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Abstract: The e-containing GABA(A) receptors (GABAARS), a lesser-studied subtype within the GABAAR family,
have garnered attention due to their distinct pharmacological properties and potential involvement in brain injury.
Zolpidem (ZPM), a widely used Z-drug, is known to induce paradoxical effects in patients with brain injury, although
the underlying molecular mechanisms remain unclear. In this study, a chronic cerebral hypoperfusion (CCH) rat
model was established using Permanent Bilateral Occlusion of the Common Carotid Arteries (PBOCCA), followed
by administration of ZPM at doses of 1.0, 2.0, and 4.0 mg/kg. Behavioral assessments demonstrated that the 1.0
mg/kg dose of ZPM significantly improved spatial learning and memory acquisition (P<0.01) and enhanced memory
retention (P<0.001), whereas higher doses resulted in sedation and cognitive impairment. Immunohistochemical
analysis revealed an upregulation of the € subunit expression in the hippocampal CA1 and CA3 regions of CCH
rats (P<0.05), suggesting alterations in receptor composition in response to cerebral hypoperfusion. Further
investigation of ZPM'’s interaction with e-containing GABAARSs (specifically the a1B2¢ subtype) was conducted
using in silico techniques. Molecular docking identified the a1+/e- binding interface as a favorable ZPM binding
site, with key residues being either conserved or suitably replaced. Molecular dynamics simulations demonstrated
that ZPM stabilizes the receptor while permitting conformational flexibility, consistent with its role as a positive
allosteric modulator. These findings provide evidence that ZPM interacts with e-containing GABAARSs, potentially
explaining its paradoxical effects observed in brain injury models.
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Introduction [1]. As a non-benzodiazepine (non-BZD) derivative,

ZPM functions as a positive allosteric modulator (PAM)
Zolpidem (ZPM) is a potent sedative-hypnotic agent ~ of GABA(A) receptors (GABAARS) [2]. ZPM exhibits
primarily prescribed for the management of insomnia  a high affinity for the al subunit of GABAARs, inter-
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mediate affinity for the 02 and a3 subunits, and minimal
affinity for the a5 subunit [2]. Pharmacologically, the ol
subunit is primarily responsible for mediating sedative
effects, while the a2 and a3 subunits contribute to anx-
iolytic, anticonvulsant, myorelaxant, and ataxic effects
[1]. The selective binding of ZPM to the al subunit
enhances its efficacy in inducing sleep while minimizing
adverse effects compared to traditional BZDs, making it
a preferred treatment for sleep disorders [3]. Despite its
sedative properties, ZPM has been reported to induce
wakefulness in patients with various brain injuries, in-
cluding trauma, stroke, and disorders of consciousness
(DOC) [4-6]. This phenomenon extends to recovery
following hypoxic damage, cerebrovascular ischemic
injury, central nervous system (CNS) infections, toxin
exposure, degenerative diseases, tumors, and congenital
disorders [4, 7-9]. The paradoxical awakening effect of
ZPM, which contrasts with its intended sedative-hyp-
notic action, is believed to arise from its interaction with
GABAARs, suggesting a shift in neurotransmission
polarity under pathological conditions.

Recent studies have highlighted ZPM’s potential to
enhance cognitive functions and neuroplasticity, par-
ticularly in ischemic stroke recovery in rat models [10].
Cognitive functions, often attributed to the hippocampus,
rely on a5-containing GABAARSs, which are involved
in spatial learning, memory, and other cognitive pro-
cesses [11, 12]. Although a5-containing GABAARSs
account for only about 5% of GABAARs in the CNS,
they represent nearly 25% of hippocampal GABAARs
[13]. Interestingly, ZPM does not significantly affect
these receptors, suggesting that its cognitive-enhancing
effects do not involve the a5 subunit.

The paradoxical effects of ZPM may result from al-
tered GABAergic transmission following pathological
insults such as ischemia or neurodegeneration. These
conditions are known to disrupt chloride homeostasis,
leading to elevated intracellular chloride ion (CI") levels
and causing GABAAR activation to elicit depolarizing,
excitatory responses rather than the typical inhibitory
effects [14]. This shift in GABAergic signalling suggests
that non-canonical GABAAR subtypes, possibly acting
through alternative binding mechanisms, may mediate
these aberrant responses. Notably, several studies have
reported alterations in GABAAR subunit composition
under such pathological conditions [15-20]. Among
these, the & subunit—one of the most recently identified
GABAAR subunits—has attracted attention due to its
distinct biophysical and pharmacological properties.
These unique characteristics may render g-containing
GABAARs particularly susceptible to modulation by
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ZPM, thereby potentially contributing to its paradoxical
effects in disease states.

The € subunit is predominantly localized in brain re-
gions such as the amygdala, hippocampus, locus coeru-
leus, hypothalamus, and subthalamus [21, 22]. In con-
trast to other GABAAR subtypes, e-containing receptors
exhibit rapid desensitization, reduced sensitivity to Zn>*,
and smaller GABA-mediated current amplitudes
[21-26]. Even in the absence of GABA, e-containing
receptors preferentially adopt an open ionophore state,
leading to leakage currents [25]. This dynamic may help
explain the transient motor and cognitive improvements
observed in patients with brain injuries treated with
ZPM, suggesting that € subunit upregulation plays a key
role in mediating these paradoxical outcomes. The pres-
ent study aims to investigate the binding of ZPM to
g-containing GABAARs and explore the mechanisms
underlying this interaction. To address this, a chronic
cerebral hypoperfusion (CCH) rat model induced by
Permanent Bilateral Occlusion of the Common Carotid
Arteries (PBOCCA) was employed, representing a
model for vascular cognitive impairment and neurode-
generative diseases. Rats were administered varying
doses of ZPM, and their locomotor, learning, and mem-
ory abilities were assessed using the Morris water maze
(MWM) and open-field test (OFT). Immunohistochem-
ical analyses were performed on the hippocampal CAl
and CA3 regions to quantify the expression of the €
subunit. The e-containing GABAAR was modelled and
docked with ZPM, and molecular dynamics simulations
were conducted to elucidate the structural and ligand
interactions that contribute to ZPM binding to these re-
ceptors.

Materials and Methods

Animal quarantine and acclimatization

The animal experiments were conducted in accordance
with the guidelines approved by the Universiti Sains
Malaysia (USM) Institutional Animal Care and Use
Committee (USM IACUC): USM/IACUC/2024/(145)
(1310). Male Sprague-Dawley (SD) rats, weighing be-
tween 200 and 250 g, were obtained from the Animal
Research and Service Centre. The rats were acclimatized
in an animal quarantine room for a minimum of one week
before any experimental procedures were initiated. Dur-
ing this period, food and water were provided ad libitum,
and the rats were maintained on a 12-h light/dark cycle
under constant temperature conditions.
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Induction of chronic cerebral hypoperfusion via
permanent bilateral occlusion of the common
carotid arteries

Chronic cerebral hypoperfusion was induced by per-
manently occluding both common carotid arteries in rats,
a well-established method for creating significant deficits
in hippocampal neurons. This model results in reduced
cerebral blood flow but does not completely deprive the
brain of oxygen, as collateral blood supply from other
arteries remains intact [27]. Each rat was anesthetized
with a mixture of ketamine (80 mg/kg; Troy Laboratories
Pty Ltd., Glendenning, Australia) and xylazine (10 mg/
kg; Troy Laboratories Pty Ltd.) administered via intra-
peritoneal injection. Following anesthesia, rats were
randomly assigned to one of five treatment groups, each
consisting of at least six rats, based on a previous study:
Sham + saline (control), CCH + saline (untreated CCH),
CCH + 1.00 mg/kg ZPM (LGC Standards Ltd., Ted-
dington, UK), CCH + 2.00 mg/kg ZPM, and CCH + 4.00
mg/kg ZPM [10].

Automated open-field test

Spontaneous locomotor activity was assessed using
an automated OFT (Panlab, Barcelona, Spain). This ex-
periment allowed the evaluation of the effects of ZPM
on anxiety levels and locomotor activity following
PBOCCA surgery. The apparatus consisted of a Perspex
glass enclosure (20 x 45 x 45 cm) with the floor divided
into five zones. Infrared beams along the sides of the
apparatus detected and recorded the movements and
activities of each rat, which were then analyzed using
ActiTrack software (Panlab). Each rat was placed in the
center of the open field and allowed to habituate for 10
min before the recording session began. ZPM was ad-
ministered via intraperitoneal injection 30 min prior to
the recording, which lasted for 20 min. The floor of the
open field was cleaned with 70% ethanol between rat
trials to prevent cross-contamination.

MWM

The MWM test, a widely used tool to assess hippo-
campal-dependent learning and memory [28], was per-
formed in a circular pool (74 cm height, 180 cm diam-
eter, 551 cm circumference). The pool was divided into
four quadrants—north, east, south, and west—with a
plastic platform placed in the northwest quadrant. The
platform, which was 50 cm high and 10 cm in diameter,
was submerged 2 cm below the water surface. To obscure
the platform from view, the water was made opaque by
adding white water-based paint. The water temperature
was maintained at 25°C throughout the experiment. The
experiment began with a habituation day, during which

rats’ swimming abilities were assessed without the hid-
den platform. Each rat was allowed to swim for 60 s.
Rats exhibiting significant difficulty in swimming were
excluded from the study. Following habituation, the
platform was introduced in the northwest quadrant, and
rats underwent four daily trials over four consecutive
days. Each trial involved releasing the rat from one of
four randomized starting points, allowing up to 60 s to
locate and climb onto the platform. Escape latency was
recorded using SMART video-tracking software, and a
stopwatch was used in parallel as a manual backup to
ensure data accuracy and reliability. If a rat failed to
locate the platform within 60 s, the trial was terminated,
and the rat was guided to the platform using a stick and
required to remain on it for at least 15 s before beginning
the next trial. After the completion of the four daily tri-
als, rats were administered an intraperitoneal injection
of the respective drug to consolidate memory. Following
the training phase, a probe trial was conducted in which
the hidden platform was removed. The rats were released
from a single point (S) and allowed to swim for 60 s.
The latency for each rat to reach the target quadrant
(NW) and the percentage of time spent in this quadrant
were recorded and analyzed. No drug was administered
after the probe trial. On the following day, a visible plat-
form test was conducted, where the platform was placed
in the southwest quadrant, raised 1 cm above the water
surface to make it visible. Rats were released from a
single point (E) and given a maximum of 60 s to locate
and climb onto the platform, where they were required
to remain for at least 15 s. This procedure was repeated
twice. Data from the probe trial were analyzed using
SMART analysis software v.3.0.05 (Panlab).

Immunohistochemistry

Immunohistochemical staining was performed follow-
ing the protocol outlined by [29], with minor modifica-
tions. To ensure the exclusive presence of hippocampal
tissue on the slides, tissue sections were initially depa-
raffinized by immersing the slides in xylene (R&M
Chemicals, Petaling Jaya, Malaysia) twice for 3 min
each. They were then rehydrated through a series of
graded ethanol solutions (100, 90, 80, and 70%), with
each solution applied for 3 min. Residual ethanol was
removed by rinsing the slides under running tap water
for 2—-3 min. For antigen retrieval, the sections were
immersed in a citrate-based retrieval solution and heat-
ed in a microwave at medium-high power for 12 min.
After cooling to room temperature, the slides were rinsed
twice in phosphate-buffered saline (PBS; Sigma-Aldrich,
St. Louis, MO, USA) with gentle agitation for 5 min
each. To block non-specific binding and reduce back-
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ground staining, the sections were incubated with 3%
normal goat serum (NGS; Sigma-Aldrich) for 2 h at room
temperature. The slides were then washed with PBS and
incubated overnight at 4°C in a humidified chamber with
primary antibody targeting & subunit (1:100 dilution).
The following day, the slides were rinsed in PBS with
gentle agitation for 5 min. The sections were then incu-
bated with fluorophore-conjugated secondary antibody
(goat anti-mouse; Abcam Ltd., Cambridge, UK), for 2 h
at room temperature. To minimize photobleaching, all
subsequent steps were performed under minimal light
exposure. After incubation with secondary antibody, the
slides were rinsed again in PBS, dried gently, and mount-
ed with Fluoroshield™ containing 4°,6’-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich) for nuclear
counterstaining. Coverslips were applied, and the slides
were allowed to dry at room temperature. Finally, the
slides were stored at 4°C overnight before imaging with
a fluorescence microscope.

Image analysis and quantification

Images were captured using an Olympus BX41 mi-
croscope (BX41, Olympus Corp., Tokyo, Japan), coupled
with Olympus cellSens imaging software (version
cellSens2.2 RU- 01, Olympus Corp.). The system was
equipped with a mercury vapor bulb (U-RFL-T, Olympus
Corp.) for fluorescence imaging, with excitation wave-
lengths set to 358 nm (blue), 488 nm (green), and 594
nm (red). Images were acquired at 40x magnification,
with an exposure time of 450 ms for both the red and
green channels. The imaging area for each acquisition
was standardized at 550.399 um?. Quantitative analysis
of integrated density was performed on images from the
CA1 and CA3 regions of the hippocampus using ImagelJ
software (ImageJ 1.53c, National Institute of Health,
Bethesda, MD, USA). Integrated density values were
averaged for each region across the respective slides.
Respective haematoxylin and DAPI nuclear staining
were used to identify the hippocampal regions of inter-
ests (ROIs) [CA1 and CA3] (Supplementary Figs. 1 and 2).

Statistical analysis

Statistical analyses for the MWM, OFT and immuno-
fluorescence studies were performed using GraphPad
Prism9 (Version 9.0.1, GraphPad Software Inc., San
Diego, CA, USA). All datasets were tested for Gaussian
distribution using the Shapiro-Wilk normality test prior
to parametric analysis. For comparisons involving two
groups, unpaired #-test was used, for three or more
groups, ordinary one-way ANOVA was used, with
Tukey’s post-hoc analysis for multiple comparisons. For
the four-day MWM training data comparison, a repeated
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two-way ANOVA was used with Tukey’s post-hoc mul-
tiple comparisons. All data are plotted as mean values,
with error bars representing the standard deviation. The
significance level was set at P<0.05.

Homology modelling of e-containing GABAR

The crystallographic structure of the alB2y2 GAB-
AAR bound to GABA and allopregnanolone (RCSB PDB
ID: 8S19) [30] was used as the template for constructing
the a1p2e GABAAR variant. This a1p2y2 subtype was
selected because it is the most predominant subtype of
GABAARs in the CNS [13]. Prior to homology model-
ling, all non-receptor elements, including heavy chains,
light chains, and ligands, were removed from the tem-
plate using PyMOL (version 2.5, Schrodinger Inc., NY,
USA). The al, B2, and € subunit structures were retrieved
from AlphaFold (DeepMind Technologies Ltd., London,
UK) and aligned to their corresponding template chains
in PyMOL. The y2 subunit in the template was substi-
tuted with the € subunit to create the alternative a.1+/¢-
binding interface, while preserving the canonical GABA-
binding sites at the P2+/al- interfaces [31]. The
individual subunit sequences from the modelled receptor
were extracted using locally written script. Multiple
sequence alignment (MSA) was performed using Clust-
al Omega to compare the sequences of the template and
modelled subunits. Homology modelling was then con-
ducted using MODELLER 10.4, generating multiple
structural models [32]. The best model was selected
based on the lowest Discrete Optimized Protein Energy
(DOPE) score. Structural validation was performed
through Ramachandran plot analysis to assess steric
hindrances and potential structural deviations that could
impact subsequent molecular docking and simulation
procedures.

Molecular docking

The 3D structure of ZPM was retrieved from the Pub-
Chem database. Since the cryo-EM structure used for
homology modelling lacked hydrogen atoms due to its
1 A resolution limit [33], hydrogen atoms were manu-
ally added to the receptor. The receptor and ligand .pdb
files were subsequently converted into .pdbqt format,
which is required for docking simulations in AutoDock
4.2. Molecular docking was performed using AutoDock
4.2 [34]. Targeted docking was done by adjusting grid
box parameters to cover the extracellular al+/e- inter-
face. Docking simulations generated nine potential bind-
ing poses for each ligand, with binding affinities esti-
mated as free energy of binding (AG, kcal/mol). The best
docking pose was selected based on the lowest binding
energy and optimal spatial positioning within the a.1+/e-
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interface. Molecular interactions, including hydrogen
bonds, hydrophobic contacts, and -n interactions, were
analyzed using PyMOL [35], Protein-Ligand Interaction
Profiler (PLIP) [36], and BIOVIA Discovery Studio [37].

Molecular dynamics simulation

Molecular dynamics (MD) simulations were per-
formed using the GROMACS program in three stages:
energy minimization, equilibration, and production [38].
Prior to MD simulation, receptor-ligand complex was
superimposed with two GABA molecules at the f2+/
al- interfaces to ensure a more physiologically relevant
simulation system. The modified receptor-ligand com-
plexes were uploaded to CHARMM-GUI via the “Ligand
Reader and Modeller” module to generate the relevant
ligand topology and parameter files, which were incor-
porated into the receptor file.

Generation of lipid bilayer membrane using
CHARMM-GUI

The receptor-ligand complex was uploaded to
CHARMM-GUI and embedded into a lipid bilayer sys-
tem following the protocol of [39]. The complex was
aligned along the z-axis to ensure proper integration with
the transmembrane domain. The system was embedded
in a 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphatidyl-
choline (POPC) lipid bilayer and solvated using TIP3P
water molecules via the replacement method. POPC was
chosen due to its physiological relevance as one of the
most abundant phospholipids in mammalian cell mem-
branes [40, 41]. It has been widely validated for simulat-
ing neurotransmitter receptors, demonstrating stability
and structural relevance in mimicking biological mem-
branes [40, 42—44]. Additionally, POPC is compatible
with CHARMM-GUI and GROMACS simulations due
to its well-parameterized force fields, allowing seamless
integration into the CHARMM36 force field [45]. The
simulation box was defined as a rectangular shape with
x- and y-axes dimensions of 190, while the z-axis was
adjusted to accommodate a 22.5 water molecule thick-
ness at both the top and bottom layers. The temperature
was set to 310.15 K, and Na* and Cl™ ions were added
to neutralize the overall charge, achieving a final ion
concentration of 0.15 M. GROMACS-compatible simu-
lation files, including coordinate, parameter, and topol-
ogy files, were generated.

Minimization, equilibration, and production stages

For each system, energy minimization was performed
using 5,000 steps of the steepest descent algorithm until
the energy level reached below 1,000 kJ mol™!. During
the equilibration phase, a five-step isothermal-isochoric

(NVT) ensemble was conducted, consisting of three 125
ps steps followed by two 500 ps steps, during which the
number of particles (N), volume (V), and temperature
(T) were kept constant to achieve thermal equilibration.
This was followed by an isothermal-isobaric (NPT) en-
semble, where the number of particles (N), pressure (P),
and temperature (T) were maintained constant while the
volume was adjusted to stabilize the system under con-
stant pressure [46]. Subsequently, a 100 ns MD produc-
tion run was performed for all systems to analyze recep-
tor-ligand interactions and system stability over time,
corresponding to 50,000,000 ps of simulation steps with
atime step of 0.002 fs. The files generated by CHARMM-
GUI were triplicated using different initial velocities,
which was calculated using different random gen seed
value for each of the replica, to generate three indepen-
dent MD simulations to enhance result reliability and
minimize biases. Various stability assessments and
analyses were then conducted using the tools available
in the GROMACS suite.

Chronic cerebral hypoperfusion: effects of zolpidem
on locomotion

The OFT is widely used to evaluate motor function in
animal models [47]. In the present study, we assessed
the locomotor function of rats with CCH following isch-
emic injury, comparing them with control rats that did
not undergo CCH. ZPM was administered to the CCH-
treated rats 20 min prior to the test to ensure optimal
drug efficacy. We measured locomotor function using
total activity, total distance traveled, and movement
speed. Rats treated with ZPM at doses of 2.0 mg/kg and
4.0 mg/kg exhibited significantly reduced locomotor
activity compared to untreated CCH rats (P<0.01 and
P<0.001, respectively; Fig. 1, Top). Similarly, the total
distance traveled by the ZPM-treated rats in the OFT
was significantly lower than that of untreated CCH rats
(P<0.05 and P<0.001, respectively; Fig. 1, Middle).
Movement speed was also significantly reduced in rats
treated with 4.0 mg/kg ZPM (P<0.001, Fig. 1, Below).

Chronic cerebral hypoperfusion: effects of zolpidem
on anxiety-like and exploratory behaviors

Anxiety can influence locomotor function, particularly
in unfamiliar environments such as the OFT. To assess
the impact of ischemic injury and ZPM treatment on
anxiety and exploratory behaviors, we analyzed the time
spent in the center of the field and the number of rearing
events during the OFT. Compared to untreated CCH rats,
sham rats spent significantly lower time in the center of
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Fig. 1. Effects of zolpidem on the total locomotor
activity in open-field test after two weeks
recovery period (Top). (¥*P<0.01, ***
P<0.001; compared to the non-treated
CCH group). Effects of zolpidem on the
total distance travelled by the animals
during the open-field test (Middle).
(¥*P<0.05, ***P<0.001; compared to the
non-treated CCH group). Effects of zol-
pidem on the speed of the animals during
open-field test (Below). (¥**P<0.001,
compared to the non-treated CCH group).
One-way ANOVA was used to assess the
effects of group. Number of animals used
for each group=6.

the field (P<0.05), while CCH rats treated with ZPM (2.0
and 4.0 mg/kg) spent significantly less time in the center
compared to untreated CCH rats (P<0.01, Fig. 2, Top).
Additionally, the number of rearing events, a measure of
exploratory and anxiety-like behavior, was significantly
reduced in CCH rats treated with 2.0 mg/kg and 4.0 mg/
kg ZPM compared to untreated CCH rats (P<0.01 for 2.0
mg/kg, P<0.001 for 4.0 mg/kg; Fig. 2, Below).
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Fig. 2. Evaluation on the effects of anxiety of the
animal during open-field test (Top).
(*¥*P<0.05, ** P<0.01; compared to the
non-treated CCH group). The effects of
zolpidem on the anxiety level of the rat
through the number of rearing during the
open-field test (Below). (¥*P<0.01, ***
P<0.001; compared to the non-treated
CCH group). One-way ANOVA was used
to assess the effects of group. Number of
animals used for each group=6.

Morris water maze: memory acquisition during
training sessions

We evaluated memory acquisition across experimen-
tal groups using a repeated two-way analysis of variance
(ANOVA) over the training days, with post-hoc com-
parisons to the untreated CCH group. The analysis re-
vealed significant effects of training days (£<0.0001)
and treatment (P<0.0001). Additionally, significant in-
teractions were observed between latency to reach the
platform across groups over the four training days
(P<0.05). On Day 1, no significant differences were ob-
served between the groups (Fig. 3, Top), and all rats
exhibited similar unfamiliarity with the maze. However,
over the subsequent days, CCH rats displayed more pro-
nounced learning and memory deficits, taking signifi-
cantly longer to reach the platform. By Day 2, non-CCH
rats demonstrated a significant improvement in platform
reach time compared to untreated CCH rats (P<0.001),
while CCH rats treated with ZPM did not show similar
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~@- CCH +4.0mg/kg zol (n = 6)

404

Escape Latency (s)

Time Spent In
Targeted Quadrant (%)

Fig. 3. The effects of CCH and zolpidem treat-
ment on spatial memory of the rats in
Morris water maze (Top). A two-way re-
peated measures ANOVA was used to
assess the effects of group (*P<0.05; for
non-CCH versus non-treated CCH group)
and day of training on latency (*P<0.01
for 1.0 mg/kg zolpidem versus non-treat-
ed CCH group; ##P<0.001 for non-CCH
versus non-treated CCH group. The ef-
fects of zolpidem on the consolidation
memory of the CCH rats during probe
trial of Morris water maze (Below). One-
way ANOVA was used to assess the ef-
fects of group. Percentage of time spent
(%) in the target quadrant southeast.
(*P<0.05, ***P<0.001, ****P<0.0001;
compared to the non-treated CCH group).
Number of animals used for each
group=>6.

improvements. On Day 3, CCH rats treated with 1.0 mg/
kg ZPM exhibited improved spatial learning and mem-
ory, reaching the platform significantly faster (P<0.01).
This improvement persisted through Day 4 in both the
non-CCH (sham) group and CCH rats treated with 1.0
mg/kg ZPM. Additionally, CCH rats treated with 2.0 mg/
kg ZPM showed a significant reduction in the time to
reach the platform starting on Day 3, and this improve-
ment was maintained through Day 4 (P<0.05).

Morris water maze: memory consolidation during
the probe ftrial

We evaluated memory consolidation during the probe
trial across experimental groups. Non-CCH (sham) rats

spent significantly more time in the target quadrant com-
pared to untreated CCH rats (P<0.0001). CCH rats
treated with 1.0 mg/kg ZPM also spent significantly more
time in the target quadrant compared to untreated CCH
rats (P<0.001). Similarly, CCH rats treated with 2.0 mg/
kg ZPM spent significantly more time in the target quad-
rant than untreated CCH rats (P<0.05). However, the
group treated with 4.0 mg/kg ZPM showed no significant
differences in time spent in the target quadrant (Fig. 3,
Below).

Immunohistochemistry: expression of the € subunit

The protein expression of GABAAR ¢ subunit in the
CA1 and CA3 hippocampal regions was analyzed using
immunofluorescence techniques, as western blot is tech-
nically challenging in these subregions due to limited
tissue yield. These images were captured at 40% magni-
fication to visualize neuronal expression (Fig. 4, Top and
Middle). Quantification of the € subunit expression,
represented as raw integrated density values (a.u.), re-
vealed a significantly higher expression in CCH rats
compared to non-CCH rats (unpaired #-test; P<0.05) in
both CA1 (Fig. 4, Below, Left) and CA3 (Fig. 4, Below,
Right) regions. This suggests that CCH induces an up-
regulation of the GABAAR ¢ subunit in these hippocam-
pal regions, potentially contributing to altered inhibi-
tory signaling.

Homology modelling: sequence alignment of
GABA4R subunits

The GABA(A) alp2¢ receptor was successfully mod-
elled using human protein sequences and structural tem-
plates, with over 98% of its residues positioned within
sterically favorable or allowed regions, as assessed using
the Ramachandran plot [48, 49] (Supplementary Fig. 3).
This high level of structural integrity underscores the
reliability of the receptor model for further computa-
tional analyses. The receptor’s structural organization
was further characterized by detailing the sequential
arrangement of each subunit within the a1B2¢ complex,
along with the specific residue positions for each subunit
(Table 1). The pentameric assembly, in complex with
ZPM and GABA molecules, is depicted to provide a
comprehensive overview of its overall architecture
(Supplementary Fig. 4). To evaluate sequence conserva-
tion across subunits, MSA was performed, enabling a
comparative analysis of conserved and variable regions
within the receptor (Fig. 5). This information is critical
for understanding the subunit-specific structural and
functional properties of the receptor.
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Molecular docking

Targeted docking at the al+/¢e- interface yielded a
binding pose with an estimated free energy of —7.2 kcal/
mol. ZPM was positioned beneath a1l Loop C, adopting
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a more vertical orientation (Fig. 6, Top, Left). A detailed
interaction summary shows that ZPM binding was pri-
marily stabilized by van der Waals forces and hydropho-
bic interactions, in line with previous findings [50] (2D
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Fig. 4. Immunofluorescence images of GABAAR ¢ subunit expression (in red) in the CA1 (Left; Top=non-CCH,
Left; Middle=CCH) and CA3 (Right; Top=non-CCH, Right; Middle=CCH) hippocampal regions. The scale
bars represent 20 um. Images were captured at 40x magnification after staining with specific antibodies.
Evaluation of the GABAAR ¢ subunit fluorescence intensity in the hippocampal CA1 (Below, Left) and
CA3 (Below, Right). Unpaired #-test was used to evaluate the related intensity of groups. (¥ P<0.05 for CA1
and ** P<0.01 for CA3 hippocampal regions; for non-CCH versus CCH rats. Number of animals used for
each group=3.
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Table 1. Chain and residue composition of a1f2¢

Subunit Residue

alP2e First Last
Chain A p2 1 512
Chain B al 513 968
Chain C p2 969 1,480
Chain D al 1,481 1,936
Chain E € 1,937 2,442

BIOVIA image; Supplementary Fig. 5). Key residues
contributing to van der Waals interactions included
alSerl158, alVal202, a1Thr206, € Ser102, € Ile234, ¢
Asn235, and € Asn238, with interactions centered around
ZPM’s amide substituent, establishing a cohesive bind-
ing environment. Additionally, n-stacking and m-alkyl
interactions were observed, involving olPhe99,
alTyrl59, alTyr209, and € [le121. Two hydrogen bonds
were also identified: ZPM’s carbonyl oxygen formed a
hydrogen bond with al1His101, while its imidazole ni-
trogen formed a hydrogen bond with a1Ser204 (Fig. 6,
Top, Right; Fig. 6, Below, Left). Moreover, ¢ Glu233
participated in a m-anion interaction with ZPM’s meth-
ylbenzene ring, potentially enhancing specificity and
ligand orientation within the binding pocket (Fig. 6, Top,
Right). This interaction appears to position ZPM to
minimize steric clashes with bulkier residues, such as
alPhel00, a1His102, a1 Tyr160, and a1 Tyr210, at the
pyridine methyl end.

Molecular dynamics simulation

System stability was assessed by analyzing tempera-
ture and total energy fluctuations over the simulation
period. Both parameters oscillated around a relatively
constant mean, indicating that the systems had reached
equilibrium (Supplementary Fig. 6). An additional indi-
cator of complex stability is the Root Mean Square De-
viation (RMSD) analysis, which stabilized at approxi-
mately 70 ns, suggesting that the conformational
rearrangements associated with ligand binding were
complete (Supplementary Fig. 7, Left). The radius of
gyration (Rg), which provides insights into protein com-
pactness, folding stability, and conformational dynamics
[51], exhibited a steady decrease until around 60 ns,
after which it stabilized for the remainder of the simula-
tion (Supplementary Fig. 7, Right). The Root Mean
Square Fluctuation (RMSF) analysis revealed ligand-
specific effects on receptor dynamics, particularly in
regions critical for ligand binding and receptor modula-
tion. A prominent peak was observed near residue 500,
corresponding to the loop region surrounding the AB1
binding site (Supplementary Fig. 8).
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Fig. 5. Aligned amino acid sequences of each GABAAR subunit
in alP2y2 receptor subtype. The asterisk (*) indicates
fully conserved residues across all sequences at a given
position, the colon (:) indicates highly conserved residues
with largely similar properties, while the period (.) indi-
cates weakly conserved residues with lower similar prop-
erties. Classically-defined neurotransmitter-binding loops
(A-F) are labelled for reference.

To assess the binding affinity and stability of the re-
ceptor-ligand complex, hydrogen bond and minimum
distance analyses were conducted. Hydrogen bonds were
identified within a <4 A threshold from ZPM. Through-
out the 100 ns simulation, ZPM maintained consistent
and sustained hydrogen bonding interactions with the
receptor. Notably, ZPM primarily maintained a single
hydrogen bond throughout the simulation (Fig. 6, Below,
Right). This finding is further supported by minimum
distance analysis, which showed that ZPM remained
stably bound within 2.5 A of the binding pocket until
the end of the simulation (Supplementary Fig. 9). Ad-
ditional analysis of GABA binding at site AB2 (between
Chains C and D) revealed extensive hydrogen bonding
and stable binding within 2 A of the pocket for ZPM.
Conversely, GABA binding at site AB1 (between Chains
A and B) showed limited bonding interactions and
greater displacement throughout the simulation.

In this study, we developed an animal model of isch-
emic injury using PBOCCA-induced CCH. This model
was chosen because it is ideal for investigating cognitive
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Fig. 6. A close-up view of the ligand binding site at the al+/¢- interface (Top, Left). The al sub-
unit is in yellow and the y2 subunit is in peach. ZPM is positioned under al Loop C in a
vertical orientation. ZPM binding within the al+/e- interface — interactions identified
within a 4 A radius using PLIP (Top, Right). ZPM binding within the al+/e- interface —
interactions identified within a 5 A radius using PyMOL (Below, Left). Hydrogen bond
graphs for ZPM (black), ABI (red) and AB2 (green) over the 100 ns simulation. ZPM
demonstrated sustained hydrogen bonding with primarily a single hydrogen bond through-
out the simulation. Meanwhile, AB1 displayed showed limited bonding interactions and
AB2 exhibited extensive hydrogen bonding (Below, Right).

impairment in animals prior to treatment with ZPM.
CCH, also known as chronic cerebral ischemia, results
from sudden inadequate cerebral blood flow and is a
characteristic feature of global ischemic stroke [52]. The
permanent ligation of both common carotid arteries leads
to a sudden reduction in cerebral blood flow to 35-45%
in the cortex and hippocampus, with recovery beginning
approximately one week after surgery [53]. The persis-
tent reduction in blood flow caused by cerebral hypo-
perfusion has been shown to induce ischemic injury with
relatively mild damage to nervous tissue and less pro-
nounced motor dysfunction, yet it is associated with
significant cognitive impairments [27]. Following the
establishment of the CCH model, we subjected the ani-
mals to behavioral testing, beginning with the OFT to
assess motor dysfunction. The analysis of the rats’ move-
ments included several parameters: total locomotor ac-
tivity, total distance traveled, movement speed, time
spent in the center of the field, and the number of rearing
events. Total locomotor activity encompassed all ac-
tivities recorded during the test, while total distance
traveled, and movement speed provided information on
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the animal’s motion following ischemic injury or thera-
peutic intervention [54]. In a novel environment, rodents
typically exhibit increased caution, anxiety, and alertness
to unfamiliar surroundings, preferring the periphery of
the arena, a behavior known as thigmotaxis [55]. Thig-
motaxis has been validated as a measure of anxiety, as
it reflects the animal’s tendency to remain in what it
perceives as a “safer” area [54]. Additionally, the number
of rearing events, where the animal stands on its hind
legs, is an indicator of exploratory behavior and is often
used to assess anxiety in the OFT as well as other maze
tasks, such as the elevated plus maze [54, 55].
Previous studies have reported increased anxiety fol-
lowing CCH induction [56]. Contrary to these reports,
our data showed that CCH rats spent more time in the
center of the arena, suggesting an absence of anxiety.
This behavior may be attributed to a state of unawareness
or obliviousness to the environment. Moreover, explor-
atory behavior in rodents is heavily influenced by tactile
sensory factors, which can be altered following surgery,
leading to increased entries into the center area [57].
While there was a trend toward increased rearing in the
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CCH rats compared to controls, the difference was not
statistically significant. This discrepancy may be ex-
plained by factors such as the age of the animals, the
methods used to induce CCH, the routes of drug admin-
istration, and the duration of the OFT [47, 57, 58]. ZPM,
administered at doses of 1.0, 2.0, and 4.0 mg/kg, was
tested in CCH rats using the OFT. According to [59],
ZPM is rapidly absorbed, with its effects beginning
within 20 min of administration. Therefore, ZPM was
administered 30 min prior to the OFT to ensure maximal
drug efficacy during testing. Our data demonstrated that
ZPM at 4.0 mg/kg significantly reduced locomotor activ-
ity, total distance traveled, movement speed, time spent
in the center, and the number of rearing events in both
the center and periphery of the arena. Similar results
were observed at the 2.0 mg/kg dose, except for move-
ment speed. At 1.0 mg/kg, there were no significant dif-
ferences in total distance traveled, locomotor activity, or
speed. These findings are consistent with the known
sedative-hypnotic properties of ZPM, which are more
pronounced at higher doses [60]. As expected, the sig-
nificant decrease in activity observed at the 2.0 and 4.0
mg/kg doses is likely due to the sedative effects of the
drug. At the lower dose (1.0 mg/kg), the sedative effects
were less prominent, which may explain the absence of
significant changes in behavior. Importantly, these find-
ings support previous research suggesting that CCH
alone does not induce motor dysfunction [61]. Further-
more, ZPM’s sedative effects were not associated with
any alteration in the function of GABAARSs. Notably,
1.0 mg/kg ZPM administration did not affect the motor
function, anxiety, or exploratory behavior of CCH rats.

Since ischemic injury is known to cause significant
damage to the hippocampus, the MWM has become an
established method for assessing learning and memory
in models of ischemic injury [62, 63]. Previous studies
using the PBOCCA model have demonstrated that CCH
rats exhibit impaired spatial learning and memory, as
indicated by longer escape latencies and more dispersed
swimming patterns [64, 65]. Consistent with these find-
ings, our data also showed significant differences in the
performance of non-CCH and CCH rats during the train-
ing and probe trials. CCH rats exhibited an initial pattern
of swimming along the pool’s edge, accompanied by
weaving and circling, a behavior typically observed in
animals with hippocampal damage [66]. These observa-
tions confirm that CCH was successfully induced in our
model, resulting in cognitive impairment, and supporting
the use of this model for investigating the effects of ZPM.
During the MWM training sessions, CCH and non-CCH
rats showed similar performance on Day 1, with both
groups struggling to adapt to the task. However, by Day

2, non-CCH rats demonstrated significant improvement
in platform location recognition, a trend that continued
on Days 3 and 4. In the probe trial, non-CCH rats spent
significantly more time in the target quadrant compared
to CCH rats, indicating better memory and learning per-
formance. This pattern suggests that CCH induction
impaired spatial memory and learning in the rats.

We then assessed the effects of ZPM treatment at 1.0,
2.0, and 4.0 mg/kg on CCH rats in the MWM. On Days
3 and 4, CCH rats treated with 1.0 mg/kg ZPM demon-
strated significant improvements in memory and learn-
ing, as indicated by a reduced escape latency and en-
hanced ability to locate the hidden platform. However,
CCH rats treated with 2.0 and 4.0 mg/kg ZPM did not
show significant improvements, indicating a lack of
beneficial effects at these higher doses. The performance
of these rats was similar to that of the non-treated CCH
group. Notably, at the higher doses (2.0 and 4.0 mg/kg),
the rats exhibited signs of drowsiness, consistent with
the sedative properties of ZPM. In the probe trial, CCH
rats treated with 1.0 mg/kg ZPM spent significantly more
time in the target quadrant compared to untreated CCH
rats and those treated with 2.0 or 4.0 mg/kg ZPM. The
search patterns of the lower-dose ZPM group were more
focused on the target quadrant, whereas the higher-dose
groups exhibited scattered patterns, indicative of im-
paired spatial memory. These results suggest that ZPM
at 1.0 mg/kg has the potential to enhance spatial learning
and memory in CCH rats, whereas higher doses do not
provide additional benefits and may impair cognitive
function.

The paradoxical effects of ZPM in patients with brain
injuries, trauma, and neurological disorders have been
widely documented, with studies suggesting that these
effects stem from altered GABAAR subunit expression
and rearrangement [16-20, 67, 68]. In particular, the &
subunit has gained attention due to its upregulation in
schizophrenia, bipolar disorder, and major depression
[17] and its involvement in temporal lobe epilepsy [20].
Here, the findings of this study show a significant up-
regulation of the € subunit in the hippocampal CA1 and
CA3 regions of CCH rats compared to controls. The
upregulation of € subunits could play a crucial role in
modulating ligand-receptor interactions, potentially lead-
ing to altered GABAergic signaling and contributing to
the paradoxical effects of ZPM. As a PAM of GABAARs,
ZPM’s altered effects under pathological conditions may
be directly linked to changes in receptor subunit com-
position, particularly the & subunit, which has been as-
sociated with resistance to BZDs and altered inhibitory
neurotransmission [69]. A key factor in this resistance
is the fact that e-containing GABAARSs lack the y2 sub-
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unit, a critical site for BZD binding [25, 70]. This could
explain the loss of BZD sensitivity in hippocampal den-
tate granule cells following traumatic brain injury, as
observed by [19].

Further supporting this hypothesis, BZD-insensitive
GABAARs have been identified in the caudal nucleus
tractus solitarii, a brain region with high & subunit ex-
pression [71]. In line with this, electroencephalography
(EEG) studies revealed that, before ZPM administration,
patients exhibited low frequency, synchronized brain
activity, characteristic of non-REM sleep. However,
after ZPM administration, brain activity transitioned to
high-frequency, desynchronized patterns, resembling
hippocampal and cortical firing during wakefulness
[72, 73]. This shift aligns with the behavior of
g-containing GABAARSs, which, upon ZPM-induced
inhibitory postsynaptic currents (IPSCs), undergo deep
desensitization. As a result, the decrease in open chan-
nels leads to transient hyperexcitability [26], potentially
contributing to cortical arousal and improved cognitive
and motor performance observed in certain neurological
conditions. Additionally, studies in Xenopus oocytes
have demonstrated that a3 1€ receptors exhibit different
sensitivity to BZDs and anesthetics compared to a3p1
and a3B1y2 receptors, giving rise to distinct effects re-
lated to sedation, stress, emotional regulation, and pain
perception [74]. The regional specificity of & subunit
upregulation in CA1 and CA3 is particularly significant,
as these hippocampal regions are crucial for episodic
autobiographical memory, mental time travel, and au-
tonoetic consciousness, besides being implicated in
seizure susceptibility and neurodegeneration [11, 75].
Altogether, these findings reinforce the € subunit as a
key player in mediating the paradoxical effects of ZPM.

To further validate our findings, in silico simulations
were performed to explore the structural and functional
dynamics of the novel receptor-ligand interface. Homol-
ogy modelling was employed to generate the e-containing
receptor, which may introduce structural constraints
leading to distinct ligand-receptor interactions, poten-
tially contributing to the paradoxical effects observed.
In the y2 subunit, the residues y2Met57, y2Phe77,
v2Met130, and y2Thr142 have been identified as critical
contributors to the high-affinity binding of ZPM, with
v2Phe77 and y2Thr142 also playing a role in modulating
ZPM efficacy [50, 76—79]. In contrast, in the & subunit,
residues y2Met130 and y2Thr142 are conserved, while
v2Met57 and y2Phe77 are substituted with isoleucine.
Mutations in y2Phe77 have been shown to disrupt ZPM
binding [76, 80]. Our findings suggest that a1Phe99 may
compensate partially for y2Phe77 as it engages in
n-stacking interactions with ZPM’s imidazopyridine
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ring, similar to interactions mediated by y2Phe77 [2].
Nevertheless, 0.1Phe99 remains a crucial residue on its
own, as it plays a key role in positioning a1His101 and
alTyr159, two other crucial residues for BZD binding,
within the binding pocket [80, 81]. The absence of
v2Phe77 may compromise the structural integrity of the
BZD binding pocket, potentially leading to a decreased
affinity for ZPM, and also affect ZPM’s modulatory ac-
tivity [79].

Compared to the y subunit, sequence alignment reveals
low conservation of amino acids within Loop F of the ¢
subunit. However, its structural dynamicity suggests that
mutations in this region have minimal impact on BZD
binding, as its flexibility allows other residues to com-
pensate for the electrostatic environment of the binding
pocket [78, 80, 82]. Our docking study identifies eAsn235
and €Asn238 as potential contributors to ZPM binding,
with their polar amide side chains facilitating hydrogen
bonds and dipole-dipole interactions. This, in turn, en-
ables eGlu233—corresponding to yY2Glu189—to enhance
electrostatic binding, contributing to strong stabilizing
interactions with ZPM. While the flexibility of Loop F
has little impact on the binding affinity of BZD ligands,
it appears to influence their efficacy, affecting receptor
modulation by acting as a transducer to link ligand bind-
ing to channel opening [83, 84]. Particularly, mutations
spanning the entire region of yY2Glu182 to Arg197 impact
positive modulation, whereas only Trp183 mutation sig-
nificantly affects DMCM modulation [83]. Given that
residues in the whole loop are poorly conserved within
the € subunit, the g-containing receptor is expected to
exhibit distinct modulatory effects in response to PAMs
like ZPM.

Our docking study reveals that ZPM adopts a vertical
alignment within the binding pocket, which aligns with
findings from [85, 86], who first identified an allosteric
relationship between the binding sites of positive allo-
steric modulators (PAMs). The study also identifies key
residues in the al subunit involved in ligand binding,
largely corroborating previous reports [50, 77-79, 87].
Notably, alHis101 forms strong hydrogen bonds and a
salt bridge with ZPM, reinforcing its established role in
high-affinity binding [2, 78]. Similarly, alTyr159 par-
ticipated in m-alkyl interactions with ZPM, consistent
with prior findings [78, 80]. However, alThr162 and
alGly200, previously linked to ZPM selectivity, were
not implicated in our study. Instead, we identified
a1Phe99 and alSerl58, with alPhe99 potentially serv-
ing a role akin to y2Phe77. The low sequence identity
of al Loop C plays a critical role in ligand selectivity,
particularly through the residues alSer204, al1Thr206,
and alTyr209, which mediate differential binding af-
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finities [80, 87, 88]. Our findings support previous re-
ports, showing alSer204 forms a hydrogen bond with
ZPM. Mutational studies further indicate that a1 Ser204
affects ZPM affinity [80, 85, 87]. Meanwhile, a1 Tyr209
forms m-interactions with ZPM, with mutational studies
highlighting the importance of its aromatic ring for ZPM
binding [2, 78, 87, 89]. Residues al1Gly200, al1Val202,
and a1Ser204 have been implicated in ZPM’s a.1-subunit
selectivity, with a1 Val202 (unique to al) likely playing
a major role, as its mutation disrupts ZPM affinity
[2, 80, 90]. Substitutions in the a5 subunit, such as re-
placing Glu200 with glycine and Thr204 with serine,
enhance ZPM sensitivity, confirming these residues’ role
in al selectivity [77, 91]. However, al1Gly200 was not
detected in our study, likely due to its position beyond
the analysis threshold.

In parallel, extensive studies have characterized ZPM
binding at the benzodiazepine-binding site located at the
al+/y2— interface of affy GABAARs. Here, we briefly
summarize these findings to provide context and contrast
with the focus of the current study, which investigates
the al+/e— interface in receptors containing the € sub-
unit. Multiple investigations, including our previous
work [92], have identified a conserved set of residues
involved in ZPM binding at the a1+/y2— interface—most
notably alHis102, y2Phe77, and alPhel00. Structural
data from [2] further revealed that the pyridine methyl
group of ZPM is oriented toward a1His102, while the
imidazopyridine ring is positioned between alTyr210
and y2Phe77, facilitating n—n stacking interactions. Ad-
ditional contacts include y2Tyr58 interacting with the
acetamide group, alSer205 forming a hydrogen bond
with the ligand’s carbonyl group, and a1Thr207 engag-
ing in hydrogen bonding with the imidazole nitrogen.
Consistent with these observations, our recent unpub-
lished study of the a1+/y2— interface identified a comple-
mentary set of residues contributing to zolpidem binding,
including y2Met57, y2Phe77, y2Met130, alSer204,
al1Ser206, and alThr207, aligning well with previous
reports [50, 77, 78, 80]. These residues have been con-
sistently highlighted across structural and functional
studies, and despite some variation in proposed docking
poses, they underscore a conserved mechanism support-
ing zolpidem’s binding affinity and selectivity at the o1+/
v2— interface.

Molecular dynamics simulations revealed intriguing
insights into ZPM’s modulatory activity on g-containing
receptors, warranting further investigation. In the first
20 ns, the RMSD fluctuates significantly, suggesting an
equilibration phase with early structural adjustments.
Beyond 20 ns, it gradually increases and stabilizes
around 74.5 A. Minor fluctuations after 50 ns indicate

some conformational flexibility, possibly due to ligand-
induced rearrangements or receptor dynamics. This may
reflect ZPM’s ago-PAM effect by enhancing agonist
responsiveness while maintaining structural stability
[93]. Similarly, the Rg data show that the receptor un-
dergoes structural relaxation and compaction during the
first 50 ns, stabilizing around 51 A in a more compact
state with minor fluctuations. This is in line with the
“lock and pull” mechanism where the  subunit’s Loop
C rotates to “lock” onto the adjacent a— interface, trig-
gering an anti-clockwise rotation (“pull”) that strength-
ens B+/a— interfaces, stabilizing GABA binding [94-97].
The combined RMSD and Rg analyses suggest that the
system has reached equilibrium, supporting the reliabil-
ity of the simulation.

Meanwhile, our RMSF data reveal a significant peak
near residue 500, corresponding to the al subunit’s ex-
tracellular loop regions surrounding the AB1 binding
site. While certain loop movements are required to sta-
bilize binding, this significant fluctuation may result
from loop displacement following GABA detachment at
the ABI site. Hydrogen bond and minimum distance
analyses further indicate that GABA binding at AB1 was
unstable. Binding of ZPM and GABA at AB2, however,
were stable. Notably, ZPM exhibited a relatively low
degree of hydrogen bonding, which may promote a more
flexible receptor conformation that favors activation.
This aligns with [98] proposition that receptors with
fewer intramolecular constraints are more likely to spon-
taneously adopt an active conformation. Similar trends
have been observed in studies on phosphoinositide 3-ki-
nase (PI3K) inhibitors, where strong binding and high
hydrogen bond frequency are associated with receptor
inhibition, enabling full occupation of active sites in
dysregulated receptors for effective cancer treatment
[99].

Additionally, the preferential binding of GABA at AB2
site is consistent with findings by [100], who reported
that GABA exhibits a threefold higher affinity for the
AB2 site compared to AB1. These distinct binding af-
finities may arise from subtle conformational differ-
ences between the two sites, likely influenced by the
nature of their flanking subunits [100]. This is in agree-
ment of our homology modelling results, which suggest
that the poor sequence conservation of y2 Loop F may
influence the modulatory activity of PAMs. However, in
this case, we are investigating the unique € subunit,
which exhibits spontaneous channel activity. While both
GABA molecules are generally required for channel
activation—enhancing the opening probability by 60-
fold—studies have shown that channel opening can also
occur with only one GABA molecule bound in the pres-
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ence of a BZD agonist [100, 101]. The Monod-Wyman-
Changeux (MWC) allosteric co-agonist mechanism
describes how GABA-activated currents are modulated
in both wild-type and spontancously active GABAARs
[101]. It also accounts for the increased frequency of
channel opening in singly bound GABAARSs and the
direct activation of spontaneously active GABAARs by
BZD agonists, a phenomenon not observed in wild-type
synaptic receptors [101]. That said, despite the stable
binding of only one GABA molecule in the ZPM com-
plex, ZPM may still activate the a12¢ receptor through
its positive modulatory effect, inviting further explora-
tion on this topic.

The central question remains: how can ZPM, a com-
pound originally developed as a sedative-hypnotic agent,
exert paradoxical effects such as promoting arousal and
improving learning and memory deficits? We speculate
that these effects arise from injury-induced disruptions
in the balance between excitatory and inhibitory neuro-
transmission. In this context, ZPM may help restore
homeostasis by selectively enhancing GABAergic inhi-
bition within hyperexcitable neural circuits, thereby
facilitating the reactivation of cognitive functions. A
similar mechanism has been discussed by previous stud-
ies [4, 102], which suggest that the restoration of in-
hibitory GABAergic signaling within specific neurocir-
cuits (mesocortical) is associated with the paradoxical
effects of zolpidem. This phenomenon is likely attribut-
able to altered expression patterns of GABAAR subunits
following injury, resulting in the emergence of novel
receptor subtypes—such as g-containing GABAARs—
that harbor binding sites for ZPM and constitute the
primary focus of the present study. In our previous work
using the Xenopus laevis oocyte expression system [23],
we investigated o133 GABAARSs and identified distinct
receptor populations with differential GABA sensitivity,
spontaneous activity, and Zn?*-mediated inhibition.
These findings indicate that the € subunit contributes to
unique receptor assembly configurations and pharmaco-
logical profiles. Therefore, a comprehensive analysis of
ZPM binding across different e-containing GABAAR
populations is essential to elucidate its paradoxical
cognitive-enhancing effects.

Given our demonstration of € subunit expression in
the CA1l and CA3 regions of the hippocampus—areas
known to be critically involved in memory formation—
it remains an open question whether e-containing GA-
BAARs contribute significantly to cognitive processes.
Another factor to consider is our recent finding that in-
duction of status epilepticus in rat models leads to altered
expression of ion transporters [103]. These transporters
are essential for maintaining ionic homeostasis, particu-
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larly of C17, which is critical for GABAergic signalling.
This raises the question of whether the combined effects
of altered ion transporter and GABAAR expression as
well as alternative site for ZPM binding could contribute
to cognitive improvement following brain injury. Ad-
ditionally, it is possible that the resulting GABAARs
contain multiple binding sites for ZPM, which may un-
derlie a dose-dependent pharmacological response, as
different receptor subtypes may be differentially acti-
vated. While preliminary findings are encouraging, the
therapeutic use of ZPM for cognitive rehabilitation re-
mains investigational. However, findings from this study
suggest that low concentration of ZPM hold particular
promise for therapeutic applications. Our data indicate
that the neuropharmacological effects of ZPM are more
distinct and pronounced at lower dose. This implies that
low-dose administration may preferentially target spe-
cific receptor subpopulations, thereby eliciting the de-
sired therapeutic effects without inducing widespread
GABAergic inhibition typically associated with higher
concentrations. Further research is necessary to delineate
its receptor-specific targets, characterize the molecular
mechanisms underlying its paradoxical effects, and
evaluate its safety and efficacy in clinical studies before
it can be considered a viable treatment strategy.

Conclusion

Our findings highlight the critical role of e-containing
GABAARs in mediating ZPM’s paradoxical effects in
brain injury. In a CCH rat model, ZPM exhibited dose-
dependent effects on cognition: 1.0 mg/kg improved
spatial learning and memory, while higher doses caused
sedation and cognitive impairment. Immunohistochem-
istry showed upregulation of the € subunit in hippocam-
pal CA1l and CA3 regions, suggesting subunit composi-
tion changes may influence ZPM’s effects. Molecular
docking identified the al+/¢— interface as a stable ZPM
binding site, with key residues conserved or substituted.
Molecular dynamics simulations confirmed ZPM’s PAM-
like behavior. The findings indicate ZPM may activate
GABAARs in a singly bound state. This study under-
scores the al+/e— interface as a promising target for
ZPM’s effects, while calling for further research to ex-
plore e-containing receptor subtypes and their potential
in brain trauma therapy.
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