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Abstract

Glutamatergic chemical synapses mediate excitatory neurotransmission by the ion flow through a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA)-type glutamate receptors in the central nervous system (CNS). AMPA receptor-mediated
synaptic transmission abnormalities may play a role in neurologic and neurodegenerative diseases, and compounds that can
modulate AMPA receptor (AMPAR) signaling have been studied for decades as possible therapies for Alzheimer’s disease,
Parkinson’s disease, depression, and epilepsy. Here, we aimed to determine the modulating effect of allosteric regulators
on AMPA receptors by comparing their actions on AMPA-evoked currents, desensitization, and deactivation rate in human
embryonic kidney cells (HEK293T) recombinant AMPAR subunits. In this study, patch-clamp electrophysiology was per-
formed to examine how the AMPA subunit responded to benzodioxole (BDZ) derivatives. Our results showed that the BDZ
derivatives affected AMPARSs as negative modulators, particularly BDZs (8, 9, and 15), where they increased the desensiti-
zation rate and delayed the deactivation process. The BDZ compounds were utilized in this study as AMPA modulators to
investigate fundamental and clinical AMPA receptor processes. We test BDZs as negative allosteric AMPAR modulators
to reestablish glutamatergic synaptic transmission. These efforts have resulted in important molecules with neuroprotective
properties on AMPA receptors.
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Introduction

For a long time, benzodioxole (BDZ) derivatives have been
the subject of numerous studies since they have a variety of
biological activities like anticancer, antimicrobial, antioxi-
dants, antiinflammatory, and antidepressants [1], [2] [3-6].
Benzodioxole has had a significant effect in the creation of
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antiepileptic pharmaceuticals since it seems to promise the
manufacture of efficient antiepileptic medications due to
its role in protecting epileptic convulsions by avoiding the
constantly repetitive firing of a neuron [7, 8]. Epilepsy is a
severe brain disease that could happen for various reasons,
one of which is the pathological alterations in brain net-
work signaling due to changes in synaptic plasticity medi-
ated by a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor (AMPAR) trafficking [9]. Accordingly, the
importance of studying the effect of benzodioxole deriva-
tives on the biophysical properties of AMPARs has been a
significant focus of researchers. Rapid synaptic transmis-
sion in the central nervous system (CNS) is achieved by
ionotropic glutamate receptors such as AMPA receptors
[10],AMPARSs contribute to functions in neuronal com-
munication that determine learning and memory forma-
tion [11]. Overactivation of AMPA receptors (AMPARs) is
involved in many neurodegenerative diseases such as Alzhei-
mer’s disease, Parkinson’s disease, epilepsy, and strokes [9,
12-14]. As a result, investigating benzodioxole derivatives
would pave the way to the possibility of developing drugs to
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treat neurodegenerative diseases, where it would modulate
AMPARS’ function by controlling their biophysical gating
properties.

AMPA receptors are tetramers containing different com-
binations of four pore-forming homomeric or heteromeric
subunits, which are as follows: GluA1, GluA2, GluA3, and
GluA4 [15, 16]. Each GluA subunit consists of a large extra-
cellular amino-terminal domain (ATD), three transmem-
brane domains (M1, M3, and M4), one reentrant loop (M2),
a carboxyl-terminal domain (CTD), and a ligand-binding
domain (LBD) consisting of two lobes (S1 and S2) where
the neurotransmitter glutamate binds [17-20].

AMPARs are primed for activation by presynaptically
released glutamate [21],their rapid kinetics specializes
them in transmitting signals from the presynaptic neuron
to the postsynaptic neuron [16, 22], and a very fast depo-
larization of the postsynaptic membrane is ensured by the
influx of Na* ions with K* efflux [23]. Several studies have
been conducted to clarify the biophysical gating proper-
ties (i.e., desensitization and deactivation parameters) of
AMPA receptors [24, 25]. As a neuroprotective mechanism,
AMPAR desensitization modulates synaptic responses by
keeping the channel partially open, while glutamate remains
bound to the receptor on a sub-millisecond time scale (t des)
[9, 47]. On the other hand, AMPAR deactivation is assessed
when the receptor is unattached to glutamate (t deact) [26].
Understanding both parameters (i.e., deactivation and desen-
sitization) helped us determine the time of synaptic events,
which paves the way for new regulatory mechanisms of
AMPARSs [27] and developing AMPAR modulators to tar-
get these processes selectively. Controlling AMPAR activity
using different competitive and non-competitive inhibitors
would be a promising treatment for the pre-mentioned neu-
rological diseases related to AMPARs. The ligand-binding
domain can display different conformations based on inter-
action with other antagonists [28]. Several competitive
antagonists of AMPARSs have been synthesized, such as the
quinoxalinedione derivatives 6-cyano-7-nitroquinoxaline2,3-
dione (CNQX and the 6,7-dinitroquinoxaline-2,3-dione
(DNQX,they were the first competitive antagonists of
AMPARSs [29] that stopped by clinical trials due to the lack
of selectivity. As a result, many studies shift the need for
non-competitive inhibitors to bind AMPA receptors allos-
terically and affect them [30], such as perampanel, which is
the first highly selective non-competitive AMPA receptor
antagonist to be approved for clinical use to treat epilepsy as
a non-competitive AMPA receptor antagonist. Perampanel
inhibited synaptic responses mediated by AMPA receptors
but not by NMDA or kainate receptors [31, 32]. However, it
was used in limited doses and had many side effects. Also,
a promising non-competitive compound (i.e., 2,3-benzo-
diazepine) prepared in our lab had an inhibitory effect on
AMPARSs [33].

In this investigation, we looked into the previously
synthesized 15 benzodioxole derivatives by our team
(shown in Scheme 1 and Fig. 1) (Hawash, Eid, et al., 2020;
Hawash, [34] that were divided into two groups: benzo-
dioxole aryl acetate (BDZ-1-7) and benzodioxole aryl
acetic acid (BDZ-8-15). Both BDZ groups have similar
structures, but the ester group (COOR) is found in the first
group, while the aryl acetic acid group (COOH) is located
in the second. As a result, they would have different effects
on AMPA receptors. Because the COOH group is ioniz-
able whereas the ester group is not, it is more reactive
than the COOR group and may form electrostatic interac-
tions with biological targets. Electrostatic interactions are
essential in chemical binding to AMPA receptors because
they may contribute to lobe 2 rigidity and more efficiently
transmit agonist-binding energy to the ion channel linker.
Peptide flip Asp residues and Lys 660 may encourage the
rotation of the D655-S657 peptide bond and create two
cross cleft H bonds, allowing for a more effective trans-
fer of energy agonist-induced conformational changes to
channel opening. [35].

This research examined how our benzodioxole derivatives
affected the biophysical gating properties of AMPARs and
the inhibitory effect using the patch-clamp electrophysiol-
ogy technique. According to the available information on
the structure—activity relationships (SARs) [3], we decided
to study the benzodioxole effect by adding an electron-
withdrawing group (i.e., a chlorine atom, bromine atom, and
iodine atom) at the C-3 position vs. C-2 position or C-4 posi-
tion of the phenyl ring (ortho-, meta-, and para-positions).
The crystal structures of AMPAR do not give a comprehen-
sive atomistic view of individual protein—ligand interactions
or even an accurate orientation of the ligands at the binding
pocket. Although the mechanics of non-competitive inhibi-
tion are not fully understood, inhibitors are considered to
function by acting as “wedges” between the receptor’s trans-
membrane segments to disrupt gating motions required for
channel opening. Because of the flexibility of the TMD-LBD
linkers and pre-M1 helix, the binding pocket may adjust to
promote the binding of different ligands in different orien-
tations, indicating that an induced-fit process most likely
performs binding of diverse ligands. In gating, these link-
ers undergo significant conformational changes, and their
interaction with inhibitors implies that the inhibitors may
maintain them in a closed state [36]. The study of these
compounds aimed to answer the following questions: What
is the significance of adding an electron-withdrawing group
(i.e., a chlorine atom, bromine atom, and iodine atom) at
the C-3 position vs. C-2 position/ or C-4 position of the
phenyl ring? Would the ester group have the same effect
as carboxylic acid? Answering these questions will help us
evaluate their effect on the biophysical gating properties of
the homomeric and heteromeric AMPA receptor subunits
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Scheme 1 The reaction steps: (a) methanol and oxalyl chloride; (b) DCM, P,Os, and benzoic acid derivatives; and (c) MeOH/THF/H,O and

NaOH reflux

and guarantee better compounds and drugs to be synthesized
to treat neurological diseases.

Methods
Chemicals and Reagents

Chemicals utilized in this study were purchased from
Aldrich Chemical Company and were used as received:
3,4-(methylenedioxy)phenylacetic acid, acetic acid, oxa-
lyl chloride, sodium bicarbonate, 2-chlorobenzoic acid,
3-chlorobenzoic acid, benzoic acid, 2,3-chlorobenzoic acid,
2-iodobenzoic acid, 3-iodobenzoic acid, 2-bromobenzoic
acid, 3-bromobenzoic acid, phosphorus pentoxide, sodium
hydroxide (NaOH), magnesium sulfate, hydrazine hydrate,
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methanol, ethanol, n-hexane, ethyl acetate, tetrahydrofuran
(THF), and dichloromethane (DCM).

Preparation of the Benzodioxole Derivatives

The benzodioxole aryl acetate derivatives (BDZ-1-7) and
acetic acid derivatives (BDZ-8-15) are synthesized as out-
lined in Scheme 1. The 3,4-(methylenedioxy)phenylacetic
acid (1) (4.00 g, 22.20 mmol) was dissolved in 40 ml of
methanol. After cooling in an ice bath at 0 °C, oxalyl chlo-
ride (2 ml, 23.4 mmol) was added dropwise to the reac-
tion mixture, which was agitated for 30 min. The reaction
mixture was evaporated to dryness under reduced pressure.
After dissolving the dried residue in ethyl acetate, it was
washed with saturated sodium bicarbonate (NaHCO;) and
distilled water. The organic layer was separated and dried
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Fig. 1 Chemical structures of
benzodioxole derivatives (BDZ-
1-15)
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using a drying agent of sodium sulfate. It was then filtered
and evaporated using a rota evaporator; the dried residue was
purified by silica gel column chromatography using a 50:50
n-hexane: ethyl acetate mobile system, yielding compound
(2), yellow oil with a 95% yield [33, 37].

To a stirred solution of dichloromethane (20 ml) and
intermediate compound (2) (333.0 mg, 1.71 mmol), ben-
zoic acid derivatives (350.0 mg, 2.22 mmol) and phosphorus
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H Br H cl
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BDZ-12
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pentoxide (3.00 g) were added. Then, the mixture was agi-
tated at room temperature for 16-20 h before being gently
added to distilled water (30 ml) and extracted with ethyl
acetate (2 x40 ml). After separating the organic layer, it was
treated with 1 M NaOH (30 ml), saturated sodium chloride
(30 ml), and distilled water (2 x40 ml). The organic layer
was dried using sodium sulfate as the drying agent, filtered,
and evaporated under reduced pressure, and then purified
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using silica gel column chromatography (n-hexane: ethyl
acetate solvent system), yielding compounds (BDZ-1-7)
with 60-96% yield (Jaradat, Nidal; Hawash, Mohammed;
Abualhasan, 2020).

The benzodioxole aryl acetate derivatives (BDZ-1-7)
(150.0 mg, 0.45 mmol) were dissolved in methanol/H,0/
THF (11/11/11 ml), followed by the addition of NaOH
(180.30 mg, 4.5 mmol). The solution was heated in an oil
bath for 3 h and then cooled to room temperature. After
the solution was evaporated, the residue was acidified by
adding HC1 2 N dropwise (pH =2). The precipitate was fil-
tered and concentrated under a vacuum to obtain BDZ-8-15
with an 84-95% yield (Jaradat, Nidal; Hawash, Mohammed,
Abualhasan, 2020). HRMS, IR, 1H-NMR, and 13C-NMR
were used to characterize all evaluated compounds, and their
spectrum data were recorded accordingly (Hawash, [34]).

Electrophysiological Recordings

The AMPA receptors used in our study were in the flip
isoform. S.F. Heinemann (Salk Institute, La Jolla, CA)
initially provided the templates of GluA1-3 (Q-form/flip).
Wild-type AMPARs DNA was inserted into the pRKS5
plasmid for expression in human embryonic kidney cells
(HEK?293) modified to produce a green fluorescent protein
(pEGFP; Clontech, Palo Alto, CA) via a downstream inter-
nal ribosome entry site. The ratio of cotransfection was 1:9
(pEGFP-C1: GluA subunit). We used jetPRIME (Polyplus:
New York, NY) to transfect HEK293T cells with the plas-
mid DNA transiently. JetPRIME (Polyplus: New York, NY)
or Lipofectamine 2000 (Invitrogen; San Diego, CA) was uti-
lized as transfection reagents. In 12-well plates, cells were
cultured for 36 h following transfection. As explained in
our previous work, the coverslips were then replated with
laminin (1 mg/ml; Sigma, Germany) for electrophysiologi-
cal recordings (Qneibi, Hamed, Fares, et al., 2019; Qneibi,
Hamed, Natsheh, et al., 2019). Integrated patch clamp ampli-
fiers with data acquisition system (IPA, Sutter Instruments,
Novato, CA) and a rapid solution exchange system with a
two-barrel theta glass pipette controlled by a piezoelectric
translator were used to record whole-cell (patch-clamp) cur-
rent recordings (Automate Scientific, Berkeley, CA). One
barrel held the external solution (wash solution), which
included 150 mM NaCl, 2.8 mM KCl, 0.5 mM MgCl,, 2 mM
CaCl,, and 10 mM HEPES, and was adjusted to pH 7.4 with
NaOH, while the chemical compound solution was in the
other barrel; it was prepared by adding 100 mM of dimethyl-
sulfoxide (DMSO) and washed solution to the benzodiox-
ole derivatives to yield final concentrations of 0.2-200 pM
with added glutamate (10 mM, unless otherwise noted).
The pipette solution contained 110 mM CsF, 30 mM CsCl,
4 mM NaCl, 0.5 mM CaCl,, 10 mM EGTA, and 10 mM
HEPES and adjusted to pH 7.2 with CsOH. Patch electrodes
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were made from borosilicate glass with a resistance of 2—4
MQ. Typical 10-90% rise times were 200-300 us, meas-
ured from junction potentials at the patch pipette’s open tip
after recordings. AMPAR-current deactivation (t,, deact)
and desensitization (t,, des) were obtained after applying
10 mM of agonist (glutamate) for 500 ms for desensitization
and 1 ms for deactivation, and the weighted tau (t,,) was
calculated as t,,=(tf X af) + (ts X as), where af and as are the
relative amplitudes of the fast (tf) and slow (ts) exponential
component. Those measurements were taken after fitting the
desensitization and deactivation currents with two exponen-
tials fitting the current decay starting from 95% of the peak
to the baseline current. All experiments were repeated in
different cells obtained from at least 4—6 independent trans-
fections (separated in time) at —60 mV potential, pH 7.4,
and room temperature (20-23 °C). Igor Pro7 (Wave Metrics,
Inc.) was used for our data analysis. The total number of
recorded whole-cell recordings and the detailed data analysis
are provided in the supporting material.

Statistical Analysis

One-way analysis of variance (ANOVA) was utilized to
compare the examined parameters. The data were presented
as mean =+ standard error of the mean. p values < 0.05 were
regarded statistically significant, *p <0.05; **p <0.01;
**%p <0.001; ns, not significant. GraphPad Prism statistical
software was used for the statistical analysis. The n number
reflected the total number of cells evaluated by each BDZ
compound (n=8-10); the number of cells was calculated
depending on how each chemical impacted the cells’ health.
The average inhibition by each substance on the studied cells
was determined to increase the specificity of the findings.

Results

Subjecting AMPA Receptors to the BDZ Compounds
Reduced AMPA Receptor Currents with Low
Micromolar Concentrations

Whole-cell patch-clamp techniques were used to examine
the inhibitory effects of our 15 BDZ compounds on homo-
meric and heteromeric AMPA-type receptors (GluAl,
GluA1/2, GluA2, and GluA2/3) in transfected HEK293T
cells under different BDZ solutions. At 10 mM glutamate
concentration and a 500 ms protocol, approximately 95%
of the AMPA receptors channels were open. A stands
for normalized current readings, while A; indicates the
inhibited current following BDZ compound exposure,
as BDZ compounds affect AMPA receptors by reducing
the current of AMPA-type subunits, as shown in Fig. 2.
As the concentration increases, BDZs continue to block
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AMPA receptors, as illustrated in Fig. S1, until a plateau
is established at a concentration of 16 pM. Our previous
experience with BDZ compounds led us to choose this
concentration range [33]. BDZ-15 was shown to be the
most effective inhibitor of homomeric and heteromeric
AMPA receptor subunits since it reduced the cell currents
by ninefold. On the other hand, BDZ-8 and BDZ-9 were
potent in inhibiting AMPA receptors by sevenfold and
eightfold, respectively. While BDZ-2, 3, and 4 decreased
AMPA receptor cell currents, they were insufficient to be
considered AMPA receptor inhibitors. Our results also
showed that increasing glutamate concentrations in all
AMPAR-type subunits did not change current amplitudes
(Fig. S2), and glutamate concentration effects plateaued at

2 uM onwards, suggesting that BDZ compounds function
as non-competitive inhibitors.

Moreover, the ICs, calculations for the 15 BDZ com-
pounds (Table S16), calculated using the GraphPad Prism
software to confirm the BDZs effectiveness in modulating
AMPA receptors, supported the results presented. BDZ-15
suppressed GluA2, GluAl, GluA1/2, and GluA2/3 at low
micromolar concentrations (3.73 uM, 4.15 uM, 3.93 uM,
and 4.02 pM, respectively), and BDZ-15 revealed the most
substantial inhibitory influence on AMPA receptor currents.
The ICy, for GIuA2 was estimated to be 3.19 uM when
BDZ-9 was used and 4.11 uM when BDZ-8 was used, as
shown in the dose—response curve (Fig. 3). The IC, values
for all BDZs are included in Table S16.
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BDZ Compounds Act as Negative Modulators
of AMPA Receptor Desensitization and Deactivation
in HEK293T Cells

Following the BDZ compound’s inhibitory effect, we aimed
to test their potential as drugs by assessing their impact
on the biophysical gating properties of AMPA receptors,
as AMPA receptor activation is heavily dependent on the
desensitization and deactivation processes. Glutamate
exposure for 500 ms causes AMPARs in HEK293T cells
to desensitize, and our data reveal that BDZ-8, BDZ-9, and
BDZ-15 had the most influence on the GluA1 receptor as the
(t,, des) values post-BDZ rinse decreased by about threefold.
Moreover, BDZ-8, BDZ-9, and BDZ-15 reduced GluA1/2
(t,, des) levels by approximately twofold in HEK293T cells.
There was an approximately threefold drop-in (t,, des) for
GluA2 and GluA2/3 after rinsing with BDZ-8 and BDZ-9,
whereas BDZ-15 reduced (t,, des) for GluA2 and GluA2/3
by fivefold (Fig. 4). The results showed that BDZ-8, BDZ-9,
and BDZ-15 had the most significant influence on desensiti-
zation for all AMPA receptor subunits, owing to that to the
LBD rearrangements that allow the base of the D2 lobes to
take positions comparable to those of the inactivated state,
reducing the stress produced by the M3-S2 linkers on the
M3 helix induced by glutamate binding. On the other hand,
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BDZ-8, BDZ-9, and BDZ-15 significantly impacted AMPA
receptor deactivation by increasing (t,, deact) by approxi-
mately fourfold and fivefold for all AMPA receptor subunits
(Fig. 5). In general, we found that the BDZ compounds had
a significant effect on the desensitization and deactivation
mechanisms of AMPA receptors.

Discussion

Our study seeks to get further insight into the AMPAR bio-
physical gating and negative allosteric modulator processes
by studying the effect of BDZ drugs on diverse homo-
meric and heteromeric subunit configurations of AMPARs.
Because AMPARSs play an essential role in neuronal devel-
opment and the progression of neurodegenerative disor-
ders, we wanted to test whether the BDZ derivatives might
effectively reduce and relieve AMPAR overactivation and
excitotoxicity.

Receptor functions can vary depending on how the
AMPAR subunits are assembled into homomeric or het-
eromeric tetramers. Most central nervous system AMPARs
form heteromers with GluA2; for example, in the forebrain,
including the hippocampus and cerebral neocortex, the
primarily expressed subunits are GluA1 and GluA2, with
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low levels of GluA3 and GluA4 [38]. Mammalian AMPAR
function is controlled mainly by the GluA2 subunit. Aside
from the kinetics, single-channel conductance, and Ca?t
permeability, this subunit is the most tightly regulated of
the glutamate receptor subunits, with specific regulatory
processes at the level of gene expression and RNA edit-
ing receptor assembly and trafficking. GluA1 is the second
most abundant subunit occupying the A/C positions of the
LBD, and it is often present in matured neurons. As a result,
neurons that lack or have a reduced number of GluA2 and

GluAl subunits display severe effects, such as increased
Ca®" concentrations and the development of diseases. The
other primary heteromer in principal cortical cells has been
speculated to be GluA2/3. GluA3 occurs less often in co-
assembly with the GluA2 subunit, but they play an essential
role in AMPAR trafficking [39, 40].

Receptor deactivation or desensitization occurs after
AMPA receptor activation, depending on the nature of the
ligand unbinding or channel closure. Rapid desensitization
of AMPA receptors occurs on a millisecond time scale. The
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Fig.5 BDZ compounds affect
AMPAR deactivation weighted
time constants (t,, deact) in
whole-cell patched HEK293T
expressing AMPAR subunits
(a, ¢, e, and g). Deactiva-

tion time constants fluctuate
when glutamate (Glu) alone

or Glu+BDZ compounds are
applied to distinct AMPAR-type
subunits. b, d, f, and h show
how the traces were affected

a 127 GluA1

by BDZ-8, BDZ-9, and BDZ- C 1247 GluA1/2
15 compounds that had the e
best effect on AMPA receptor g
subunits. One-way analysis of :g
variance (ANOVA) was used <
for comparison: *p <0.05; "5;
**p <0.01; ¥**p <0.001; ns, e
not significant. The number of
tested cells for each BDZ com-
pound (n=_8-10). All values are
presented as mean + SEM
e
m
E
S
<
-1}
b=
=
e

129 GIluA2/3

1, deact (ms) @

postsynaptic response frequency is also influenced by how
the AMPA receptors recover from desensitization. AMPA
receptor desensitization is a direct result of the tetrameric
receptor complex’s conformational state, and it is mediated
by intersubunit rearrangements that disconnect the action of
the S1-S2 ligand-binding core closure from the ion chan-
nel gate closure [41]. We found that BDZ compounds make
AMPA receptors less sensitive to glutamate by decreasing
their deactivation and increasing their return to the unbound
state. We hypothesize that BDZs have a negative allosteric
effect, reducing glutamatergic receptor synaptic efficacy,
where they act as a non-competitive and selective AMPA
receptor antagonist. A previous study on AMPA receptor
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allosteric modulation discovered that hetero-oligomerization
of recombinant AMPA receptors with the GluA2 subunit
increased modulator potency, suggesting that GluA2 has
unique pharmacological activities in addition to unique per-
meability qualities [42].

Neuronal trauma, ischemia, and other related diseases
benefit from AMPA receptor non-competitive inhibitors.
The open or closed state of the receptor complex does not
affect the inhibition of AMPA receptors, which is mainly
voltage-independent. By not competing directly with endog-
enous neurotransmitters, negative allosteric regulation of
the AMPA receptor can adjust the excitatory neural field
frequency and amplitude regardless of the concentration of
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neurotransmitters or the polarization state of the synaptic
membrane [43].

The mechanism of gating on AMPA receptors can be bet-
ter understood by understanding how BDZ compounds act
by attaching to an allosteric site and negatively modulat-
ing AMPA receptors. Glutamate hyperactivity-related ill-
nesses might benefit from the negative allosteric effects of
BDZ compounds that bind beyond the orthostatic binding
site and block the receptor through non-competitive mecha-
nisms. Negative allosteric modulation of AMPARs is helpful
in the treatment of neurologic illnesses connected to gluta-
matergic hyperfunction; this includes 2,3-benzodiazepines,
quinazolinones, and pyridines [44—47].

The benzodioxole moiety is considered a suitable group
to bind the allosteric sites of AMPA receptors. The oxygen
atoms in benzene as methoxy groups or as ether in benzodi-
oxole have crucial work in the possible binding interaction
with the allosteric binding site [48]. However, many struc-
tures with a benzodioxole moiety showed potent activities
on AMPA receptors, which makes this group promising
for these biological targets [49], as well as the presence of
halogens as Cl atom was considered an important group to
improve the biological activity on AMPA receptors [33].

The BDZs structures comprise the key pharmacophore
groups (carbonyl, heteroatoms, and halogenated aromatic or
heterocyclic ring) that may participate in the stated binding
interactions, such as hydrogen, hydrophobic, and n-w interac-
tions with the AMPA receptor amino acids [33, 50]. Further-
more, the carbonyl functional group and/or heteroatoms such
as oxygen, as well as aromatic or heterocyclic rings, may
generate hydrogen bonds and hence produce hydrophobic
interactions [50].

The presence of halogen atoms such as CI or Br was ben-
eficial for AMPA receptor inhibitory activities [33, 51]. It
was clear that compounds containing CI atom are better than
compounds containing Br or I atoms [51], and this is due to
the stronger electron-withdrawing effects of CI atom than the
other atoms (H, Br, or I), which can improve the n-x binding
interactions, as seen in BDZ-15, which has two Cl atoms,
which make the phenyl ring more electron deficient than the
other compounds.

Previously, our research focused on the impact of core
heterocyclic structures on AMPA receptors, such as ben-
zodiazepine or curcumin moieties [33, 52]. According to
a literature review, almost no previous study has evaluated
molecules, including carboxylic acid derivatives, on the
molecular level of the heteromeric and homomeric AMPAR.
As a consequence of these findings, our research into these
sorts of chemical structures has grown more intriguing.

The carboxylic acid in BDZ-8-15 has a higher degree
of reactivity than the ester group in (BDZ-1-7), which
may indicate a possible ionic interaction between the car-
boxylic acid and several amino acid residues that line the

binding pocket and are likely to contribute to non-compet-
itive inhibitor binding, as demonstrated by our results. The
amino acids that may bind the compounds can be found
in the receptor’s pre-M1, M3, M4, and S2-M4 linkers,
between the TMD and LBD [36]. One of the most potent
inhibitors of both homomeric and heteromeric AMPAR
subunits was the BDZ-15 derivative, which contained two
Cl-atoms (in ortho and para positions) and was ninefold
more effective than the other compounds. Higher effective-
ness against AMPAR is thus linked to increased electron-
withdrawal ability. The reduced activity of other BDZ
derivatives may be due to the size constraint, despite their
great electron-withdrawal capabilities (bromine has a big-
ger atomic radius than chlorine).

Conclusions

To better understand the biophysical gating features of
AMPA receptors and the efficacy of potential excitotoxic
therapies, 15 BDZ compounds were used in experiments.
Allosteric modulators like BDZ-8, BDZ-9, and BDZ-15,
which function as negative allosteric modulators (NAMs),
significantly impact AMPAR deactivation and desensitiza-
tion rates. It was found that amplitude inhibition was not
dependent on glutamate levels to support the non-com-
petitive nature of the BDZ compounds. Moreover, GluA2
was the most affected subunit by all the tested BDZs. In
disorders associated with glutamate hyperactivity, NAMs
of AMPA receptors are a great therapeutic promise. For
the future design of NAMs, this study gives a further
molecular understanding of how NAM:s interact with the
AMPA receptor.
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