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Abstract: Some signaling processes mediated by G protein-coupled receptors (GPCRs) are modulated
by membrane potential. In recent years, increasing evidence that GPCRs are intrinsically voltage-
dependent has accumulated. A recent publication challenged the view that voltage sensors are
embedded in muscarinic receptors. Herein, we briefly discuss the evidence that supports the notion
that GPCRs themselves are voltage-sensitive proteins and an alternative mechanism that suggests
that voltage-gated sodium channels are the voltage-sensing molecules involved in such processes.
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1. Introduction

G protein-coupled receptors (GPCRs) are the largest family of membrane proteins
in the human body. Owing to their role in many cellular signaling processes and their
pharmacological implications, they have been the focus of extensive research over the past
few decades [1]. At present, the functions of these receptors—as well as the mechanisms of
their activation and downstream signaling—are quite well understood at the molecular
and, to some extent, structural levels. The activation of GPCRs usually starts with the
binding of an extracellular agonist to a specific binding site on the receptor. This process
stabilizes the receptor in its active conformation and allows it to activate its cognate G
protein, as well as G protein-independent signaling pathways, such as signaling through β

arrestin [2,3], which, in turn, triggers a variety of signaling processes within the cell.
Membrane potential is an important regulator of many cellular processes in various

tissues and cell types. These processes include not only the excitability of neuronal cells,
but also developmental processes such as cell migration, orientation, regeneration, and
proliferation [4]. GPCRs are known to modulate membrane potential by activating ion
channels. However, whether membrane potential can modulate GPCRs has not yet been
considered. As we discuss below, several lines of evidence, both physiological and bio-
chemical, have led to the notion that membrane potential is a novel regulatory modality
of GPCRs.

2. Voltage Dependence of Muscarinic Receptors

The voltage dependence of GPCR-mediated signaling processes has been demon-
strated in several systems. In a study, the binding of labeled acetylcholine (ACh) to
muscarinic receptors in rat brain synaptosomes or synaptoneurosomes, as well as the
interaction of muscarinic receptors with other proteins, was shown to be strong at resting
potential and decrease when the membrane was depolarized by increasing KCl concen-
tration [5–8]. In other studies, it was demonstrated that the ACh-induced Ca2+ response,
mediated by muscarinic receptors in mouse pancreatic acinar cells, is sensitive to membrane
potential [9,10]. Lastly, in another study, it was shown that M2R inhibits ACh release in a
voltage-dependent manner [11].

The studies mentioned above were all conducted in a physiological setting, and there-
fore, the exact mechanism of voltage dependence could not be attributed to the GPCR
itself. Consequently, heterologous expression systems were utilized in order to elucidate
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the molecular basis for these voltage-dependent processes. The M2 muscarinic receptor
(M2R), which mediates several of the aforementioned voltage-dependent processes, is
a suitable candidate for such a study. To this end, the M2R was expressed in Xenopus
oocytes, a well-established expression system for GPCRs and ion channels, together with
the inward-rectifying G protein-activated potassium (GIRK) channel. In this functional
system, M2R-activated GIRK currents were used as a measure of receptor activation. Elec-
trophysiological measurements from these oocytes revealed that the apparent affinity of
ACh and oxotremorine toward the M2R was modulated by membrane potential, as it was
determined to be decreased upon depolarization (Figure 1A). Experiments involving the
use of overexpressed βγ subunits and the non-hydrolyzable GTP analog (GTPγS) showed
that this voltage dependence does not occur in downstream processes. Furthermore, mea-
surement of the binding of labeled ACh to M2R-expressing oocytes at different membrane
potentials directly showed that the binding of ACh to the receptor is voltage-dependent [12].
The results of a study showing that membrane potential affects the dissociation rate con-
stant of the M2R further support the conclusion that the M2R itself is voltage-sensitive [13].
Similar approaches have been additionally used to examine whether the M1 muscarinic
receptor (M1R) is voltage-sensitive as well. This receptor is a Gq-coupled receptor and
therefore does not activate the GIRK channel. Instead, activation of the calcium-dependent
chloride channels, endogenously expressed in Xenopus oocytes, was employed as a mea-
sure of receptor activation. Interestingly, it was found that membrane potential affected the
binding of ACh to the M1R in an opposing manner, i.e., depolarization increased Ach’s
potency and binding affinity toward the M1R rather than decreasing it.

A step forward in demonstrating that GPCRs are intrinsically voltage-sensitive came
from the measurements of depolarization-induced charge movement-associated currents.
These charge movements were first described in voltage-gated sodium channels, where they
were interpreted as the movement of the gating charges that comprise the voltage sensor
that leads to the opening of the channel pore, thus termed “gating currents” [14,15]. In
GPCRs, gating currents were first measured using the cut-open voltage clamp configuration.
As seen in Figure 1B, gating currents were observed to be M2R-expressing in response
to depolarizing pulses. Similar currents were not detected in the control water-injected
oocytes [16]. From these results, the dependence of the amount of charge that moves on
membrane potential (Q-V) was measured, showing that the charge movement occurs in the
physiological voltage range, with a V1/2 (voltage at half-maximal gating charge) of −44 mV.
The slope of the Q-V curve, which is used to estimate the amount of charge that moves
per receptor (although the interpretation of the slope value is not straightforward [17]),
was found to be less than 1e0. This small value suggests weak voltage dependence of the
M2R compared to voltage-gated channels (where the value equals ~12–14e0 moved per
channel) [18]. Comparing the Q–V curve to the dependence of M2R affinity (the fraction
of receptors in the low-affinity state, RL) on membrane potential showed that these two
processes are correlated and thus possibly coupled (Figure 1C) [16].

Following these findings, Dekel et al. [19] designed additional experiments to inves-
tigate further the link between voltage and conformational changes in the M2R. In their
study, they investigated whether depolarization induces a conformational change within
the receptor protein. To answer this question, the authors labeled a specific residue near
the orthosteric binding site of the M2R and simultaneously measured gating currents and
voltage-dependent conformational changes using voltage-clamp fluorometry. They found
that a conformational change occurs in the vicinity of the M2R binding site upon depolar-
ization. The voltage dependence of this conformational change correlates well with both
the voltage dependence of the gating currents and the voltage dependence of ACh affinity.
Furthermore, treatments that eliminated the voltage-dependent shift in affinity, such as
treatment with pertussis toxin (PTX), eliminated the voltage-dependent conformational
changes, suggesting that these two processes are linked. Interestingly, PTX treatment did
not affect the gating currents. This observation supports the view that the conformational
change in the binding site is downstream of the depolarization-induced charge movements.
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Figure 1. Voltage dependence of the M2R. (A) The dose–response curves obtained at -60 mV and 
+40 mV show a rightward shift under depolarization. (B) Charge movement-associated currents 
measured from M2R-expressing oocytes. (C) Current–voltage (red) and RL–voltage (empty circles) 
curves (receptors reside in a low-affinity state) showing a tight correlation between charge move-
ment and shift in affinity. (A) is taken from [12]. (B,C) are taken from [16]. 
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Figure 1. Voltage dependence of the M2R. (A) The dose–response curves obtained at −60 mV and
+40 mV show a rightward shift under depolarization. (B) Charge movement-associated currents
measured from M2R-expressing oocytes. (C) Current–voltage (red) and RL–voltage (empty circles)
curves (receptors reside in a low-affinity state) showing a tight correlation between charge movement
and shift in affinity. (A) is taken from [12]. (B,C) are taken from [16].

3. The Molecular Mechanism That Underlies Muscarinic Receptors’
Voltage Dependence

In voltage-dependent cellular processes, a protein or protein domain known as a
‘voltage sensor’ undergoes structural changes in response to shifts in membrane potential,
thereby altering its function.

The notion that channels sense membrane potential was first proposed by Hodgkin
and Huxley in their seminal work on action potential [20]. In the time since their study,
ion channels have been characterized as voltage-dependent proteins. For such proteins,
it has been demonstrated that changes in membrane potential induce a conformational
change within the channel protein, thereby leading to channel opening and ions flowing
through the channel pore [21–23]. The voltage sensor of these channels has been extensively
studied over the past few decades at the molecular and structural levels. In particular,
in determining the primary structure of sodium channels, the study results revealed that
the fourth transmembrane segment (S4) contains a unique motif comprising four to seven
repeated three-residue motifs of positively charged residues (usually arginine) followed
by two hydrophobic residues [18]. Mutational analysis of this motif led to the suggestion
that this motif serves as the voltage-sensing domain [22,23] and that changes in membrane



Int. J. Mol. Sci. 2024, 25, 5295 4 of 12

potential result in the movement of these gating charges. This movement ultimately leads
to a conformational change that changes the channel pore conformation, thus facilitating
the opening and closing of the channel [23].

The voltage dependence of the M2R, and particularly the observation that depolar-
ization induces charge movement in this receptor, suggests that this protein may contain
a voltage-sensing motif. However, GPCRs, and specifically the M2R, do not contain a
motif that is analogous to the canonical voltage sensor of ion channels, which makes the
identification of the voltage sensor challenging.

The author of a recent publication [24] suggested that muscarinic receptors might
lack embedded voltage sensors. This suggestion was partly based on the attribution of
the gating currents to charged residues (the KDKKE motif) in the N-terminal of the third
intracellular loop of the receptor (L3), and the finding that removing these charges did
not eliminate the gating currents (Figure 2A). However, the authors of this study did
not conclude that these residues are indeed involved in the gating currents. Instead, it
was suggested that the KDKKE motif plays a different role in the voltage dependence
of the M2R. Specifically, replacing the KDKKE motif with ELAAL (the corresponding
residues in the M1R) eliminated the voltage dependence of M2R binding affinity and the
voltage dependence of Ach’s dissociation from the receptor [13]; this same alteration did
not affect the charge movement-associated currents. As a result, the Q–V curve and RL-V
curve measured from oocytes expressing this mutant were no longer correlated, as seen in
Figure 2B. These observations led the authors to suggest that the KDKKE motif is probably
not involved in voltage sensing, but that it may be essential for coupling the movement
of the putative voltage sensor to changes in ligand-binding affinity in the M2R. The role
of this motif in linking the gating currents to affinity change was further demonstrated
by replacing the KDKKE motif with the ELAAL residues, which indeed eliminated the
voltage-dependent conformational change while leaving the gating currents intact [16].

The observation that the M1R exhibits the opposite voltage dependence of affinity
but shows similar gating currents is consistent with the idea that the voltage sensor might
be coupled to affinity changes via L3. Namely, in the M1R, a similar voltage sensor is
differentially coupled to changes in affinity (most likely via L3), thus resulting in different
effects on the binding affinity of the receptor. This finding is in line with the finding that
swapping the entire L3 between the M2R and M1R reversed the direction of the receptor’s
voltage dependence. Following these findings, the authors further concluded that the
coupling of voltage sensing to binding affinity probably involves other regions besides the
N-terminal of L3 since the replacement of the KDKKE motif with ELAAL did not reverse
the voltage dependence of the M2R.

The measurement of the voltage dependence of the three events, the gating currents,
the conformational change in the binding site, and the binding affinity enabled the elucida-
tion of the role of the KDKKE motif in the voltage-sensing process.

It is interesting to note that an analogous scenario occurs in voltage-gated ion channels.
In these channels, positively charged residues within the S4 helix of the voltage-sensing
domain are displaced in response to changes in voltage. This charge movement promotes a
conformational change in the pore region. Similar to the opposite effect of depolarization
on the affinity of the M1R and M2R, depolarization may either increase (e.g., in voltage-
gated sodium or potassium channels) or decrease (in hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels) the open probability of the channels, although a similar
voltage sensor is present in both types of voltage-gated channels.
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potency. (B) Charge movement-associated currents measured from M2R-ELAAL-expressing oo-
cytes. (C) Current–voltage (red) and RL–voltage (black) curves. In the mutant receptor, the gating 
currents and the voltage dependence of affinity are not correlated. Figure taken from [16]. 
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Figure 2. Voltage dependence of the M2R-ELAAL mutant. (A) The dose–response curves obtained
at −60 mV (black) and +40 mV (red) indicate the elimination of the voltage dependence of agonist
potency. (B) Charge movement-associated currents measured from M2R-ELAAL-expressing oocytes.
(C) Current–voltage (red) and RL–voltage (black) curves. In the mutant receptor, the gating currents
and the voltage dependence of affinity are not correlated. Figure taken from [16].

The identity of the voltage-sensing motif(s) in the M2R has been further explored in
other studies. In the study by Navarro-Polanco et al. [24], the authors replicated the gating
current measurements in M2R-expressing oocytes and examined the effect of mutations in
several residues of the M2R orthosteric binding site on the gating currents. They found that
none of the reported mutations in the binding site affected the slope of the Q-V relation
and are thus probably not part of the main voltage sensor. Some of these mutations had
an effect on the V1/2 of the Q-V curve, however, suggesting that these residues play some
form of indirect role in the movement of the voltage sensor [24], similar to the complex role
of residues outside the S4-based voltage sensor in determining the voltage dependence
of voltage-gated channels [25,26]. An interesting observation from the aforementioned
study was that a mutation in the M2R Asp692.50 residue eliminated the gating currents.
However, this mutation also significantly reduced the expression of the receptor on the cell
membrane, thus complicating the interpretation of this effect. The results of later studies
showed that mutating this residue did not affect the voltage dependence of the affinity
of the M2R [27], thus leaving the role of this residue in voltage sensing, for now at least,
undetermined. In addition, in the study by Navarro-Polanco et al., the authors showed that
both ACh and pilocarpine (a muscarinic partial agonist) affect the gating currents of the



Int. J. Mol. Sci. 2024, 25, 5295 6 of 12

M2R, thus further supporting the conclusion that the M2R is the source of the measured
gating currents [24].

Barchad-Avitzur et al. [28] employed a similar approach in their study in an attempt
to identify the voltage sensor of the M2R. While charged residues are natural candidates to
sense voltage, Navaro-Polanco already examined in their study the effect of neutralizing
two negatively charged residues that are present in the transmembrane domains of the
M2R (the aforementioned Asp692.50 and the conserved Asp1033.32). Thus, the authors
of this particular study examined the possibility that polar residues may act as voltage-
sensing residues. Specifically, tyrosine has a strong intrinsic dipole moment [29], and it
was therefore proposed that it might sense changes in membrane potential by reorienting
its polar side chain [21]. The structure of muscarinic receptors indicated the existence of
a conserved motif of three tyrosine residues (Tyr1043.33, Tyr4036.51, and Tyr4267.39; this
numbering is for the M2R) that form a “lid” above the orthosteric ligand [30]. Hence, these
tyrosine residues were proposed to affect ligand binding and receptor activation [30–32]. To
examine the role of these residues in voltage sensing, each one of the three tyrosine residues
was mutated to either alanine or phenylalanine, and gating currents were measured from
oocytes expressing these mutants. We found that these mutations resulted in a decrease
in the measured charge that moves per receptor (Figure 3A). Furthermore, these mutants
exhibited a reduced voltage-induced conformational change. As a result, these mutations
diminished the voltage dependence of M2R-induced GIRK currents (Figure 3B) [28]. These
results suggest that these tyrosine residues form a voltage-sensing element in the M2R and
perhaps in the M1R as well.
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Figure 3. The effect of the “tyrosine lid” on voltage sensing in the M2R. (A) The dependence of the
number of gating charges that move per receptor (Q/V) on membrane potential (V) for the wild-type
M2R and the Tyr104Phe, Tyr403Phe, and Tyr426Phe mutants. The average expression level of each is
shown in the insets. (B) The dose–response curves obtained from several experiments at −80 mV
(solid circles) and +40 mV (open circles) using various concentrations of ACh from the wild-type
M2R and the mutants, as indicated. Figure taken from [28].

The findings of this study highlight the role of the orthosteric binding site in M2R
voltage dependence. Rinne et al. [33] additionally showed in their study that the voltage
dependence of other muscarinic receptors is dictated by the binding mode of agonists.
They found that depolarization enhanced signaling by the M1R, as observed previously,
but attenuated signaling by the M3R and M5R. Moreover, the effect of depolarization was
also agonist-specific. For example, depolarization decreased M3R activation when the
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receptor was activated by ACh or carbachol but increased M3R activation when choline or
pilocarpine was used.

Docking simulations corroborated these results by predicting that these ligands bind
the receptors in two distinct binding modes and that these binding modes are associated
with the effect of depolarization on receptor function. Mutation in the M3R following these
predictions confirmed the correlation between binding mode and voltage dependence. A
similar conclusion can be drawn from a recent study showing the correlation between the
binding modes of µ opioid receptor agonists and their voltage sensitivity [34].

In addition to the orthosteric binding site, the allosteric binding site of the muscarinic
receptors appears to play a role in the voltage dependence of these receptors as well.
An initial clue for such involvement came from experiments showing that mutating two
residues located at the allosteric binding site of the M2R (W4227.35 and W993.28) eliminated
voltage-dependent agonist affinity while leaving the gating currents intact [19]. Hoppe
et al. [35] hypothesized and studied in detail the effects of alterations in the allosteric
binding sites of M1 and M3 receptors on the voltage dependence of these receptors. To
test their hypothesis, they constructed “allosteric site” chimeras of the M1R and M3R and
analyzed their voltage dependencies. They found that exchanging all of the allosteric sites
between the two receptors eliminated the voltage sensitivity of ACh responses for both
receptors but did not affect their modulation by allosteric compounds. Furthermore, a point
mutation in the M3R’s allosteric site eliminated the voltage dependence of the receptor and
uncoupled the allosteric and orthosteric sites. The authors of this study further employed
molecular dynamics simulations to demonstrate subtype-specific crosstalk between the
two sites. Of note, the conserved tyrosine lid structure of the orthosteric site, mentioned
above as a putative voltage-sensing motif, was suggested to take part in this crosstalk. They
concluded that the allosteric binding site plays a role in determining the subtype-specific
voltage dependence of muscarinic receptors.

The accumulating evidence presented above, showing the direct effects of receptor
alteration on the voltage dependence of their gating currents and activation, strongly
supports the conclusion that the receptor itself is responsible for the gating currents and
voltage-dependent agonist binding.

4. Alternative Mechanism for Muscarinic Receptors’ Voltage Dependence

A recent publication by Cohen-Armon challenges the conclusion that muscarinic
receptors are intrinsically voltage-dependent. This publication proposes an alternative
mechanism to account for the voltage dependence of muscarinic receptors. The proposed
mechanism does not assume the intrinsic voltage dependence of the receptor [36]. This
proposal originated from in vitro experiments suggesting that agonist binding to muscarinic
receptors and Na+ channels is coupled via G protein [37,38]. Following these studies, other
studies were performed in synaptoneurosomes, a preparation that consists of resealed
presynaptic terminals and postsynaptic neurons and thus contains the native environment
of a synapse. In these studies, it was further shown that muscarinic agonists induced the
uptake of sodium ions into the synaptoneurosomes; in contrast, the muscarinic antagonist
atropine blocked sodium uptake. The results of additional experiments suggested that
the depolarization-induced opening of sodium channels is essential for the depolarization-
induced activation of Go-proteins, which modulate the affinity of muscarinic receptors,
shifting them into a low-affinity state [39,40]. According to the proposed mechanism,
muscarinic receptors interact with voltage-gated sodium channels, and depolarization-
induced opening of these channels promotes the activation of G proteins, which may affect,
in turn, muscarinic agonist affinity. However, the results of the experiments that led to
the proposed mechanism may not be conclusive as the majority of them were conducted
in synaptoneurosomes, where other channels, receptors, and signaling molecules are
expressed. Thus, it is difficult to identify the voltage-sensing molecule. In addition, the
experiments largely relied on pharmacological means, which may not be specific. For
example, the compound diphenyleneiodonium (DPI) was used to prevent the opening of
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voltage-gated sodium channels. This compound has been shown to act on other targets
as well [41]. Of note, it has been shown to affect directly muscarinic receptors [42]. It is
thus possible that the suggested effect of sodium channels on muscarinic receptors in these
experiments actually reflects other cellular processes. These findings may be linked to the
known allosteric effect of sodium ions on class A GPCRs [43,44]. We have recently shown
that the M2R is indeed modulated by extracellular sodium ions [45]. This modulatory effect
of sodium ions was proposed to play a role in the voltage dependence of GPCRs [46,47].

While the mechanism proposed above may be feasible in brain synaptoneurosomes, it
is unlikely that it is responsible for the voltage dependence of muscarinic receptors observed
in other systems. Voltage-gated sodium channels are not expressed in significant amounts
in Xenopus oocytes, in which many of the experiments concerning the voltage dependence
of GPCRs, including the recordings of gating currents, were conducted. Furthermore,
ionic currents and gating currents have been measured in numerous studies employing
Xenopus oocytes. To the best of our knowledge, none of these studies has reported the
presence of such channels in any significant amount, and gating currents are not observed
in water-injected oocytes. Furthermore, ionic currents and gating currents have been
measured in numerous studies employing Xenopus oocytes. Gating currents from the
M2R and M1R were recorded from oocytes where no other proteins were exogenously
expressed and under conditions designed to eliminate any ionic currents. Moreover, similar
voltage dependence of muscarinic receptors has been observed in other cell types, such
as atrial cells [24] and HEK293 cells [33]. It is unlikely that the same mechanism observed
in synaptoneurosomes occurs in these cell types, which may express a different set of ion
channels. Furthermore, additional lines of evidence directly link the muscarinic receptor
protein to the voltage dependence observed. First, as mentioned above, the kinetics of
the gating currents, as well as their voltage dependence and the gating charge amplitude,
were altered by mutating specific residues within the receptor [24,28]. Second, in some
cases, mutations in the M1R, M2R, and M3R affected the voltage dependence of both
conformational changes in the binding site and the agonist binding affinity [24,28,33,35].
Finally, point mutations in M3R altered the effect of voltage on the activation of the
receptor measured using FRET [35]. Another observation that may be relevant to this
discussion is that the voltage dependence of muscarinic receptors has been shown to
be agonist-dependent as well, i.e., while depolarization may decrease the potency of
some ligands toward receptors, it may have no effect or even the opposite effect on other
ligands [24,33,48]. Such ligand-specific voltage dependence has been observed for several
other GPCRs [34,49–52]. Furthermore, point mutations within the receptor protein have
been shown to change this ligand specificity [33,34].

Taken together, the cumulative experimental findings strongly suggest that GPCRs
themselves are voltage-sensitive. This voltage dependence is likely achieved by the
depolarization-induced charge movement that results in a conformational change that
affects receptor affinity and/or potency.

These findings seem inconsistent with the suggestion that voltage-gated sodium
channels are indispensable in this process.

5. Physiological Implications of Voltage Dependence of Muscarinic Receptors and
Other GPCRs

In conclusion, it is worth noting that since the identification of muscarinic recep-
tor voltage dependence, several other GPCRs, including receptors to glutamate [53,54],
dopamine [50,55–57], adrenaline [58,59], histamine [60], serotonin [51], opioids [49],
prostanoids [61], and cannabinoids [52], have been shown to be voltage-dependent. This
wide array of voltage-dependent GPCRs suggests that membrane potential may serve
as an important and universal modulator of cell-signaling processes via GPCRs. Indeed,
the physiological role of voltage-dependent GPCRs is starting to be revealed in various
processes. In atrial cells, potassium currents that are activated by the M2R show relax-
ation, i.e., a slow decrease in current amplitude with depolarization. The nature of this
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behavior was previously unknown. Several studies conducted following the discovery of
the voltage dependence of the M2R suggest that this property of the M2R is responsible
for this behavior. Namely, depolarization reduces the affinity of the receptor, and thus,
the potassium currents are inactivated [48,62,63]. Another well-studied example is the
role of the M2R in the control of neurotransmitter release. Based on other experimen-
tal data and theoretical considerations, the Ca2+ voltage hypothesis for neurotransmitter
release was proposed [64–66]. According to this hypothesis, the action potential that de-
polarizes the presynaptic terminal decreases the affinity of the autoreceptor and thereby
weakens the interaction of the receptor with the synaptic proteins of the release machinery.
The free-release machinery can then, in turn, promote transmitter release [65]. Indeed,
it has been shown that the M2R interacts with the protein of the release machinery in
a voltage-dependent manner [7,8]. More direct evidence to support this hypothesis has
been obtained through the use of mouse neuromuscular synapses [11]. In this particu-
lar study, inhibition of the gating currents in the M2R through the rapid application of
muscarinic ligands modified the time course and degree of transmitter release, suggesting
a direct, Ca+2-independent role for membrane potential in controlling this fundamental
neuronal process via the M2R. Similarly, the results of recent reports have indicated a role
for voltage-dependent metabotropic glutamate receptors in controlling neurotransmitter
release [54,67]. Finally, the results of a recent study have demonstrated, for the first time,
a role for GPCRs’ voltage-dependent behavior. Specifically, it was demonstrated that the
type A muscarinic receptor of Drosophila melanogaster exhibits voltage dependence, similar
to the mammalian M1R, and that mutating residues in a location that corresponds to the
ELAAL motif eliminated its voltage dependence. Electrophysiological and behavioral
experiments conducted in a fly strain that carries the same mutation showed impaired
learning behavior. These results suggest that the voltage dependence of this receptor is
crucial for this behavior in the relevant fly [68]. Together, these physiological findings
suggest that the voltage dependence of GPCRs is a general phenomenon, and is relevant to
various signaling processes and brain functions.

The studies of Cohen-Armon and colleagues were among the first to demonstrate
voltage dependence in processes mediated by GPCRs and led the way for other discoveries
in the field. These discoveries shed some light on the generality of this phenomenon, its
physiological implications, and the underlying molecular mechanism [69,70]. The results
from several laboratories studying various GPCRs have revealed a novel way through
which membrane proteins sense voltage. The voltage dependence of GPCRs emerges as a
multifaceted phenomenon likely involving the interplay of multiple receptor modalities.
However, a comprehensive understanding of this intricate process remains elusive. The
putative link between the sodium channels and muscarinic receptor-mediated voltage-
dependent processes studied by Cohen-Armon and colleagues should be revisited in light
of the current evidence.
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