CrossRef]

72. de Haas, S.L.; Zoethout, R.W.M.; van Dyck, K.; de Smet, M.; Rosen, L.B.; Murphy, M.G.; Gottesdiener, K.M.; Schoemaker, R.C.;
Cohen, A.F.; van Gerven, J.M.A. The Effects of TPA023, a GABA Aα2,3 Subtype-Selective Partial Agonist, on Essential Tremor in
Comparison to Alcohol. J. Psychopharmacol. 2012, 26, 282–291. [CrossRef]

73. Atack, J.R. GABAA Receptor Subtype-Selective Modulators. I. A2/A3-Selective Agonists as Non-Sedating Anxiolytics. Curr. Top.
Med. Chem. 2011, 11, 1176–1202. [CrossRef] [PubMed]

74. Gołembiowska, K.; Berghauzen-Maciejewska, K.; Górska, A.; Kamińska, K.; Ossowska, K. A Partial Lesion of the Substantia
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