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Abstract

Voltage-gated sodium (Nav) channels initiate action potentials in excitable tissues. Altering these channels’ function can
lead to many pathophysiological conditions. Nav channels are composed of several functional and structural domains
that could be targeted pharmacologically as potential therapeutic means against various neurological conditions.
Mutations in Nav channels have been suggested to underlie various clinical syndromes in different tissues and in
association with conditions ranging from epileptic to muscular problems. Treating those mutations that increase the
excitability of Nav channels requires inhibitors that could effectively reduce channel firing. The main non-psychotropic
constituent of the cannabis plant, cannabidiol (CBD), has recently gained interest as a viable compound to treat some
of the conditions that are associated with Nav malfunctions. In this review, we discuss an overview of Nav channels
followed by an in-depth description of the interactions of CBD and Nav channels. We conclude with some clinical
implications of CBD use against Nav hyperexcitability based on a series of preclinical studies published to date, with

a focus on Nav/CBD interactions.
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Introduction

The cannabis plant, Cannabis sativa, contains over 120
active constituents, which are collectively called phyto-
cannabinoids (Morales and others 2017). Cannabis origi-
nated in the Himalayas and was first cultivated in China
for seed and fiber production. Early records of using can-
nabis medicinally can be traced to Sumerians records
around 1800 B.C., which mention using this plant against
a variety of diseases, including convulsions. There are
more recent records of cannabis use against epilepsy in
Islamic literature (E1Sohly 2007; Russo and others 2008).

Over the past century, cannabis consumption became
illegal in many parts of the world due to its psychotropic
effects. These legal limitations also constrained canna-
bis research. In the 1960s, however, some research
progress was made and, several years later, the mecha-
nisms were determined by which A9-tetrahydrocannabi-
nol (THC), the primary psychotropic phytocannabinoid,
imparts psycho-activity. Two cannabinoid receptors,
CB1 and CB2, were identified to specifically bind THC.
These receptors are involved in many processes, includ-
ing pain response, mood, and memory, among others
(Billakota and others 2019; Pertwee 2008). THC has a
high affinity for CB receptors; modulation of these
receptors likely triggers the THC’s psychotropic effect.

However, THC also is reported to be an analgesic, a
muscle relaxant, and an anti-inflammatory.

Cannabidiol (CBD) is another key phytocannabinoid
that shares a similar structure and many of the physiologi-
cal effects of THC without its psycho-activity. This major
difference stems from the fact that CBD has little to no
affinity for the CB receptors with which THC interacts
(Devane and others 1988). In fact, CBD is suggested to
be a negative allosteric modulator of CB receptors (Tham
and others 2019). CBD’s lack of activity at CB receptors
and its apparent efficacy (both anecdotal and clinical tri-
als) in various disorders have resulted in many proteins
being proposed as CBD targets, including voltage-gated
sodium (Nav) channels, voltage-gated potassium (Kv)
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channels, voltage-gated calcium channels, transient
receptor potential (TRP) channels, G-coupled protein
receptors (GPRs), and so on (De Petrocellis and others
2011; Ghovanloo and others 2018c; Kaplan and others
2017; Patel and others 2016; Ross and others 2008; Sait
and others 2020).

Among these CBD targets, the Nav channel family is
particularly interesting. Abnormalities in Nav function
have been suggested or shown to be associated with
many of the conditions in which CBD has shown effi-
cacy, such as Dravet syndrome (DS) (Dravet 2011;
Devinsky and others 2017). DS is a severe form of
childhood epilepsy caused by loss of activity of Navl.1,
and Navl1.1 is the sodium channel subtype that ignites
excitability in inhibitory CNS neurons. This devastat-
ing condition typically begins within the first year of
life, and on onset, seizures become more frequent and
unstoppable. DS affects almost every aspect of devel-
opment in children who suffer from it by causing hun-
dreds of seizures a week, the shear frequency and
intensity of which prevents some of the most basic
activities, including the ability to talk or walk.
Unfortunately, each seizure also has the potential to be
lethal (Dravet 2011; Devinsky and others 2017). The
fact that CBD relieves the DS symptoms is substan-
tially important to patients. However, from a scientific
perspective, whether CBD’s mechanism of efficacy in
DS involves Nav channels remains speculative.

Many cannabis constituents have also been suggested
to have therapeutic effects in a range of other disorders.
For instance, in patients with muscular dystrophy, can-
nabis could help manage pain and involuntary muscle
tightness. In patients who suffer from neuropathic pain, it
could significantly reduce the intensity of chronic pain
and also improve sleep. Cannabis also helps with invol-
untary muscle tightness and reduces muscle tremors and
spasticity (Baker and others 2000; Borgelt and others
2013; Iannotti and others 2019; Pertwee 2008; Ware and
others 2010; Wilsey and others 2013; Woodhams and oth-
ers 2015). In addition to the plant-based phytocannabi-
noids, much effort has gone into studying the endogenous
cannabinoids, 2-arachidonoyl glycerol (2-AG) and ara-
chidonoyl ethanolamide (anandamide), which have
important physiological implications (De Petrocellis and
others 2011; Iannotti and others 2019).

Our group recently published several studies showing
the full effects of CBD on the Nav channel family. We
demonstrated that CBD reduces hyperexcitability associ-
ated with neuronal systems, cardiac system, and skeletal
muscle fibers. We described the mechanism with which
CBD acts on Nav channels, with possible implications for
other pathophysiological systems (Fouda and others
2020; Ghovanloo and others 2018c; Ghovanloo and oth-
ers 2021; Sait and others 2020).

In this review, we first provide a general description
of Nav channels. We then describe in greater detail the
interactions between CBD and Nav channels, and
finally discuss potentially relevant implications of
these interactions.

Voltage-Gated Sodium Channel:
Structure and Function

Ion channels orchestrate an exquisite array of physiologi-
cal processes, including nerve impulses, muscle contrac-
tion, and signaling in all organisms. The electric current
in signaling is generated by ion flux across the cellular
membrane controlled by the opening and closing of ion
channels. These channels are permeable to different ions,
including sodium, potassium, calcium, and chloride
(Hille 2001). The direction of ion flux is determined by
the membrane potential and transmembrane ionic gradi-
ents that are established by ion channels and the Na*/K*
and Ca** pumps, and Na*/Ca**, CI/HCO, ", Na*/H",
and Na*/neurotransmitter exchangers (Purves and others
2001; Vassalle 1987). Generating a specific type of sig-
naling, known as the action potential (AP), requires that
the ion channels involved are selectively permeable to a
specific ion and not to others (Hille 1975, 2001; Hodgkin
and Huxley 1952). A subset of these selective ion chan-
nels is the Nav channel superfamily (Catterall 2012).
The sodium current passing through Nav channels ini-
tiates action potentials in neurons, skeletal muscles, and
cardiac muscles. Nav channels are hetero-multimeric
proteins composed of large ion conducting a-subunits
and smaller auxiliary B-subunits (Catterall 2012; Estacion
and others 2010; Ghovanloo and others 2016; Ghovanloo
and Ruben 2020; Isom and others 1992; Patton and others
1994). The a-subunit is made up of a single transcript
that encodes four 6-transmembrane segment domains
(Catterall 2012). Each one of these four structural
domains can be divided into two functional sub-domains
known as the voltage-sensing domain (VSD) and the pore
domain (PD) (Catterall 2012; Ghovanloo and others
2016). These two functional sub-domains are connected
through the intracellular S4-S5 linker (Catterall 2012;
Yarov-Yarovoy and others 2012). The VSD is formed by
the first four transmembrane segments of each domain
and the pore is formed by the fifth and sixth segments
along with the extracellular pore loop that connects them
(Catterall 2012; Ghovanloo and others 2016) (Fig. 1).
Channel opening is preceded by the outward translo-
cation of each of the four S4 membrane spanning seg-
ments in the VSD (Cha and others 1999), driven by
membrane depolarization and punctuated by electrostatic
interactions between the positive charges in the S4s and
negative charges in S1-S3 (Catterall 2012; DeCaen and
others 2011; Yarov-Yarovoy and others 2012). S4
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Figure |. Anillustration of the primary structure of the a-subunit of voltage-gated sodium (Nav) channels. At the top of the
figure, we show a cartoon of the Nav channel structure. At the bottom we show top and side views of the Nav|.5 (PDB ID:

6UZ3). The cartoon and structure are color-coded.

translocation leads to opening of the PD via the S4-S5
linker (Wisedchaisri and others 2019).

Activation is followed within milliseconds by fast
inactivation. The process of fast inactivation is mediated
through the interaction between the domain III-IV linker
with residues on the intracellular face of the channel
(Jiang and others 2020; West and others 1992). Recent
cryo—electron microscopy (cryo-EM) structures of
eukaryotic sodium channels revealed that fast inactiva-
tion may proceed via an allosteric mechanism. This
mechanism involves the IFMT (isoleucine-phenylala-
nine-methionine-threonine) motif promoting pore closure
by squeezing into the space between S6 and S4-S5 restric-
tion ring. The skeletal muscle sodium channel structure
shows the F residue penetrating into this space, and I and
M residues to the edges around this space (Pan and others
2018; Shen and others 2017; Yan and others 2017). The
allosteric mechanism of open-state fast inactivation was
further elucidated using the structure of the cardiac
sodium channel, where outward movement of the third
VSD opens an interaction site for the fast inactivation
particle. This particle in turn moves into place on the out-
ward shift of the fourth VSD (Ghovanloo and Ruben
2020; Jiang and others 2020). This suggests that both
movements are needed for open-state fast inactivation to
occur. This process that happens within milliseconds of

activation, blocks the channel pore, and effectively stops
current conduction. This negative regulation of conduc-
tance is a way of controlling excitability.

In addition to fast inactivation, which was discovered
by Hodgkin and Huxley (though they did not call it that)
(Hille 2001; Hodgkin and Huxley 1952), Nav channels
have a second slower inactivated state (Vilin and Ruben
2001). Repetitive or prolonged stimulation can result in
slow inactivation. In a physiological setting, slow inacti-
vation is vital to limit the frequency of firing and define
the length of trains of action potentials to protect cells
against excitotoxic injury (Vilin and Ruben 2001). During
slow inactivation, for which outward S4 translocation is
required (Silva and Goldstein 2013), two of the opposite
S6 segments move toward the pore axis with the other
two pointing outward. This asymmetry causes a structural
collapse leading to a slowly reversible inactivation
(Gamal El-Din and others 2013).

Types of Nav Currents

Nav channels activate on the presence of a sufficiently
strong depolarizing stimulus. Once activated, a macro-
scopic transient sodium current is generated, which can be
divided into two components: peak and late currents (Fig. 2).
The late current can be further divided into persistent
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Figure 2. Types of voltage-gated sodium (Nav) currents. This cartoon illustrates the types of Nav currents described in the
text. (1) The zero-sodium current condition, in which the Nav channel is in the resting state. (2) The maximal peak sodium
current. (3) The fast inactivated state (Note that fast inactivation proceeds through an allosteric process, as described in the
main text. The ball and chain cartoon here is only meant to illustrate the competition between the fast inactivation particle

and B4, indicating two populations of channels, one bound with IFMT (isoleucine-phenylalanine-methionine-threonine) and the
other with 4. (4) The 4 subunit in its bound form, thereby blocking sodium currents. (5) The unbinding of 34 causes a surge
of inward sodium current. As mentioned in the text, recent findings suggest that 34 may not be necessary for resurgent current

generation (White and others 2019). (6) Channels fast inactivate.

(typically elicited by a single square depolarizing pulse)
and window currents (elicited by a ramp pulse). The peak
current is known as the large-amplitude inward segment of
the sodium transient. The overall sodium current tends to
incompletely inactivate in both muscle and nerve cells.
This incomplete inactivation results in a small, persistent
current component which is only a small percentage
(<5%) of the peak current amplitude (Crill 1996). The per-
sistent current plays a vital role in excitatory cell bodies
and dendrites where it increases the size of postsynaptic
potentials and boosts the cell threshold during trains of
action potentials (Liu and Shipley 2008). Window currents
describe a range of membrane potentials over which a frac-
tion of sodium channels is activated, but not yet inacti-
vated. This membrane potential range is best described by
the overlap of Hodgkin and Huxley activation and inacti-
vation curves, although direct measurements are also fea-
sible using ramp protocols. Exacerbated window currents
have also been described in association with some patho-
logical conditions (Attwell and others 1979).

Some classes of neurons may also generate resurgent
currents (Cannon and Bean 2010; Raman and Bean 1997;
Raman and others 1997). These currents are a rebound of

inward current that may appear following a voltage pulse
or an action potential. Resurgent currents are caused by
reopening of Nav channels and are in part dependent on
the presence of the 34 subunit, which competes with the
inactivation particle at more depolarized potentials and
during repolarization. During these intermediate poten-
tials, when the fast inactivation particle in a subset of
channels is in its bound form forcing them non-conduc-
tive, another subset of channels of the population of chan-
nels may have the PB4 in its bound state. Thus, the
unbinding of B4 from the second population of channels
causes a surge of inward sodium current that depolarizes
the membrane (Fig. 2). This condition serves as a reser-
voir for subsequent firing. The interactions between
Navl.6 and B4 were reviewed extensively by (Cannon
and Bean 2010). Recent findings suggest that the 4 sub-
unit may not be necessary for the generation of resurgent
currents. In fact, it is suggested that in the absence of 4,
if Nav channels recover from fast inactivation before
completion of deactivation, a resurgent-like current may
be produced (White and others 2019). Overall, late and
resurgent currents work together with slow inactivation
to generate complex patterns of action potentials firing.
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Structural Segments of the Nav Pore
and Pharmacological Modulation

The Nav pore structure includes a large external vesti-
bule, a narrow selectivity filter, a large central cavity that
is lined by S6 segments that is filled with water, and an
intracellular activation gate that is formed by the crossing
of S6 segments at the intracellular side of the membrane
(Jiang and others 2020; Pan and others 2018; Payandeh
and others 2011; Yan and others 2017).

The first ion channel crystal structures described the
architecture of potassium channels (Doyle and others
1998). The emergence of a multitude of crystal and cryo-
EM structures revealed that the overall structure of the
pore between Nav and Kv is similar. However, the struc-
ture of the ion selectivity filters, and mechanisms of ion
conductance are different between the two channels.
Potassium channels select potassium by direct interac-
tions between the backbone carbonyls of residues that
comprise the selectivity filter. These interactions create
four ion coordination sites (Catterall 2012). In potassium
channels, no amino acid charged functional groups or
water molecules are involved in the selectivity process.
However, in Nav channels, the selectivity filter has a high
field strength on the extracellular side which is composed
of amino acid side chains. This outer vestibule is fol-
lowed by two ion coordination sites that are formed by
backbone carbonyls (Payandeh and others 2011; Yan and
others 2017). These sites allow for passage of sodium
ions with four water molecules (hydration). These sites
would be too large for a dry sodium ion to go through,
which would be energetically unfavorable. This indicates
that sodium conductance and selectivity are different to
that of potassium ions.

From a functional perspective, both the outer and
inner segments of the PD are interaction sites for pharma-
cological agents. The most selective and well-known Nav
blocker is tetrodotoxin (TTX), which comes from symbi-
otic bacteria in the pufferfish (and some other animals’)
diet (Chau and others 2011; Hille 2001). The sensitivity
of sodium channel subtypes to TTX has been used to
divide the family into two classes: TTX-sensitive and
TTX-resistant. The 1C,; of TTX-sensitive (Navl.1-4,
Nav1.6-7) channels to TTX is less than 30 nM (Catterall
and others 2005; Gamal EI-Din and others 2013). The
molecular reason underlying differential affinity for TTX
in Nav has been attributed predominantly to a single
homologous residue difference in the Nav pore-loop. The
TTX-resistant channels have a cysteine or serine in this
position, instead of a tyrosine or phenylalanine residue in
TTX-sensitive channels. A recent study determined that
this substitution does not alter the local conformation of
the channel. However, lacking an aromatic side chain in
this position may cause steric constraints that reduce

TTX affinity (Ghovanloo and Ruben 2020; Jiang and oth-
ers 2020) (Fig. 3).

TTX is considered a state-independent Nav blocker, a
function of its binding-site residing on the outer selectiv-
ity filter, which is a more rigid part of the Nav PD. In
contrast, most local anesthetics (LA) are highly state-
dependent Nav blockers (may also have high affinity for
open state); their binding site is located below the selec-
tivity filter, a more flexible region of the PD. This part of
the channel is highly conserved among Navs (Ragsdale
and others 1996). Therefore, it is unsurprising that most
Nav pore blockers that interact at the LA site display little
subtype selectivity. The flexibility difference between the
outer and inner PD has important pharmacological impli-
cations (Fig. 3).

Because the proportion of channels populating differ-
ent states is controlled by the membrane potential, the
state-dependence of these compounds may be referred to
as their voltage-dependence. Many such compounds also
display a phenomenon known as use dependence, which
occurs when the compound potency increases on higher
frequency stimulations (Gamal El-Din and others 2018).

Many Nav modulating compounds are used to treat
clinical conditions caused by changes to excitability.
Specific examples include anticonvulsants (carbamaze-
pine, phenytoin), local anesthetics (lidocaine), and antiar-
rhythmics (mexiletine) (Mantegazza and others 2010).
Because these compounds largely lack selectivity across
the sodium channel superfamily, they may lead to poten-
tially undesirable side effects. All of these compounds are
either neutral or weakly basic. In addition to the two gen-
eral sites in the PD, recent efforts have culminated in the
development of highly selective sodium channel blockers
that target DIV-VSD (Ahuja and others 2015).

One recent study found that tamoxifen, an estrogen
receptor modulator, and its primary and secondary meta-
bolic products bind at the intracellular exit of the bacterial
Nav channel, NavMs. This new site is distinct from the
sites that other previously characterized Nav-blocking
compounds interact with. This novel site could be utilized
for the development of new drugs for the treatment of
Nav channelopathies (Sula and others 2021).

Nav Distribution and Tissue-Specific
Channelopathies

Multiple sodium channel isoforms are expressed in dif-
ferent tissues. Navl.l to Navl.3 are primarily found in
the central nervous system, although Nav1.1 and Nav1.3
can also be expressed in peripheral nervous system (Dib-
Hajj and others 2010; Osteen and others 2016). Navl.4
and Navl.5 are expressed in skeletal and cardiac mus-
cles, respectively. Nav1.6 is expressed in both the central
and peripheral nervous systems. Navl.7 to Nav1.9 are
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Figure 3. Binding of pore domain (PD) blockers on the outer and inner segments. In the middle of both structures, we show
a dashed line which is meant to illustrate a division between the extracellular funnel and selectivity filter, and central cavity and
activation gate. (a) The binding of tetrodotoxin (TTX) to the outer PD (more rigid part of the domain, from PDB ID: 6UZ3). (b)

A view of Navl.5 and flecainide (PDB ID: 6UZ3).

primarily found in the peripheral nervous system
(Ghovanloo and others 2016). The expression pattern of
the neuronal Nav channels depends on both the develop-
mental stage, brain region, and cell type. Navl.3 is
expressed predominantly in neonatal brain cells; thus, it
is thought to be a key contributor to brain development.
In contrast, Navl.1, Navl.2, and Navl.6 are highly
expressed in adult brains. Furthermore, Nav1.6 displays
greatest expression in unmyelinated axons (Navl.2 and
Navl.6 are uniformly distributed along unmyelinated
axons but they are clustered at the nodes of Ranvier in
myelinated axons; Salzer 1997), whereas Navl.2 is
found in the cell soma (Hu and others 2009; Whitaker
and others 2001) (Fig. 3). Although the different iso-
forms share a similar structure, their gating and response
to physiological and pathophysiological modulators can
vary widely.

Changes to the gating properties of sodium channels,
and subsequently the current passing through them dur-
ing an action potential can cause potentially fatal abnor-
malities in electrical signaling. Both gain-of-function
(GOF) and loss-of-function (LOF) in sodium channels
disrupt electrical signaling. Interestingly, several mutants

display both GOF and LOF, leading to various disease
phenotypes (Ghovanloo and others 2016).

In the primary sodium channel isoforms of the CNS,
namely Navl.l, 1.2, 1.3, and 1.6, both GOF and LOF
elicit epilepsy syndromes (Catterall 2012; Estacion and
others 2010; Veeramah and others 2012). These include
relatively mild epilepsies, like benign familial neonatal-
infantile seizures, or more severe forms, such as DS
(Dravet 2011; Heron and others 2002; Scalmani and oth-
ers 2006) and early-infantile epileptic encephalopathy-13
(O’Brien and Meisler 2013). In skeletal muscle, Nav1.4,
GOF mutants elicit myotonic and paralytic syndromes
(e.g., hypokalemic periodic paralysis [hypoPP]), causing
an inability to relax or contract the muscle, respectively
(Cannon 1996; Ghovanloo and others 2018a). Long QT-3
syndrome is due to an increase in the fraction of Navl.5
cardiac sodium channels that fail to inactivate and, conse-
quently, an increased persistent sodium current through-
out the action potential plateau that delays repolarization
(Wang and others 1995). Conversely, mutants that
decrease peak Navl.5 current cause Brugada syndrome
and other diseases of conduction (Antzelevitch and others
2005). Recently, a mutation increasing window currents
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Figure 4. Voltage-gated sodium (Nav) channel distribution. This is a cartoon illustrating the predominantly tissue-specific
distribution of Nav channels in the human body, along with general hyperexcitability conditions that are caused by mutations in

each category.

in Nav1.5 has been suggested in association with an atyp-
ical atrial and ventricular tachyarrhythmia (Ghovanloo
and others 2020). Lastly, certain GOF mutations in
Nav1.7 cause multiple pain disorders, including inherited
erythromelalgia (Bankar and others 2018; Dib-Hajj and
others 2007) (Fig. 4).

CBD Is an Inhibitor of Voltage-
Dependent Sodium Currents

The disease phenotypes associated with Nav channelopa-
thies have prompted extensive efforts to develop poten-
tially useful novel pharmacological compounds.
Specifically, reducing Nav hyperexcitability is vitally
important in order to alleviate life limiting and sometimes
lethal conditions. A study in 2016 first showed the Nav
channels to be among CBD targets (Patel and others
2016). Over the past few years, with aid of our collabora-
tors and colleagues across multiple disciplines, we have
investigated various aspects of CBD interactions with
Nav channels.

CBD is a highly hydrophobic compound with a com-
plex profile. Many studies from different scientific disci-
plines suggest a wide range of molecular targets for CBD
and potential therapeutic value against a variety of disor-
ders, many of which seem unrelated to one another. For

instance, in addition to the noted hyperexcitability disor-
ders, CBD also has been suggested to possess antibiotic
properties (Kosgodage and others 2019; van Klingeren
and ten Ham 1976). This has created a reputation in
which CBD is perceived as both a panacea and somewhat
of a “snake oil.” This CBD reputation has at least two
possible explanations: first, that CBD interacts with the
diverse molecular targets; second, experimental assays
are inadequate to investigate CBD effects, so any given
proposed molecular target could be a false positive.

One way to rectify this conundrum is to investigate
CBD interactions with a specific molecular target that is
involved in seemingly different disorders. The Nav super-
family fits this description because Navs underlie a broad
range of tissue-specific disorders.

In our first attempt to understand CBD interactions
with Nav channels, we sought to determine the effects of
CBD on different Navs, to find out whether CBD has any
selectivity, and to discover how CBD modulates Nav gat-
ing. In a series of voltage-clamp experiments on human
Nav channels (hNavl1.1-7) and mouse Nav1.6, we found
that CBD non-selectively inhibits Nav channels from the
inactivated state (half maximal inhibitory concentration
[IC,]: 1.9-3.8 uM). Interestingly, CBD’s inactivated
state inhibition of Nav currents has a steep Hill slope of
~3. The steep Hill function suggests that CBD likely does
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not inhibit Nav channels through a 1:1 binding mecha-
nism. Rather, there likely are multiple CBD interactions
contributing to Nav inhibition from the inactivated state.

An important attribute of Nav inhibition by CBD is its
ability to prevent channel opening. We found that expo-
sures to CBD concentrations of about 3 uM (in Navl1.1,
slightly above IC,;), on reaching equilibrium, blocks
about 90% of total macroscopic Nav conductance.
However, the remaining population of channels, for
which conductance is unaffected by CBD, displays an
unaltered voltage-dependence of activation (Ghovanloo
and others 2018c¢). This suggests that CBD’s presence
does not modulate the threshold at which Nav channels
fire, which may suggest that there is likely little impact
imparted on the channel VSDs.

The elimination of VSDs as a likely site of CBD inter-
action on Nav channels, leaves the PD as a conceivable
binding site. A hallmark of pore-blocking compounds is
a stabilized inactivation. To assess whether CBD affects
inactivation, we measured the voltage-dependence of
steady-state inactivation following a 500-ms inactivating
pulse in the same population of channels (from ~3 uM)
that displayed unaltered activation. These measurements
showed that CBD hyperpolarizes, and hence stabilizes
inactivation (Ghovanloo and others 2018c). Indeed, we
further repeated the findings in Navl.l in a separate
study in Navl.4 with 1 to 2 uM CBD (Ghovanloo and
others 2021).

The conclusion that CBD prevents the opening of Nav
channels is further affirmed by the observation of CBD’s
inhibition of resurgent currents in Nav1.2 and Navl.6
(Ghovanloo and others 2018c; Mason and Cummins
2020; Patel and others 2016). CBD also does not alter the
open state fast inactivation time constants of neuronal
Nav channels, suggesting that it does not interact with the
sodium conduction pathway when the channel is open.
Therefore, CBD’s block of conductance and resurgent
currents, along with its hyperpolarization of fast inactiva-
tion, combine to make CBD an intriguing Nav inhibitor.
To recapitulate, CBD, at low micromolar concentrations,
blocks the majority of Nav channels and prevents them
from conducting, and then makes the remaining popula-
tion of unblocked channels more likely to inactivate.

CBD Is a Moderately State-
Dependent Nav Inhibitor

As noted above, state-dependence is a property common
to compounds that bind in the central cavity of the PD
(and also VSD-binding modulators; Ahuja and others
2015; Bankar and others 2018). To determine whether
CBD acts with state-dependence, we measured inhibition
from —100, =90, —80, and =70 mV in Navl.1, and —110
and =70 mV in Navl.4. We found that CBD’s resting

state inhibition has an ~10 uM IC,,, which is about
10-fold less potent than the inactivated state. Interestingly,
CBD’s steep Hill-curve inhibition relationship was
observed at the resting state. A 10-fold difference in
apparent potency between rest and inactivated states is a
relatively small difference. In comparison, a well-estab-
lished pore blocker like flecainide has a 60-fold differ-
ence (rest: ~600 uM and inactivated: ~10 uM) (Desaphy
and others 2004). This suggests that CBD’s activity is
relatively less dependent on interactions at the pore. We
also found that CBD slows the Nav recovery from both
fast and slow inactivated states by increasing the slow
component and slow fraction of recovery from inactiva-
tion time constants. Consistent with its state-dependent
properties, CBD is also a use-dependent Nav inhibitor,
which could be an advantageous property against hyper-
excitability disorders (Ghovanloo and others 2018c;
Ghovanloo and others 2021).

These observations provide insights into CBD’s poten-
tial mechanism of Nav inhibition: (1) CBD’s state-depen-
dence suggests interaction at the Nav central cavity of PD
(the observations we made with CBD make interactions
at VSDs highly unlikely), (2) CBD inhibition is a culmi-
nation of multiple interactions from both rest and inacti-
vated states, and (3) some of CBD’s interactions could be
pore-independent.

CBD Is More Potent at Lower
Temperatures

We first explored CBD’s possible pore-independent path-
way of Nav modulation. We began these investigations
by measuring CBD inhibition of Nav channels at varying
temperatures. We argued that because binding kinetics
are responsive to temperature changes, if CBD’s inhibi-
tion of Nav channels follows a bimolecular scheme, then
the rates of compound equilibration should increase at
higher temperatures. However, we found that not only is
CBD faster to inhibit Nav channels at lower tempera-
tures, but it is also more potent when temperature is
reduced (Ghovanloo and others 2018c).

CBD’s counter bimolecular temperature-depen-
dence could be due to two possible mechanisms: (1)
CBD has binding sites in areas of the Nav channels
that are located in thermally volatile regions. Therefore,
as temperature increases, it becomes harder for CBD to
bind. (2) CBD somehow alters the biophysical proper-
ties of the membrane in which Nav channels reside.
The second hypothesis seems more likely, and there is
a strong precedence for amphiphilic compounds with
features similar to CBD altering membrane properties
and imparting manifestations on Nav channels that are
also similar to CBD (Andersen and Koeppe 2007;
Kapoor and others 2019).
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CBD Modulates the Membrane
Elasticity

Amphiphilic compounds often have a limited number of
high affinity molecular targets. However, as the concen-
tration of these compounds increase to levels in the
micromolar range, they display promiscuity in targets,
depending on which given molecular target is being
investigated in a given experimental assay. However, this
diversity of targets is suggested to be due to modulation
of membrane stiffness or elasticity, rather than a direct
interaction with a given target (Lundbaek and others 2004;
Lundbaek and others 2010) (This effect is analogous to
individuals in a swimming pool. As the properties [e.g.,
volume or viscosity] of the water change, so will the
behaviors of the swimmers in the water). CBD and previ-
ously described amphiphiles share this property of appar-
ent diversity of molecular protein targets. Furthermore,
amphiphiles were shown to hyperpolarize the Nav chan-
nel inactivation curves without altering the voltage-
dependence of activation, which is yet another
commonality between CBD and amphiphiles (Ghovanloo
and others 2018c; Ghovanloo and others 2021; Lundbak
and others 2004).

Investigation of amphiphilic molecules’ effects on
bio-membranes have relied on gramicidin-based func-
tional assays (Andersen and Koeppe 2007; Kapoor and
others 2019). Gramicidin channels are composed of
monomers that reside in each membrane leaflet. On
dimerization of these monomers a continuous pore forms
through the membrane. This conformational change is
necessary and sufficient to conduct cationic currents. The
pore diameter is ~4 A, sufficient to allow the pore to also
conduct alkali metals, protons, and water (Andersen and
others 2005; Finkelstein 1974; Hladky and Haydon
1972). Gramicidin channel dimerization is directly
related to the stiffness or elasticity of the membrane.
Using gramicidin-based assays, it is shown that com-
pounds that reduce the membrane stiffness or thickness
(e.g., detergents) enhance the probability of gramicidin
dimerization, which in turn increases the cationic grami-
cidin signal (Ing6lfsson and others 2010; Kapoor and oth-
ers 2019; Lundbak and others 2004). Using nuclear
magnetic resonance (NMR) and independently verified
by MD simulations, we found that CBD tends to localize
below the phosphate headgroups in bio-membrane. In
contrast to what we expected, we found that CBD
decreases the gramicidin signal, suggesting that it likely
increases the membrane stiffness (Ghovanloo and others
2021). This contradictory behavior adds a further compli-
cation into delineating CBD’s mechanism of action.
Although the complexity of the relationship between
CBD’s modulation of membrane elasticity and Nav chan-
nels requires further investigations, we performed

additional experiments using site-directed mutagenesis,
which will be outline later in this review that will provide
some insight into this relationship.

CBD Is a Pore Blocker, and the
Likely Pathway Is through the Nav
Fenestrations

To explore CBD’s possible interactions at the Nav pore,
we tested CBD inhibition in a Navl.l pore-mutant con-
struct (F1763A). The mutated F residue is conserved
across mammalian Nav channels and has been indicated
as a vital component of LA’s block of Nav channels. We
found that destabilizing the traditional LA binding site
by the F1763 A mutation, only dropped the CBD inhibi-
tory potency by ~2.5 folds from the inactivated state.
The same mutation in Nav1.4 (F1586A) from the resting
state also resulted in a similar ~2.5-fold drop in potency
(Ghovanloo and others 2018c; Ghovanloo and others
2021). A 2.5 magnitude change in potency is consider-
ably smaller than what has been observed with more
traditional LA blockers, including tetracaine and lido-
caine (for comparison, lidocaine has been shown to dis-
play ~30-fold state-dependence in cardiac Navs; Bean
and others 1983). To gain further insight into CBD’s
possible interacting residues in the pore, we tested its
inhibition in two monomeric voltage-gated channels,
Kv2.1 and the bacterial NaChBac Nav channel. We
found that CBD inhibited both channels with a similar
potency. These results suggested that either any poten-
tial CBD interactions inside the pore are non-crucial to
its activity, or the interactions inside the pore are distinct
from other traditional LA blockers, that is, less depen-
dent on the F residue.

High-resolution X-ray crystallography of NavMs
(another bacterial Nav channel) showed that CBD indeed
interacts inside the Nav pore (the structural pose is in
close agreement with suggested computational poses pro-
vided by molecular docking in mammalian Navs), at the
fenestration-pore interface (Fig. 5) (Sait and others 2020).
This interaction site is indeed distinct from other LAs
binding site in NavMs (Bagnéris and others 2014).
NavMs has a T207 in place of the conserved mammalian
F residue in the pore. Interestingly, the T207A mutation
in NavMs, also only slightly reduced the CBD inhibition
of NavMs (Sait and others 2020), which was similar to
results observed with the F to A mutations in Nav1.1 and
Navl.4 (Fig. 5a) (Ghovanloo and others 2021). These
findings explain CBD’s reduced sensitivity to mutations
in the traditional LA site.

In contrast to mammalian Nav channels, we found that
CBD blocks NavMs less potently (IC;, = 18 uM) and with a
shallower Hill slope (~1.5). This could be due to the smaller
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Nav1.4

BD

Figure 5. Cannabidiol (CBD) binding pose inside voltage-gated sodium (Nav) channels. (a-c) The crystallized binding of CBD
inside the bacterial NavMs (PDB ID: 6YZ0). (d, e) The docked pose of CBD inside the human Nav|.4 structure (PDB ID: 6AGF).

The poses are in close agreement.

radius of the intramembrane fenestrations in NavMs com-
pared to mammalian Nav orthologues (Bagnéris and others
2014). This hypothesis is predicated on the assumption that
CBD’s pathway into the Nav pore involves compound pen-
etration through the lipid phase. CBD’s preference for a path-
way through the lipid phase is also congruent with its high
lipophilicity (calculated log D = 6.6).

To test this hypothesis, we mutated four amino acids
around the fenestrations of Navl.4 to W residues.
Performing these computations suggested that two of the
fenestrations would be fully occluded with other two only
partially occluded. We found the Navl.4 WWWW con-
struct fully abolished the steady-state CBD block of peak
Nav currents, but not the more hydrophilic traditional LAs,
lidocaine or flecainide (Ghovanloo and others 2021).
These observations are well-explained within the confine-
ments of the modulated receptor hypothesis (Hille 1977),
which suggests that the central cavity of the PD is accessi-
ble to compounds from both the cytosolic activation gate
and the lipid phase. The extend through which a given
compound transverses through either pathway depends on
its physicochemical properties. Indeed, molecular dynam-
ics simulations support the CBD pathway through the fen-
estrations and into the pore (Ghovanloo and others 2021).

One intriguing finding from the Navl.4 WWWW con-
struct was that even though occluding fenestrations

abolishes CBD’s peak current block, it does not impact
CBD’s stabilization of inactivation (Ghovanloo and oth-
ers 2021). As CBD’s effect on membrane elasticity is
opposite to other amphiphiles, it is not possible to be cer-
tain that CBD’s effect on inactivation is due to modula-
tion of the membrane; however, there may be an
association between the two effects.

Proposed Blocking Scheme for CBD

From a pharmacological perspective, the CBD results
described are the first (to our knowledge) detailed mecha-
nistic description of how an ultra-hydrophobic compound
inhibits Nav channels. These results prompt us to propose
that CBD does not interact with the open state of the
channel. This prediction is consistent with the overall
trend that has been proposed for LAs that are charged or
neutral with low log Ds (Ghovanloo and others 2018c;
Ghovanloo and others 2021; Hille 1977, 2001) and sug-
gests that, as the drug becomes more hydrophobic, it
tends to interact more with resting and inactivated states
(Fig. 6). One caveat to the scheme proposed in Figure 6 is
that it is based on a single ultra-hydrophobic compound.
To determine whether this scheme holds true for other
compounds with similar physicochemical properties to
CBD, other compounds must be tested (Fig. 7a shows a


WWWW construct fully abolished the steady-state CBD block of peak Nav currents, but not the more hydrophilic traditional LAs, lidocaine or flecainide (
WWWW construct fully abolished the steady-state CBD block of peak Nav currents, but not the more hydrophilic traditional LAs, lidocaine or flecainide (
WWWW construct fully abolished the steady-state CBD block of peak Nav currents, but not the more hydrophilic traditional LAs, lidocaine or flecainide (
WWWW construct fully abolished the steady-state CBD block of peak Nav currents, but not the more hydrophilic traditional LAs, lidocaine or flecainide (
WWWW construct was that even though occluding fenestrations abolishes CBD
WWWW construct was that even though occluding fenestrations abolishes CBD
WWWW construct was that even though occluding fenestrations abolishes CBD

328

The Neuroscientist 28(4)

y

|

=
Q
=

\ [
A

% o
g

171

S
=

\f

|

_IA

Zherand

L 0*

[
\

X

Charged Drug
CH,
R—Nt—CH;;

CHs

e.g.) Quatemary Ammonium lons (QA)

Neutral Drug (Low LogD)
C e
&

e.g.) Lidocaine e.g.) Flecainide

Neutral Drug (High LogD)
()

o

O 0

e.g.) CBD

Figure 6. Proposed channel blocking scheme for an ultra-hydrophobic compound. Hypothesis for block by local anesthetics
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third model is based on our results from our studies on CBD and Nav channels. The star indicates drug. We propose as the drug
becomes more hydrophobic, its interaction with the channel transitions from only the open-state (O) to only interactions with

rest (R) and inactivated (I) states.

cartoon representation of CBD pathway from the lipid
phase through Nav fenestration and into the pore).

Clinical Implications: Neuronal,

Cardiac, and Skeletal Muscle

Systems

The landmark event that initiated the surge of molecular
research into CBD effects and potential clinical implica-

tions was the clinical success and subsequent Food and
Drug Administration approval of Epidiolex (commercial

name of therapeutic CBD) for use against Dravet and
Lennox-Gastaut syndromes (Devinsky and others 2017).
CBD’s potential preference for blocking persistent and
resurgent currents over peak currents was proposed as a
possible mechanism for clinical efficacy (Mason and
Cummins 2020; Patel and others 2016). Because resur-
gent currents are primarily associated with Navl.2 and
Nav1.6 (the Navl.2 isoform gets partially replaced by
Navl.6 within the first year of life; Spratt and others
2019), which are presumed to be the predominant Nav
isoforms in excitatory neurons, then CBD’s preference
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for inhibiting resurgent currents could give it functional
selectivity. This indicates that because DS is a LOF in
Navl.1 (the predominant Nav channel subtype in inhibi-
tory neurons), the inhibition of Nav1.6 resurgent currents
would reduce the overall hyperexcitability associated
with epilepsy (Patel and others 2016). Therefore, CBD
restores the balance between Navl.l and Nav1.6, main-
taining proper nerve conduction. In other words, reducing
the activity of Navl.6 excitability would implicate a
reduction in Navl.1 LOF.

An important consideration pertaining to functional
selectivity is tissue/cell-specific excitability properties. For
instance, although CBD has a slight preference in blocking
persistent over peak currents (as measured in Nav1.6, peak
IC,, = ~10 uM and persistent IC, = ~6.4 pM) (Ghovanloo
and others 2018c), this preference is entirely voltage proto-
col dependent. Typically, eliciting persistent currents
requires holding the membrane potential very negative fol-
lowed by a step pulse to a depolarizing potential. The IC,
numbers provided above were taken using a protocol in
which the membrane was held at =120 mV, followed by a
100 ms pulse to —20 mV. As expected, 10 uM CBD blocks
about 50% of the channels that were at the resting state,
while blocking about ~60% of the persistent current.
However, as we have seen, CBD blocks ~50% of the peak
sodium current at ~2 to 3 uM from the inactivated state.
This indicates that CBD’s slight preference for blocking
persistent current may only be functionally relevant if the
cell type has a resting membrane potential that is suffi-
ciently negative. If the resting membrane potential is about
=75 to —65 mV (this is roughly the average range in most
neurons; Buchanan 1993; Ghovanloo and others 2021;
Williams and others 2002), then the Nav channels are also
about half inactivated, which would mean that CBD’s per-
sistent to peak preference is unlikely to be a part of its effi-
cacy mechanism. This principle may hold in some cardiac
cells, in which both the resting membrane potential and
Nav1.5 voltage-dependence of inactivation are about —80
to =90 mV (O’Hara and others 2011). In contrast, in skel-
etal muscle fibers, where the resting membrane potential is
close to =90 mV, with Navl1.4 being half inactivated at
~—65 mV, CBD’s persistent to peak preference could theo-
retically play a role against disorders such as myotonia
(Cannon and others 1993).

Recently, several studies have undertaken efforts to
identify potential clinical applications for CBD in various
systems. These studies include measuring CBD effects on
the excitability of human induced pluripotent stem cell
(iPSC)—derived neurons (Ghovanloo and others 2018c)
and rabbit cardiomyocytes (Orvos and others 2020),
among others. In every case, CBD has been shown to
block sodium and potassium currents (including hERG,
IC,, = 6.5 pM; Orvos and others 2020). One simple con-
clusion would be to claim that CBD could be a viable

therapeutic to reduce any hyperexcitability condition,
wherever it appears, from the brain to the heart (Fig. 7b
and c). Indeed, future research and clinical trials might
succumb to this conclusion; however, it is worth pointing
out that many of the clinical claims are based on in vitro,
in silico, or ex vivo assays. While such studies are vitally
important to gain insight into mechanisms of action and
identification of possible novel applications, the transla-
tion of findings from the lab bench to the clinic is a long
and complex process. Additionally, there are other con-
siderations that need to be accounted for, including com-
pound bioavailability and tissue distribution, both of
which depend on mode of administration for CBD (Lim
and others 2020; Millar and others 2018). Furthermore, if
every report of CBD activity on all/any given molecular
target was physiologically relevant (most of which in the
low micromolar range), then CBD may be viewed as a
toxin as much as a therapeutic.

CBD Protects against Glucose-
Induced Oxidative Stress and Cardio-
Cytotoxicity, In Vitro/In Silico

Diabetes-induced cardiovascular complications are a
major cause of death. In an in vitro study using transiently
transfected cells, we found that high glucose concentra-
tions impart various gating changes onto Nav1.5 (Fouda
and others 2020). These changes include depolarizing
shifts to activation and inactivation curves, slowing of
recovery from inactivation, and exacerbation of persis-
tent currents. Reflecting the hyperglycemic gating
changes onto a ventricular action potential model culmi-
nated in a computationally prolonged action potential
duration (LQT-3).

Exposures of 5 uM CBD alleviated the high glucose
mediated gating defects. Interestingly, the results from
cell viability and fluorescence assays suggested that CBD
works not only at the level of Nav1l.5 in the cell mem-
brane, but it also directly reduces production of reactive
oxygen species that accompanies hyperglycemia. Both
activities contribute to alleviating the Navl.5-relaetd
cytotoxicity (Fouda and others 2020).

CBD Alleviates Myotonic Phenotype
in an In Vitro/ln Silico Assay of
Skeletal Muscle Hyperexcitability

Skeletal muscle hyperexcitability can impose serious limi-
tations on a patient’s quality of life, and cannabinoids have
been suggested to possess therapeutic potential against
many of these conditions, in various assays (Borgelt and
others 2013; Ghovanloo and others 2021; Iannotti and oth-
ers 2019). Mutations that cause hyperexcitability in Nav1.4
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Figure 7. Cannabidiol (CBD) pathway and effect on excitability. (a) The pathway of CBD from the lipid phase through the
voltage-gated sodium (Nav) fenestration and into the pore, where it interacts to some extent by the local anesthetic (LA) site F
or T residues, depending on the Nav channel. (b) CBD blocking generic peak, persistent, and resurgent sodium currents. (c) The

general effect CBD on a generic action potential morphology.

are plentiful, and their biophysical consequences are com-
plex. Although a given mutation may alter only a single
component of the channel gating, many clinically relevant
mutations tend to alter multiple aspects of channel bio-
physics (Ghovanloo and others 2016). For instance, a sin-
gle missense mutation may right-shift activation (LOF)
and also exacerbate persistent currents (GOF). The overall
channotype (channel sequence variation profile) is a mix-
ture of both defects (Klassen and others 2011).

We recently identified a naturally occurring mutation,
P1158S (causes myotonia and periodic paralysis in the
same patient (Sugiura and others 2003; Webb and Cannon
2008)), that increases the pH-sensitivity of Navl.4
(Ghovanloo and others 2018a; Ghovanloo, and others
2018b; Peters and others 2018). The most intriguing
aspect of P1158S is that its channotype culminates in
multiple degrees of hyperexcitability. We found that low-
ering the pH causes depolarizing shifts to both activation
and inactivation curves, and that it has exacerbated per-
sistent currents relative to WT Nav1.4. Incorporating the
gating differences on to the Cannon action potential
model (Cannon and others 1993) suggested that at higher
pH, P1158S displays an action potential morphology that
is characteristic of periodic paralysis, and as pH is low-
ered, the action potential adopts a more myotonic

morphology. We used this relationship between P1158S
and pH to develop an in vitro/in silico assay to test
CBD effects. We found that adding CBD to P1158S at a
lowered pH alleviated the myotonic behaviour on
action potential simulations. Additionally, CBD simi-
larly affected the simulated periodic paralysis pheno-
type at an elevated pH (Ghovanloo and others 2021).

Concluding Remarks

Structural homology between Nav channel subtypes
presents a problematic barrier for subtype-specific drug
development. Highly conserved residues in the pore
region are those to which many small molecules bind,
which underlies the difficulty in developing drug thera-
pies that are specific to individual Nav subtypes.
Nevertheless, small molecules are widely used and thera-
peutically efficacious. Although CBD has similar effects
and dose-dependence across the Nav family, a strong case
for its therapeutic potential for treating a variety of Nav-
related disorders can be made on the basis of its clinical
efficacy in treating DS. It seems reasonable to speculate
that the propensity for CBD to alter membrane properties
results in modulating multiple targets rather than only
affecting specific sodium channels. Rigorous clinical
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trials are necessary to confirm the therapeutic potential of
CBD to treat other disorders, including those associated
with skeletal muscle.

In conclusion, the work presented in this article
reviews CBD’s effects and mechanism of action on
Nav and membrane and suggests that CBD has thera-
peutic potential against several conditions. Finally,
this work could be a first stepping-stone toward deter-
mining whether CBD or related compounds could
develop or contribute to the development of other
promising therapeutics.
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