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Abstract: Epilepsy is a neurological disorder mainly characterised by recurrent seizures that affect
the entire population diagnosed with the condition. Currently, there is no cure for the disease and
a significant proportion of patients have been deemed to have treatment-resistant epilepsy (TRE).
A patient is deemed to have TRE if two or more antiepileptic drugs (AEDs) fail to bring about
seizure remission. This inefficacy of traditional AEDs, coupled with their undesirable side effect
profile, has led to researchers considering alternative forms of treatment. Phytocannabinoids have
long served as therapeutics with delta-9-THC (∆9-THC) receiving extensive focus to determine its
therapeutic potential. This focus on ∆9-THC has been to the detriment of analysing the plethora of
other phytocannabinoids found in the cannabis plant. The overall aim of this review is to explore
other novel phytocannabinoids and their place in epilepsy treatment. The current review intends to
achieve this aim via an exploration of the molecular targets underlying the anticonvulsant capabilities
of cannabidiol (CBD), cannabidavarin (CBDV), delta-9-tetrahydrocannabivarin (∆9-THCV) and
cannabigerol (CBG). Further, this review will provide an exploration of current pre-clinical and
clinical data as it relates to the aforementioned phytocannabinoids and the treatment of epilepsy
symptoms. With specific reference to epilepsy in young adult and adolescent populations, the
exploration of CBD, CBDV, ∆9-THCV and CBG in both preclinical and clinical environments can
guide future research and aid in the further understanding of the role of phytocannabinoids in
epilepsy treatment. Currently, much more research is warranted in this area to be conclusive.

Keywords: epilepsy; treatment; phytocannabinoids; adolescents; young adults; cannabidiol (CBD);
delta-9-tetrahydrocannabivarin (∆9-THCV); cannabidavarin (CBDV); cannabigerol (CBG); clinical
studies; animal studies

1. Introduction

Epilepsy affects 65 million people worldwide [1]. It is one of the most common
neurological disorders, characterised by recurrent seizures [2], which affect individuals of
every age [3]. Currently, an array of known causes exists for epilepsy [1] and there have
been major advances in our understanding of the disorder, specifically through the lens of
biology [4,5]. This enhanced understanding of the underlying physiological mechanisms
leading to epilepsy has led to better categorisation of the disorder [3]. Fisher [4] categorised
epileptic seizures into focal seizures (limited to one brain hemisphere), generalised seizures
(occurring bilaterally over more than one region) and seizures of unknown onset (which
cannot be classified as either focal or generalised). Categorizations such as these have led
to the refined prescription of antiepileptic drugs (AEDs). These classifications essentially
allow medical professionals to prescribe an AED of optimum efficacy based on each
patient’s specific form of epilepsy and their age.

The overarching goal of AED prescription is to promote the quality of life via mitigat-
ing seizure activity and minimising drug toxicity, with this prescription of AEDs to most
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epilepsy patients resulting in a significant reduction of epilepsy-related symptoms [6,7].
Currently, there is no cure for epilepsy, nor are there treatments which can prevent the
development of the disease [8]. Only therapies exist which treat symptoms of epilepsy,
such as seizures. While AED prescription is beneficial for the majority and brings about
symptom management, a significant portion of the world’s population presently suffers
from the negative effects of epilepsy with no therapeutic drug providing any symptom
remission [9]. Many AEDs have been successfully introduced to clinical practice to treat
the varying forms of epilepsy, however none of these have substantially aided a significant
number of patients. The array of available AEDs only provide seizure control to a segment
of the 65 million individuals having epilepsy worldwide [10,11]. AEDs do provide signifi-
cant benefits to patients when they work, however, there is a major demand to address the
problem of ineffective AEDs. This is particularly salient in younger epilepsy patients who
currently have no effective treatments available.

Epilepsy in these younger populations arises due to a myriad of factors, the investi-
gation of which can lead to improvements in therapeutic efficacy, which ultimately aids
the treatment of the disorder [12]. A cause for concern across the array of epilepsy classifi-
cations in children, adolescents and young adults, is pharmacoresistance [13]. Whether
epilepsy is of infantile onset, childhood onset or adolescent onset, being resistant to com-
monly utilised AEDs is a major impediment to current treatment options. In a recent
review, numerous derivations of epilepsy (see [12] for more details) all pose significant and
nuanced developmental risks to younger populations. Whilst all of the aforementioned
forms of epilepsy are unique in their clinical presentation, many share the common charac-
teristic of being persistently resistant to AEDs [12]. Approximately 25% of young epilepsy
patients experience this resistance to commonly utilised AEDs [14,15].

Epilepsy deemed as pharmacoresistant is also commonly referred to, as ‘treatment-
resistant epilepsy’ (TRE), which is defined as “the failure of adequate trials of two (or
more) tolerated, appropriately chosen, and appropriately used antiepileptic drug regimens
to achieve freedom from seizures” [16]. The rationale for deeming a patient treatment-
resistant after two failed AED trials is based on the likelihood of success with subsequent
AEDs, which is low [17,18]. Due to TRE, multidrug combinations and high doses have
been adopted in an attempt to compensate for the lack of efficacy of some AEDs in specific
populations [1]. These multidrug combinations with high dosages mean that the side
effects experienced because of regularly taking AEDs are increased. These side effects
include, but are not limited to, double vision, fatigue, difficulty concentrating, memory
problems, irritability, depression, extreme body weight fluctuations, reproductive disorders,
congenital malformations in pregnancy and an array of behavioural difficulties [19–21]. It
has been demonstrated that, in younger populations, neurodevelopmental comorbidities
resulting from the use of AEDs can bring about more negative effects than the seizures
themselves [22–24]. AEDs are themselves initially licenced for adult populations, thus
further limiting the available data about their safety in younger underage populations [25].
There are multiple limitations inherent in treating epilepsy through these traditional forms.
While polytherapy is a response to ineffective treatment, it substantially increases the risk
of neurodevelopmental comorbidities [26,27], with the effects present in adolescents and
young adults [28,29].

Current research postulates that a ‘new-era’ of treatment for TRE is imminent [30].
Regardless of any imminent ‘new-era’, there is a necessity to continue looking for alterna-
tive forms of treatment for the minority of younger individuals suffering from epilepsy
whom traditional treatment options have failed. Any novel therapeutic, which can treat
epilepsy symptoms in a presently untreatable cohort, whilst also presenting a favourable
side-effect profile, should at the very least warrant analysis. Numerous alternate ther-
apies have demonstrated efficacy in their ability to treat epilepsy symptoms [3]. One
such potential class of therapeutics is the cannabinoid compounds, which simultaneously
demonstrate therapeutic efficacy, favourable side-effect profiles and the ability to coun-
teract previous neurodegenerative damage via inherent neurogenic mechanisms. Across
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millennia, cannabinoids have been utilised for their medicinal qualities without any knowl-
edge of their underlying molecular pathways [31]. Presently, a great deal more is known
about cannabinoids, initiated with the identification of cannabidiol (CBD) and delta-9-
tetrahydrocannabinol (∆9-THC) in the 1960s [32,33]. This discovery was subsequently
complemented by the discovery of the on-board endocannabinoid system (ECS) in humans,
which allowed for the subsequent development of insight surrounding depolarisation-
induced suppression of inhibition and excitation (DSI/DSE) mechanisms. This aforemen-
tioned process (presented in detail in Section 2 of this review) mediates the effects of
plant-derived cannabinoids (phytocannabinoids) via endogenous endocannabinoids such
as anandamide (AEA) and 2-arichidonyl-glycerol (2-AG) [34–36]. It is these modulatory
processes that characterise phytocannabinoid activity, giving them the potential to address
the current limitations of traditional epilepsy treatment.

Most research on the therapeutic effects of phytocannabinoids was traditionally fo-
cused on ∆9-THC. Recently, however, non-psychoactive cannabinoid derivatives have
begun receiving more attention for their therapeutic effects- specifically within the area of
TRE. For example, in a randomised, double-blinded, placebo controlled trial on patients
with Dravet syndrome (DS) CBD was effective in its ability to reduce seizure frequency
(5.9–12.4 per month, p < 0.01) [37]. CBD was also shown to significantly reduce seizures
specific to Lennox-Gastaut syndrome (LGS) [38,39]. Phytocannabinoid compounds act
as potential anticonvulsants, with a range of these derivatives demonstrating anticon-
vulsant properties [40,41]. This anticonvulsant activity of CBD has not been extended to
include other phytocannabinoid derivatives as yet, but a shift in focus is currently moving
towards the therapeutic potential of other underexplored phytocannabinoids [42]. The
overall aim of this review is to explore current advances in this direction with respect to
the treatment of epilepsy. Specifically, the current review intends to achieve this via an
exploration of the molecular targets underlying the anticonvulsant capabilities of novel
phytocannabinoids (See Figure 1). Further, the review will also provide an exploration
of current pre-clinical and clinical data as it relates to specific phytocannabinoids and the
treatment of epilepsy symptoms.

Int. J. Environ. Res. Public Health 2021, 18, x  3 of 24 
 

 

tential class of therapeutics is the cannabinoid compounds, which simultaneously demon-
strate therapeutic efficacy, favourable side-effect profiles and the ability to counteract pre-
vious neurodegenerative damage via inherent neurogenic mechanisms. Across millennia, 
cannabinoids have been utilised for their medicinal qualities without any knowledge of 
their underlying molecular pathways [31]. Presently, a great deal more is known about 
cannabinoids, initiated with the identification of cannabidiol (CBD) and delta-9-tetrahy-
drocannabinol (Δ9-THC) in the 1960s [32,33]. This discovery was subsequently comple-
mented by the discovery of the on-board endocannabinoid system (ECS) in humans, 
which allowed for the subsequent development of insight surrounding depolarisation-
induced suppression of inhibition and excitation (DSI/DSE) mechanisms. This aforemen-
tioned process (presented in detail in Section 2 of this review) mediates the effects of plant-
derived cannabinoids (phytocannabinoids) via endogenous endocannabinoids such as 
anandamide (AEA) and 2-arichidonyl-glycerol (2-AG) [34–36]. It is these modulatory pro-
cesses that characterise phytocannabinoid activity, giving them the potential to address 
the current limitations of traditional epilepsy treatment. 

Most research on the therapeutic effects of phytocannabinoids was traditionally fo-
cused on Δ9-THC. Recently, however, non-psychoactive cannabinoid derivatives have be-
gun receiving more attention for their therapeutic effects- specifically within the area of 
TRE. For example, in a randomised, double-blinded, placebo controlled trial on patients 
with Dravet syndrome (DS) CBD was effective in its ability to reduce seizure frequency 
(5.9–12.4 per month, p < 0.01) [37]. CBD was also shown to significantly reduce seizures 
specific to Lennox-Gastaut syndrome (LGS) [38,39]. Phytocannabinoid compounds act as 
potential anticonvulsants, with a range of these derivatives demonstrating anticonvulsant 
properties [40,41]. This anticonvulsant activity of CBD has not been extended to include 
other phytocannabinoid derivatives as yet, but a shift in focus is currently moving to-
wards the therapeutic potential of other underexplored phytocannabinoids [42]. The over-
all aim of this review is to explore current advances in this direction with respect to the 
treatment of epilepsy. Specifically, the current review intends to achieve this via an explo-
ration of the molecular targets underlying the anticonvulsant capabilities of novel phyto-
cannabinoids (See Figure 1). Further, the review will also provide an exploration of cur-
rent pre-clinical and clinical data as it relates to specific phytocannabinoids and the treat-
ment of epilepsy symptoms. 

 
Figure 1. Chemical structures of the phytocannabinoids cannabidiol (CBD), cannabidavarin (CBDV),
delta-9-tetrahydrocannabivarin (∆9-THCV) and cannabigerol (CBG).



Int. J. Environ. Res. Public Health 2021, 18, 3993 4 of 24

These non-psychoactive phytocannabinoids, cannabidiol (CBD), cannabidavarin (CBDV),
delta-9-THCV (∆9-THCV) and cannabigerol (CBG), all warrant analysis through the lens of
epilepsy due to their anticonvulsant characteristics combined with favourable side-effect
profiles [42]. Furthermore, hypotheses that phytocannabinoids also present a solution
to the neurodegenerative deficits associated with epilepsy are realistic. A clear neuro-
protective/neurogenerative characteristic has been identified and associated with these
phytocannabinoid compounds [43], with accumulating evidence considering phytocannabi-
noids as neuroprotective [44]. This review will also elucidate these neurogenic mechanisms
and their implications for epilepsy treatment in younger populations.

2. The Endocannabinoid System and Its Modulation by Phytocannabinoids

The ECS is made up of three main components including receptors, ligands and
enzymes. The traditional ECS receptors are known as CB1 and CB2. These receptors
belong to the G-protein-coupled receptor (GPCR) proteins [34]. CB1 receptors are primarily
expressed in the central nervous system (CNS), while research demonstrates that CB2
receptors are more expressed throughout the immune system [45]. Research has also shown
CB2 receptor expression to occur in the CNS [46–48]. Except for CB1 and CB2 receptors,
numerous other receptor channels have been implicated in ECS signalling. Remaining
within the GPCR realm, it has been demonstrated that GPR55 and GPR18 are specifically
implicated in phytocannabinoid modulation [49]. Transient receptor potential channels
(TRP), which are a class of membrane proteins involved in an array of signal transduction
pathways, have also been implicated in ECS modulation. Specifically, transient receptor
potential vanilloid (TRPV), transient receptor potential ankyrin (TRPA) and transient
receptor potential melastatin (TRPM) subfamilies have all been implicated [50–52]. Each
of these channels contains further, more specific receptors with demonstrated activity
relating to the ECS. Research has also demonstrated that broader ECS communication can
be mediated by peroxisome-proliferator-activated receptors (PPARs) [53,54]). These nuclear
hormone receptors control the transcription of specific genes. The activation of specific
PPAR family receptors (PPARα and PPARγ) has been associated with anti-inflammatory
and neuroprotective characteristics of exogenous phytocannabinoids [49]. The central
consideration in this instance is that the ECS has a wide breadth in terms of cellular
receptors, which bring about effects. Ultimately, these receptors all play a key role in the
modulation of neural activity.

Another component of the endogenous ECS, which is critical for the modulation of
neural transmission is the ECS-specific ligands that bind to receptor channels. AEA and
2-AG are the two primary ECS ligands and they act as retrograde neurotransmitters. This
essentially means that depolarisation of the post-synaptic terminal triggers their release,
upon which they travel back (i.e., in a retrograde manner) from the post synaptic terminal
to the pre-synaptic terminal. On the pre-synaptic terminal they bind primarily to CB1
receptors and the TRP superfamily of ion channels, which mediate the transduction of a
plethora of intracellular stimuli (see Figure 2). The ligands are regulated by the enzymes
fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) [55]. What makes
these two enzymes unique is that they are synthesised in an on demand fashion in post-
synaptic neurons. The enzymes are produced from membrane phospholipid precursors
in the post-synaptic terminal [56]. The synthesis of these enzymes from phospholipid
precursors depends on intracellular increases in Ca2+ levels, which occur because of
previous neurotransmission [57]. Ultimately, the ECS receptors, ligands and regulatory
enzymes communicate to regulate neural activity. This communication results in retrograde
signalling known as DSI. DSI occurs when the post-synaptic terminal depolarises, causing
a subsequent reduction of GABA-mediated inhibitory transmission. This is characterised
as a short-term synaptic depression [58]. Similar to DSI, DSE has also been characterised.
In DSE, rather than the inhibition of GABA transmission, inhibition of glutamate-mediated
transmission occurs which subsequently inhibits excitatory potentials [59].
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Figure 2. Synaptic transmission of the ECS: (i) Excitatory/inhibitory neurotransmitter release into the synapse (ii) Neuro-
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This retrograde signalling characterises the ECS as a system that operates via a mech-
anism, which can treat disorders characterised by aberrant neural activity. Through the
manipulation of DSI and DSE in different brain regions there is a potential to alter the
activity of the CNS. Seizure activity has been defined as ‘Paroxysmal’—meaning neural
networks are experiencing too much excitation coupled with minimal inhibition. This
paroxysmal activity can be regulated by the ECS, with its implication in activity-dependent
long-term depression of glutamatergic and GABAergic synaptic transmission [60,61]. Due
to its modulatory capacity, the ECS has become a systemic target for treating various
neurological disorders. Furthermore, the existence of phytocannabinoid compounds that
can regulate ECS activity and broader intracellular communication provides further novel
targets for treating neurological disorders. With the ECS characterised by an ability to
alter neural communication, the administration of phytocannabinoids, which regulate
this ECS may provide therapeutic benefits in epilepsy. CBD has demonstrated an ability
to modulate ECS-related machinery in a manner accommodating seizure reduction in
humans with severe forms of TRE [15,37,38,62]. With this efficacy inherent in the phy-
tocannabinoid CBD demonstrated, the exploration of other phytocannabinoids for their
potential anticonvulsant capability is warranted, specifically CBDV, ∆9-THCV and CBG. By
focusing on their specific molecular targets, and both preclinical and clinical observations,
this review intends to highlight which phytocannabinoids warrant further investigation
from the perspective of treating epilepsy in young populations.

3. Anticonvulsant Effects of Phytocannabinoids

To understand epilepsy and determine whether specific exogenous compounds pro-
vide anticonvulsant efficacy, numerous models have been created to simulate epilepsy in
animals. These models were created to provide further comprehension of the complex
mechanisms underlying seizure activity and epileptogenesis which cannot be solely un-
derstood through research in humans. For a comprehensive overview of animal models



Int. J. Environ. Res. Public Health 2021, 18, 3993 6 of 24

used in epilepsy research there are numerous salient sources (for examples, see [63–66]).
These specific animal models are evaluated in terms of their epilepsy simulating ability [67],
which allows the identification of appropriate models for specific forms of the disease [68].

Models primarily utilised by research contained in this review include the pentylenete-
trazol (PTZ) model, the maximal electroshock (MES) model and the audiogenic seizures
(AS) model, as well as the pilocarpine model. Various other models of epilepsy exist in ani-
mals, however, within the studies on phytocannabinoids, these models appear to be most
commonly utilised. The following is a presentation of four specific phytocannabinoids and
their individual characteristics, which make them novel targets for treating epilepsy. First,
an analysis of the molecular targets which are said to underpin the compounds’ anticonvul-
sant capability will occur. A presentation of evidence demonstrating this anticonvulsant
activity will then follow.

3.1. Cannabidiol

CBD is the most commonly analysed phytocannabinoid after its psychotropic coun-
terpart ∆9-THC [69]. The CBD-based therapeutic Epidoliex® (Greenwich Biosciences,
Carlsbad, CA, USA) has demonstrated significant merit in addressing TRE. Based off these
findings, CBD was given approval by the Food and Drug Administration (FDA) in the
USA for treating epilepsy in 2018.

3.1.1. Molecular Targets of CBD

More than 65 molecular targets have been reported in the literature for CBD. A
relatively small number of these targets represent a plausible explanatory mechanism for
the compound’s anticonvulsant activity [70].

At low micromolar concentrations CBD blocks the equilibrative nucleoside trans-
porter (ENT), the orphan G-protein-coupled receptor (GPCR55), and the transient receptor
potential of melastatin type 8 (TRPM8) channel [40]. CBD also enhances the activity of sero-
tonin receptors (specifically the 5-HT1a), the transient receptor potential of Ankyrin type 1
channel (TRPA1), and second messenger cascades via its modulatory effect on intracellular
calcium levels [71]. At higher micromolar concentrations CBD has been demonstrated to
activate the nuclear peroxisome proliferator-activated receptor-v (PPARV) and the transient
receptor potential of vanilloid type 1 (TRPV1) and type 2 (TRPV2) channels [71]. Its mod-
ulation of tumour necrosis factor alpha (TNF-alpha) [72] and its inhibition of adenosine
reuptake [73] also provide viable explanations as to its efficacy in treating epilepsy.

The activity of CBD at GABAA receptors is also an interesting target for this compound.
GABA mediates fast inhibitory neurotransmission in the central nervous system via its
action on GABAA receptors. These receptors have been previously implicated in various
neurological and psychiatric disorders including epilepsy [74]. Recently, CBD has been
postulated to exert its therapeutic effects through GABAA receptors, as disinhibition
of GABAergic neurons provides therapeutic alterations in downstream neural activity.
Opposite to these disinhibitory effects at GABAA receptors, CBD also inhibits N-methyl-
D-aspartate (NMDA) receptors [75]. NMDA receptors have been implicated in memory
processes [76], but their inhibition has also been linked to other neurological disorders such
as epilepsy. They present another novel target by which CBD may enact its anticonvulsant
capability. Further, CBD also inhibits the cellular uptake of fatty acid amide hydrolase
(FAAH) and the degradation of AEA. CBD also potentiates the beneficial effects of ∆9-THC
whilst simultaneously reducing its psychoactivity. This phenomenon has been coined the
‘entourage effect’ and is not limited to the interaction of CBD with ∆9-THC [77]. Research
has also implicated the importance of large conductance calcium-activated potassium (BK)
channels in the activity of CBD. It has been demonstrated that CBD acts as an effective
agonist to BK channels bringing about significant anticonvulsant effects [78].

Whilst these previously mentioned pathways have been elucidated to illustrate the
effects of CBD, the exact means by which CBD exerts its anticonvulsant capacity remains
unknown [40]. It is clear however that CBD is a pleiotropic compound and its efficacy in
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epilepsy stems from these multifaceted effects. It has also been hypothesised that CBD
reduces neuronal excitability and transmission during seizure through the modulation
of intracellular calcium, which acts as the second messenger in signal cascades. While
being essential for the synthesis of the ECS ligands AEA and 2-AG, this modulation
of calcium levels also promotes potential therapeutic interactions with targets such as
TRP channels [79], GPCR55 channels and voltage dependent anion-selective channels
(VDAC1) [80]. Such interactions may further explain the anticonvulsant effects of CBD.

Alternatively, the therapeutic effects of CBD could be explained by its polyphenolic
nature [40]. The repeating polyphenolic moieties of CBD make it a powerful antioxidant
and imbue the compound with anti-inflammatory characteristics. These neuroprotective
and generative effects of CBD further illustrate the multifaceted nature of the compound
and its ability to promote various therapeutic effects, which can aid the symptoms of
epilepsy. Overall, much remains to be understood about the specific mechanisms involved
in the effects of CBD. Further analysis of this compound is essential, with a specific focus
on identifying epilepsy-related brain regions and how CBD works within them.

3.1.2. Pre-Clinical Evidence of CBD Efficacy

The anticonvulsant effects of CBD have been demonstrated across numerous animal
models of epilepsy in recent decades. In rats for example, across both MES and AS
models, CBD anticonvulsant capability has been demonstrated at varying doses (12 and
17 mg/kg) [81] (Table 1). As well as sole efficacy, CBD was also compared with other AEDs
in separate experiments still utilising the MES model. It was observed that CBD was as
potent as the AED phenytoin and had slightly less efficacy compared to another AED,
phenobarbital. CBD in this instance was also found to be more effective than both AEDs
trimethadione and ethosuximide [81].

The efficacy of CBD was also demonstrated in the PTZ model of acute epilepsy when
60 mg/kg of the compound was administered intraperitoneally (IP). This administration
of CBD subsequently reduced the tonic seizures induced by PTZ [82]. In this instance
the researchers explained CBD efficacy through its ability to disinhibit GABAA receptors.
The disinhibitory effect at GABAA receptors has been replicated and discussed in more
contemporary research [83]. This consistency in preclinical findings across time lends
further validity to the therapeutic efficacy of CBD in epilepsy. Results obtained across
animal models of the disease further bolster this validity.

Researchers further observed the efficacy of CBD within the PTZ model of seizure.
CBD acted as an effective agonist to voltage-gated potassium channels. These channels
are responsible for the conductance of large quantities of potassium ions across the cell.
The researchers in this instance concluded that such activity promoted significant anti-
convulsant effects in rodents [78]. Continued analysis of CBD activity in mice without
these voltage-gated potassium channels [78] pointed further to their potential in bringing
about CBD anticonvulsant properties. These rodents in which the voltage-gated potassium
channel was knocked-out provide preliminary evidence for the role these channels play in
the anticonvulsant activity of CBD.

Preclinical research has also attempted a more chronic elucidation of CBD’s efficacy
as an anticonvulsant. Using the PTZ model of epilepsy, it was found that a reduction in
seizure activity could be garnered by the administration of varying doses (20 and 50 mg/kg)
of CBD over a 28-day period. In tandem with this lower seizure activity, CBD-treated
rodents also had lower neuronal death in CA1 and CA3 hippocampal regions [84]. This
shows evidence of the postulated neuroprotective characteristics of phytocannabinoids.
CBD was also observed in this instance to have downregulating effects on NMDA subunit
1 expression in the hippocampus, further showing the multifaceted targets of the phyto-
cannabinoid [84]. Preclinical evidence of CBD’s anticonvulsant capability across animal
models of epilepsy coupled with comprehensive data about its safety [85] ultimately al-
lowed clinical trials to start in human participants. These clinical trials eventually lead
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to the therapeutic efficacy of CBD being realised across human populations including
adolescents and young-adults [86–88].

Table 1. Data about specific anticonvulsant effects of phytocannabinoids.

Phytocannabinoid Dose Species Effect Traditional AED
in Tandem Reference

Cannabidiol (CBD)

(i) Animals
12 & 17 mg/kg Rats ↑ X [81]

60 mg/kg Albino mice (m) ↑ × [82]
1, 10 & 100 mg/kg Wistar rats (m) ↑ × [83]
2 µL (1 µL per side) NMRI mice (m) ↑ × [78]
10, 20 & 50 mg/kg Sprague-dawley rats (m) ↑ × [84]

(ii) Humans 200 mg/kg Epilepsy Patient
Volunteers ↑ X [89]

200–300 mg/kg Epilepsy Patients (Ages
14–49 years) ↑ × [90]

2–50 mg/kg Epilepsy Patients (Ages
1–30 years) ↑ X [15]

20 mg/kg Children and Young
adults ↑ X [37]

10 & 20 mg/kg Epilepsy Patients (Ages
2–55 years) ↑ X [38]

Cannabidivarin
(CBDV)

(i) Animals
50–200 mg/kg DBA/2 mice, CD-1 mice

& Wistar rats (m) ↑ X [91]

50–422 mg/kg Wistar rats, MF1 mice &
DBA/2 mice (m) ↑ × [92]

(ii) Humans 400 mg/kg Adult Epilepsy Patients — X [93]

Delta-9-
tetrahydrocannabivarin

( ∆9-THCV)

(i) Animals

10–50 µM &
0.025–2.5 mg/kg Wistar rats (m) ↑ × [94]

Cannabigerol (CBG)

(ii) Animals
50–200 mg/kg Wistar rats (m) — × [95]

(↑): significant effect. (—): no significant effect. (X): traditional anti-epileptic drug (AED) delivered with phytocannabinoid. (×): no tradi-
tional AED delivered with phytocannabinoid.

3.1.3. Clinical Evidence of CBD Efficacy

CBD was first tested in human populations with epilepsy in the late 1970s [96]. Me-
choulam and Carlini [89] conducted initial placebo-controlled research with a small sample
(n = 9) who presented with medically uncontrolled epilepsy (Table 1). Participants were
randomised to receive 200 mg/day of CBD for 3 months in tandem with their usual battery
of AEDs. In the CBD-treated group (n = 4), two patients achieved a full recovery from
epilepsy symptoms with the third patient demonstrating a partial recovery. The fourth
patient in the epilepsy group was unresponsive to treatment. The remaining participants in
the placebo group (n = 5) saw no significant improvements in epilepsy-related symptoms.
A key finding of this initial trial as well as efficacy, was the fact that no patients in the
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CBD group experienced any side effects [89]. With drastic side effects of AEDs posing
significant problems for epilepsy treatment, demonstration of minimal side effects by CBD
was positive. In another clinical trial, Carlini and Cunha [90] reported improvements in
patients with temporal lobe epilepsy through the administration of 200 or 300-mg CBD
daily for 4 months. Again, as previously, side effects were minimal with only somnolence
being reported. With this early replication of therapeutic efficacy in tandem with a lack of
side effects, it becomes clear why CBD became the primary phytocannabinoid of focus for
many researchers.

More recently the efficacy of CBD has been further replicated in human populations
including adolescents and young-adults with severe childhood-onset epilepsy [15]. In
this open-label trial conducted over 12 weeks, doses of 25 mg/kg or 50 mg/kg of CBD
were administered to patients (Aged 1–30) in tandem with their prescribed AED regi-
ment. The CBD-treated groups showed a reduction in seizures. Utilising number of ‘drop
seizures per month as the outcome variable, a 36.5% reduction in these seizures was seen
in the CBD-treated groups. Similar to other trials in human populations, the side effects
experienced were also much less pronounced in the CBD-treated groups compared with
groups receiving traditional AEDs alone. Interestingly, these favourable side effect profiles
associated with CBD administration in tandem with AEDs were more common in the
groups who were using the traditional AED clobazam [15].

Further trials on the efficacy of CBD have also been conducted specifically in children
and younger adult populations. In another trial, a sample consisting of children and young
adults who presented with Dravet Syndrome (DS) received 20 mg/kg of CBD (or placebo)
in tandem with their standard AED drug regimen for 14 weeks. The sample showed a
significant reduction in seizures, with 5% of this sample becoming seizure free after the
14-week period [37]. In another trial of similar nature, Lennox Gastaut Syndrome (LGS)
was the common denominator of a sample (age 2–55 years), which contained infants,
adolescents, young adults, adults and older adult patients. These participants received
varying doses (10 or 20 mg/kg) of CBD in tandem with their regular regimen of AEDs for
14 weeks. Drop seizures were implemented as the outcome measure. A 41.9% reduction in
drop seizures was recorded in the 20 mg/kg CBD-treated group, and a 37.2% reduction in
drop seizures was recorded in the 10 mg/kg CBD-treated group. The placebo group had a
17.2% reduction in drop seizures [38].

Overall, the evidence for CBD’s efficacy in treating epilepsy has been shown and
replicated across various forms of TRE. Of paramount importance are the clear benefits this
phytocannabinoid has brought to younger people suffering from TRE. Since its approval as
an alternate AED [97], CBD has also shown favourable side-effect profiles across different
populations including adolescent and younger adult samples [98]. This demonstration of
CBDs ability to treat previously resistant forms of epilepsy should prompt researchers to
begin analysing the potential merit of other structurally similar phytocannabinoids.

3.2. Cannabidivarin (CBDV)

Cannabidivarin (CBDV) is another phytocannabinoid and direct CBD analogue de-
rived from cannabigerovarin. CBDV has shown anticonvulsant effects and a favourable
pharmacokinetic profile similar to CBD [42,99]. From a molecular perspective CBDV works
through various mechanisms, which parallel other novel phytocannabinoids discussed in
this review, such as CBD and CBG.

3.2.1. Molecular Targets of CBDV

The mechanisms by which CBDV acts are diverse. CBDV inhibits the reuptake of
AEA and 2-AG at micro- and nanomolar concentrations, respectively [91,92]. Research
has also shown the strong role of ECS membrane transport mechanisms in overall brain
homeostasis, with a specific focus on the role AEA reuptake inhibitors play in regulating
this process [100]. The synthesis of explicit ‘probe’ inhibitors such as WOBE437 and RX-055
for inhibiting AEA reuptake shows the significant role that reuptake inhibition plays in
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regulating brain activity [101]. With CBDV known to act as an enzyme reuptake inhibitor,
similar to other phytocannabinoids, it is hypothesised that CBDV acts as an effective
anticonvulsant.

Except for the endocannabinoid reuptake inhibition, CBDV also activates TRPV1
and TRPV2 channels as well as TRPA1 channels [91,102]. TRP proteins essentially form
cation channels, which, upon activation, depolarise the membrane potential, leading
to either activation or inactivation of voltage-gated ion channels and mechanisms that
influence Ca2+ signalling [103]. These aforementioned processes control diverse cellular
functions [104]. With diverse effects at a cellular level, TRP channels and subfamilies
are highly expressed and play a critical role in brain communication [105]. It has been
shown that this role is essential to processes characteristic of epilepsy. Dysregulation of
the previously mentioned channels leads to cortical spiking and wave seizures, which are
definitive signs of epilepsy [106]. The fact that CBDV has been shown to dose dependently
activate these channels (TRPV1, TRPV2 and TRPA1) makes it a novel target for treating
epilepsy symptoms.

3.2.2. Pre-Clinical Evidence of CBDV Efficacy

CBDV efficacy has been investigated across numerous animal models of epilepsy. It has
anticonvulsant effects across the MES, AS, PTZ and Pilocarpine models of epilepsy [81,90]
(Table 1). Work in the MES model has shown that animals who received 100 or 200 mg/kg
demonstrated significantly less hindlimb extension (a key phenotypic marker of seizure
severity in animals) after seizure induction. This result provided initial behavioural obser-
vations that demonstrate CBDVs anticonvulsant characteristics. In this same experiment
any animal that was vehicle-treated demonstrated insignificant changes in hindlimb exten-
sion [81]. The incidence of tonic-clonic seizures was also significantly low in CBDV-treated
mice compared to the vehicle-treated group. Overall, these findings within the MES
model showed that the percentage of seizure-free rodents was significantly higher after
administration of 200 mg/kg of CBDV, with this higher dose bringing about more robust
anticonvulsant effects.

Hill and colleagues [91] further showed that CBDV significantly reduced epilepsy-
related symptoms. Working within the PTZ model of epilepsy, CBDV was administered
at doses of 200 mg/kg, which brought about reductions in overall seizure severity. This
same dose (200 mg/kg) also produced significant reductions in rodent mortality. In this
PTZ model of epilepsy, results showed that 33.3% of rodents in the 200 mg/kg group
displayed no sign of seizure. This contrasted with only 6.7% of rodents in the vehicle group
displaying no signs of seizure. The seizure onset was shown to be significantly delayed
in CBDV-treated mice. In both of these previously discussed analyses, CBDV was the
sole compound being administered, thus, the results are more reflective of CBDVs pure
efficacy. While CBDV’s direct mechanisms of action remain elusive, its significant ability to
treat the symptoms of chemically-induced convulsions in this instance can be more readily
attributed directly to CBDV’s actions as it was the sole compound administered.

Hill and colleagues [91] conducted further experiments where CBDV was analysed
experimentally in tandem with participants’ current AED regimens. This directly contrasts
the researchers’ previous analyses where CBDV was the sole compound administered.
CBDV had anticonvulsant effects and was well tolerated when co-administered with AEDs.

Hill and colleagues [92] further analysed the anticonvulsant properties of a cannabis-
derived botanical drug substance rich in CBDV across various animal models of epilepsy.
At doses of 200 mg/kg and 275 mg/kg, seizure severity was suppressed, with the larger
dose significantly reducing rodent mortality. This modified compound rich in CBDV was
shown to have strong anticonvulsant effects across the PTZ and AS models. Less efficacy
was demonstrated in the pilocarpine model when data were compared with the PTZ and AS
results [92]. From these experiments it was shown that CBDV can have positive effects on
epilepsy symptoms. The administered compound also contained other phytocannabinoids,
such as delta-9-tetrahydrocannabivarin (∆9-THCV). Through containing such a mixture of
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phytocannabinoids the authors concluded that the compound affinity for CB1 receptors
was significantly increased, even so it was determined that this modified CBDV compound
showed promising results as an anticonvulsant. With results showing the efficacy of
CBDV as an anticonvulsant emerging in preclinical research, it became important to begin
translating these findings to research on humans.

3.2.3. Clinical Evidence of CBDV Efficacy

CBDV has received minimal attention in human research regarding its ability to treat
epilepsy. Human trials have been conducted in other disorders and specific procedures
have also determined the pharmacokinetic profile of numerous oral CBDV formulations in
humans (25, 75, 200, 400 and 800 mg/day). Overall, it has been demonstrated that CBDV is
well tolerated by participants and rapidly metabolised in the liver [107] (Table 1).

Trials have been conducted, which evaluated the characteristics of CBDVs efficacy
and safety in human participants. Morano and colleagues [93] conducted a phase 2 trial
where a plant-derived purified formulation of CBDV (GWP42006) was administered to
adult patients who suffered from specific TRE. In a randomised block design participants
received 400-mg CBDV over a treatment period of 14 days. It was observed that CBDV
did not significantly reduce seizure instances [93]. However, data indicated further that
CBDV was a safe compound that could be used in human participants [108]. Whilst CBDVs
efficacy was not demonstrated, the trial design contained weaknesses that merit further
investigation. For example, the utilisation of a purified formulation of CBDV casts doubt on
the validity of these results to represent CBDVs overall efficacy in epilepsy. The inefficacy
of purified cannabinoids has previously been demonstrated with the use of purified CBD
in comparison to a CBD-rich formulation [77].

Future research should focus on CBDV-rich formulations whilst also addressing the
dearth of research in younger populations. Future trials of CBDV in epilepsy should
target specific populations (e.g., adolescent/young adult) to avoid the sampling limitations
experienced in the previous trial. Homogenous samples of adolescent and younger adult
TRE patients should be considered as these samples are in major need of an effective
therapeutic. Different formulations (‘purified’ versus ‘rich’) of CBDV should also be
utilised to further capture CBDV’s efficacy, as has been done with CBD [77,93]. A patent
describing a CBDV-based compound has been approved [109], however while this is a
promising advancement, CBDV still needs to be further tested for epilepsy treatment.

3.3. Delta-9-Tetrahydrocannabivarin (∆9-THCV)

∆9-THCV is a phytocannabinoid with structural similarity to the psychotropic phyto-
cannabinoid ∆9-THC (Figure 3). ∆9-THCV has a shorter side chain on its phenyl-ring, but
still has the capability to traverse the blood brain barrier (BBB) [42]. Also, CBDV isomerises
into ∆9-THCV, making CBDV a biosynthetic precursor of this compound. With research
pointing to the efficacy of CBDV in epilepsy, it is prudent to hypothesise that ∆9-THCV
also holds therapeutic promise for treating epilepsy.
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3.3.1. Molecular Targets of ∆9-THCV

∆9-THCV has diverse pharmacokinetics and displays tissue-dependent effects [42,71].
Early research on ∆9-THCV demonstrated that it was capable of inducing seizure-like
activity in rodents [110]. More recent research has begun utilising specific assays ([35S]GTP-
yS- binding assay) to further determine the molecular underpinnings of ∆9-THCVs activity.
The [35S]GTP-yS- binding assay has aided in uncovering the molecular effects of various
specific compounds [111].

Through the utilisation of the [35S]GTP-yS- binding assay, it has been demonstrated
that ∆9-THCV exhibits antagonist actions at both CB1 and CB2 receptors [112]. More specif-
ically, this ECS receptor action is region specific, with ∆9-THCV acting as an antagonist in
the cerebellum and piriform cortical membranes [113]. In vitro investigations of ∆9-THCV’s
mechanisms have further confirmed the functional antagonism observed in vivo [112].
Except for region-specific effects, dose-dependent responses through varied mechanisms
have also been observed with higher concentrations of ∆9-THCV inhibiting seizure like
activity through a non-CB1 receptor-mediated mechanism [112]. Despite preliminary ev-
idence of ∆9-THCVs activity via ECS receptors, the specific functional mechanisms by
which ∆9-THCV exerts its action are still not fully understood [114]. Through ‘patch clamp’
and multi-electrode array analyses in rodent brains, it was concluded that ∆9-THCV acts
similarly to selective CB1 receptor antagonists. Essentially ∆9-THCV modulates inhibitory
neurotransmission at cellular and network levels [114]. ∆9-THCV was observed to increase
inhibitory neurotransmission by increasing GABA release [71].

It has been observed that ∆9-THCV behaves as both a CB1 and CB2 orthosteric ligand
in binding assays, and as a neutral CB1 receptor antagonist in functional assays [115].
In more recent analyses of the compound, McPartland and colleagues [115] characterise
∆9-THCV as a high affinity CB1 receptor ligand and potent antagonist in vitro, which can
still achieve antagonistic effects in vivo, but not with the same efficiency as observed in vitro.
To elucidate ∆9-THCV’s mechanisms of action in depth and overcome current limitations
in understanding, additional in vivo research must be conducted on this compound [115].

3.3.2. Pre-Clinical Evidence of ∆9-THCV Efficacy

∆9-THCV has been established as a suitable agent for treating various disorders [116–119]
with its efficacy and safety being demonstrated across age groups including adolescent and
younger adult populations [119]. Whilst ∆9-THCV has been trialled as a potential therapeu-
tic in many disorders, epilepsy is not one of these disorders. Direct analyses that specifically
attempt to understand ∆9-THCV’s capability as an anticonvulsant are sparse, with most
preclinical research data about ∆9-THCVs potential as an anticonvulsant stemming from
in vitro designs. These designs are more concerned with mapping ∆9-THCVs mechanisms
of action, rather than analysing its explicit efficacy as an anticonvulsant. However, attempts
have been made to bridge the gap from in vitro to in vivo.

In an experiment focusing on both in vitro (Piriform-cortex-brain-slice model) and
in vivo (PTZ Seizure model) methods, Hill and colleagues [94] investigated the anticonvul-
sant effects of ∆9-THCV (Table 1). From an in vivo perspective ∆9-THCV was administered
to rodents either pre-seizure induction, or during seizure activity, at doses of 10 µM and
10–50 µM, respectively. Post seizure, the effects of each of these doses were analysed to
generate data on their respective abilities to mitigate the seizure activity. A dose >20 µM
of ∆9-THCV could significantly reduce seizure activity in rodents. When Hill and col-
leagues [94] compared these dosages, to the dosage required to mitigate seizure activity
in vitro, it was clear that less ∆9-THCV was necessary in order to bring about anticonvul-
sant effects in vitro. In vitro piriform cortex slices only needed a dose of 10 µM to induce
anticonvulsant effects. Overall, Hill and colleagues [94] concluded that 0.25 mg/kg of ∆9-
THCV significantly reduced seizure incidence in the PTZ model of epilepsy. Results of this
experiment point to a preliminary confirmation that ∆9-THCV possesses anticonvulsant
characteristics. This promising preliminary data received little follow up, resulting in a
dearth of available information about ∆9-THCVs ability as an anticonvulsant. Whether
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∆9-THCV is capable, or incapable of acting as a reliable anticonvulsant across models of
epilepsy remains to be seen.

In a review article, McPartland and colleagues [116] concluded that ∆9-THCV is best
suited to treating diabetes, which is warranted as plenty of data exists to support this claim.
However, little evidence is currently available to conclude that ∆9-THCV is not effective in
treating the symptoms of epilepsy.

3.4. Cannabigerol (CBG)

CBG is one of the major phytocannabinoids present in Cannabis sativa, which was
isolated, characterised and synthesised by the same research team who conducted the
pioneering work on the main psychoactive constituent (∆9-THC) of Cannabis sativa [33].
Assays have demonstrated that unlike its psychotropic counterpart ∆9-THC, CBG is non-
psychoactive [120]. Novel mechanisms of action, as well as its efficacy in epilepsy, have
been considered by researchers.

3.4.1. Molecular Targets of CBG

Analyses have revealed diverse molecular targets of CBG, with some of these targets
providing possible explanations for the potential anticonvulsant effects of the compound.
In rodents, it has been demonstrated that CBG acts as an agonist for both CB1 and CB2
receptors [71]. This simultaneous activity of CBG at both primary receptors of the ECS was
confirmed by the observation of Ki values between 300 and 500 nM at both CB1 and CB2
receptors. Apart from demonstrating an affinity for CB1 and CB2 receptors, CBG has also
affected various other pathways. De Petrocellis and colleagues [51] observed that CBG acts
as an agonist of TRPA1, TRPV1, and TRPV2 channels, whilst also acting as an antagonist
of TRPM8 channels. This study also demonstrated that CBG can act as an endogenous
endocannabinoid reuptake inhibitor, inhibiting the reuptake of anandamide in a manner
similar to other phytocannabinoids [51]. CBG also directly opposes the effects of other
phytocannabinoids; for example CBG opposes the effects of CBD at the serotonin (5-HT2A)
receptor through antagonistic action [121]. Furthermore, CBG blocks the activity at 5-HT1A
receptors [122]. This proclivity to modulate the activity at serotonin receptors is a key
characteristic of CBG activity. Furthermore, CBG activates α2-adrenoreceptors, implicating
it in the inhibition of noradrenaline uptake [122].

More recently research on CBG reports that effects can be observed through the PPAR
pathway, with CBG higher cellular concentrations enhancing the transcriptional activity
of PPARγ, which is responsible for the expression of a large number of genes controlling
various cellular mechanisms including cell proliferation [123]. Recent investigations have
also implicated GPR55 in the activity of CBG. By utilising the [3H]-CP-55940 and [3H]-
WIN-55, 212-2 receptor binding assays, Navarro and colleagues [124] were further able
to show CBGs molecular targets. Through the investigation of the binding properties of
CBG with a specific focus on CB1 and CB2 receptors individually, as well as a focus on
CB1-CB2 receptor heteromers and the complexity of communication involved in receptor
crosstalk [125], researchers could illustrate particular aspects of CBG activity at ECS related
receptors. They showed that CBG modulated signalling mediated by CB1 and CB2 receptors
as well as CB1-CB2 receptor heteromers. This modulation was even shown to occur at
low micromolar concentrations of CBG (0.1–1 µM), subsequently bringing about changes
in line with the characteristics of a partial agonist. Navarro and colleagues [124] also
illustrated CBG’s activity on deeper signal transduction pathways such as cyclic adenosine
monophosphate (cAMP), protein kinase R-like ER kinase (PERK) and β-arrestin. This
research group [124] subsequently concluded that the underlying molecular mechanisms
about CBG activity remain uncertain.

3.4.2. Preclinical Evidence of CBG Efficacy

Preclinical research has provided pharmacokinetic analyses of CBG to understand
its characteristics and activity in vivo [42]. Intraperitoneal injection was found to yield
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considerably higher CBG concentrations in rodent blood plasma and brain tissue compared
to oral administration routes. As well as this, CBG was readily observed crossing the BBB,
due to its lipophilic nature, with Tmax values between 30 and 120 min [42].

In terms of anticonvulsant capability, the literature is unable to state whether CBG
is an effective anticonvulsant due to sparse analyses. Hill and colleagues [95] assessed
the anticonvulsant effects of CBG in vivo. Specifically, the effect of CBG was assessed in
Wistar rats where seizures were induced and anticonvulsant capability was assessed using
the PTZ model of acute epilepsy (Table 1). Doses of 50–200 mg/kg CBG demonstrated
no anticonvulsant effects on PTZ-induced seizures, but did demonstrate an effect on Na+

channels to a similar degree as CBD. This prompted the research group [95] to conclude
that similar to CBD, CBG can block Na+ channels at micromolar levels, but cannot provide
concomitant mitigation of seizure activity [95].

There is a lack of pre-clinical research specifically analysing CBG’s efficacy as an
anticonvulsant, some research has however began identifying CBG’s effects in relation to
other phytocannabinoids. For example, CBG has been evaluated for its potential to reverse
the effects enacted by CBD. Rock and colleagues [121] demonstrated that CBG opposes the
effects of CBD at the serotonin (5-HT2A) receptor. With CBD known to regulate various
physiological effects via its agonist effect on the 5-HT2A receptor, CBG opposes these
effects via antagonistic action at the 5-HT2A receptor, subsequently reducing side effects
associated with the administration of specific compounds such as nausea and vomiting.
With CBG shown here to potentially work as an antagonist of serotonin receptors, and
other data leading to postulations that 5-HT2A receptor signalling is implicated in the
control of neuronal excitability (through GABAergic, monoaminergic and glutamatergic
neurotransmission), it merits investigating the possible anticonvulsant effects of CBG
through its direct modulation of activity at 5-HT2A receptors [126]. Furthermore, the
modulatory effects of CBG on CBD as evidenced by Rock and colleagues [121] shows the
potential of CBG to modulate other compounds. This could be helpful in both treating
seizures directly, and mitigating the side effects of particular AEDs, which currently have
deleterious effects to patients across the lifespan [127].

Cascio and colleagues [122] have also observed that at low doses, rather than acting
as a 5-HT2A receptor antagonist, CBG stimulates the binding of ligands and receptors.
At low micromolar concentrations, CBG was found to stimulate the binding of GTPyS
in rodent brain tissue, with this stimulation ceasing at higher concentrations. This low
dose stimulation of binding observed with CBG further demonstrates the potential of
this compound to be utilised co-operatively with other phytocannabinoids or AEDs to
tackle TRE across populations. This molecular diversity of CBG was further delineated
by Cascio and colleagues who provided evidence that CBG activates α2-adrenoreceptors
and blocks activity at 5-HT1A receptors [122]. This activation of α2-adrenoreceptors was
linked to the possibility that CBG inhibits the neuronal uptake of noradrenaline. Also, the
antagonistic activity of CBG observed at the 5-HT1A receptor echoes previous conclusions
on CBG activity at serotonin receptors. This specific functionality of these receptors further
adds to the anticonvulsant potential of CBG, particularly its ability to modulate other
compounds. Socala and colleagues [128] have demonstrated that CBD can enhance various
AEDs through such modulation, concluding that more interactional research between other
phytocannabinoids and AEDs is warranted.

With CBGs novel molecular targets being delineated, and evidence pointing to its
ability to enhance binding across dosage level, it is fruitful to begin investigating CBG as
a potential enhancer of other compounds, akin to the established ‘entourage effect’ [129].
Such research has been recently conducted in mood disorders, with cannabinoids enhancing
the therapeutic efficacy of terpenes [130].

3.5. Overview of Phytocannabinoids

CBD has the most significant amount of evidence available pointing towards its
anticonvulsant capability, followed by CBDV. The lack of analyses on ∆9-THCV and CBG
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poses a significant limitation in our ability to draw conclusions on the efficacy of these
phytocannabinoids in epilepsy. Researchers must focus on increasing the evidence base of
previously under-studied phytocannabinoids. Through use of varied animal models and
specific experimental designs the evidence base for under-researched phytocannabinoids
can achieve a level of clarity where truly evidence-based conclusions can be drawn. While
direct anticonvulsant effects are a significant focus of this review, the neuroprotective
effects of these compounds also require attention as they add significantly to the overall
profile of phytocannabinoids in relation to neurodegeneration and epilepsy treatment. The
next section of this review will detail these neuroprotective effects.

4. Neurogenerative/Neuroprotective Potential of Phytocannabinoids

In tandem with potential efficacy to reduce the symptoms of epilepsy, such as seizure,
hypotheses have also been put forth that ECS modulators affect neurogenesis and protec-
tion. This potential to enable these neurogenerative functions further adds to the profile of
phytocannabinoids, making them attractive candidates for epilepsy treatment [131].

Aguado [132] demonstrated that endocannabinoid signalling modulates neural pro-
genitor (NP) cell differentiation via the promotion of astroglial differentiation in nascent
neural cells. This discovery of NP cells has provided a molecular basis for the process of
neurogenesis [133]. Research has demonstrated that plant-derived cannabinoids may mod-
ulate deeper neurogenic processes via the ECS [134], with particular interest developing
around the role of phytocannabinoids in the process of cell proliferation and survival [135].
This complex physiological regulation of neurogenesis through compounds that directly
target the ECS [135] makes phytocannabinoids, such as CBD and CBG, novel targets for
treating neurodegeneration.

For example, repeated administration of CBD (30 mg/kg) intraperitoneally over a
14-day timeframe increased hippocampal neurogenesis in rodents [136]. This neurogenic
effect of CBD was mediated by CB1 receptors, with the administration of CBD causing
increases in the levels of the endogenous ECB ligand AEA in the hippocampus. Campos
and colleagues [136] demonstrated that CBD administration facilitates proneurogenic
action by facilitating endocannabinoid-mediated signalling. This was further confirmed
by the same research group [137] where evidence of the neurogenerative effects of CBD
in neurological disorders was reviewed. It was concluded that CBD essentially mitigates
brain damage associated with neurodegeneration, whilst it simultaneously affects synaptic
plasticity and neurogenesis. The mechanisms by which these processes occur are unclear
and numerous pathways are postulated as explanatory.

Marchalant and colleagues [138] demonstrated the mediation of the ECS in these
processes further. Using the cannabinoid agonist WIN-55212-2 in adult (3 month) male
Sprague-Dawley rats at specific doses (0.5 or 0.1 mg/kg/day), the researchers observed
that the cannabinoid agonist affected microglia activation. The same research group [139]
subsequently replicated these results through the comparison of young-adult (3 month)
Sprague-Dawley rats with older-adults of the same species and strain (23 months). In
this instance neurogenerative functions were seen across age groups, however, the older
sample (23 months) of rats showed significantly less positive effects towards WIN-55212-2
compared to younger samples. WIN-55212-2 restored neurogenesis across samples, but
age was shown to be confounding the process. Research [138,139] demonstrated that
neurogenesis can be significantly increased by low, continuous doses of a cannabinoid
receptor agonist across populations. These results demonstrate the ability of ECS modula-
tors to promote neurodevelopment, with this prevention and active addressing of brain
damage being considered antiepileptogenic in cases [140]. Results also point to the salience
of such administration in younger samples where it appears to have superior effect on
neurogenerative processes.

More recently, a CBG derivative (VCE-003.2) was demonstrated to improve neu-
rogeneration in the striatum of rodents. Researchers showed that VCE-003.2 protected
the striatum from damage associated with neurological disorders whilst also attenuating
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neuroinflammation [141]. This ability of an ECS modulator to promote neurogenerative
processes via the modulation of endocannabinoid signalling provides a rationale to investi-
gate the potential role other ECS modulators may play in neurogenerative and protective
processes, this being particularly salient in younger adult and adolescent populations [142].

Research has shown that the cannabinoid agonist WIN-555212 at specific doses (0.1
mg/kg) was found to provide robust neuroprotection to 7-day old Wistar rats through the
activation of CB1 and CB2 receptors [142]. Through modulation of the ECS, neuroprotection
was observed in these neonate rodents. The ability of agonist activity at CB1 and CB2 recep-
tors to bring about neuroprotection in vivo within a neonate sample provides preliminary
evidence of the potential for ECS modulators to bring about these neuroprotective effects
in younger human populations. Similarly, these effects were also demonstrated in neonate
piglets, with CBD bringing about neuroprotective effects [143]. CBD was observed to be
neuroprotective in neonate piglets (3–5 days old) at specific doses (0.1 mg/kg). Interest-
ingly, these effects were also free of any adverse side effects [143]. These observations of
the neurogenerative and protective effects of ECS modulators in younger developing brain
provide preliminary evidence, which warrants further investigation, specifically with other
phytocannabinoid compounds.

5. Discussion

Phytocannabinoids have demonstrated therapeutic efficacy across numerous neu-
rological disorders [144]. Their ‘promiscuous’ pharmacology is essentially responsible
for their wide therapeutic spectrum [145]. This review has provided collated evidence
pointing to the potential of three under-analysed phytocannabinoids (CBDV, THCV, CBG),
which could act as effective anticonvulsants. Based on their molecular targets, coupled
with specific preclinical conclusions, there is a necessity to investigate these compounds
further, with this review promoting further investigation through the lens of epilepsy. This
is necessary particularly in younger populations. Except for seizure reduction, it has also
been demonstrated that these phytocannabinoids affect neurogenerative and protective
processes due to their inherent ability to modulate ECS signalling [137].

Overall, there is not enough evidence to conclusively label the aforementioned phy-
tocannabinoids (except for CBD, which has received extensive attention) as thoroughly
effective anticonvulsants in human populations. There is a dearth of research specifically
focusing on these compounds in epilepsy. Therefore, more analyses must be conducted
on these compounds, specifically in relation to TRE in younger populations. CBD is ac-
tively tackling the problem of treatment resistance amongst adolescent and younger adult
populations with the approval of Epidiolex®. This approval came because of observed
efficacy in treating resistant forms of epilepsy, such as LGS and DS across the popula-
tion [37,38,97]. This therapeutic efficacy, which was observed in CBD came because of
robust preclinical and clinical research. Similarly, if other phytocannabinoids, such as
CBDV, ∆9-THCV and CBG are further studied for their potential as AEDs, more specific
research must be conducted on these compounds. Going forward it is about designing
robust, population-specific experiments, which will truly determine whether these under-
explored phytocannabinoids (CBDV, ∆9-THCV, CBG) hold similar therapeutic potential to
CBD as anticonvulsants.

Following CBD, CBDV has received the most attention in relation to epilepsy treat-
ment. A phase II trial has demonstrated the pharmacokinetic safety of CBDV in human
populations, but CBDVs efficacy as an anticonvulsant was not significant [93]. However,
numerous critiques of this clinical trial jeopardise its ability to conclusively state the thera-
peutic efficacy of CBDV as an anticonvulsant. The primary critique is surrounding the use
of a pure CBDV extract. The inefficacy of purified cannabinoids was previously observed
in CBD trials, with the use of purified CBD causing significantly less difference in seizure
activity compared with CBD-rich formulations [77]. This is not to assume that because a
CBD-rich formulation worked, that a CBDV-rich formulation will also provide anticonvul-
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sant characteristics, rather that because it was observed that compound formulation effects
compound efficacy, we must rectify the limitations of previous trials on CBDV.

Currently, in relation to CBDV, it can be concluded that not enough research has
been conducted in human participants to be truly conclusive in its therapeutic efficacy for
patients with epilepsy. There is also a need for further characterisation of CBDVs effects in
younger populations where various forms of epilepsy are present. These different epilepsy
types can begin in infancy, and persist during a person’s development into adolescence
and young adulthood [146]. This paucity of information about CBDVs efficacy in the
immature, still developing brain of younger populations further highlights that more
specific analyses are warranted. Research has begun recalibrating and addressing these
unknowns in younger populations. For example, in the preclinical arena, neonatal rodents
have become a sample of interest in order to model CBDVs efficacy in an environment
akin to that of human neonates [146]. More specific studies such as this are warranted,
with a focus on other developmental populations such as adolescence or young adulthood.
Researchers concluded that CBDVs efficacy in infancy may be less promising than other
early stages of development such as childhood or adolescence [146]. It is hoped that clinical
research on CBDV can begin to focus on these subpopulations as previously called for [146].
With this focus, methodological issues discovered in previous clinical trials that were
rectified in the CBD case, can be rectified in the case of CBDV [77].

Regarding ∆9-THCV, the literature is more focused on mapping its mechanisms of
action versus analysing its efficacy as an anticonvulsant. This is understandable due to
∆9-THCVs novel status as a drug. However, its efficacy in treating an array of other
disorders should be prompting researchers to analyse its efficacy in epilepsy [116,118].
Currently, there is a major dearth of research analysing this compound’s efficacy as an
anticonvulsant which must be rectified. Preclinical research has preliminarily demonstrated
its efficacy across animal models of epilepsy [94]. This work should be taken up with a
more specific focus on replicating these results across varying models of epilepsy, as well
as across different developmental samples. ∆9-THCV research must ultimately aim for
replicating anticonvulsant effects across different models of seizure. Thus far, the scope
of ∆9-THCVs efficacy is limited by the lack of preclinical analyses across populations and
models of epilepsy.

Similarly, the evidence supporting CBG anticonvulsant properties are also sparse.
Therefore, concluding presently that the compound acts as an effective anticonvulsant
would be tenuous. Preliminary evidence does, however, necessitate further exploration
of this compound in relation to epilepsy. CBGs clear ability to modulate the effects of
other phytocannabinoids such as CBD [121] also warrants a specific investigation. CBG
has potential to act as a compound delivered in tandem with other phytocannabinoids
or standard AEDs. A compound such as this, that is capable of managing side effects, is
essential across populations. The potential neurogenerative effects of CGB [141] should
also be given more attention.

6. Conclusions

In conclusion, there are many unknowns in relation to the exact mechanisms by which
the above covered phytocannabinoids bring about anticonvulsant effects. However, these
unknowns have not stopped CBD from becoming an approved therapy to treat epilepsy.
Any conclusions of this review that point to the therapeutic potential of phytocannabinoids
in epilepsy are ultimately tentative, and only meant to draw further analytical attention
to the potential these compounds hold. Based on this review, it can be concluded that
the novel phytocannabinoids deserve further attention in order for the field to be deci-
sive in their conclusions surrounding these compounds and epilepsy treatment. By no
means is this review attempting to position phytocannabinoids as the panacea that epilepsy
treatment currently needs. Rather, it has attempted to gauge the scientific literature’s
current understanding of under-researched compounds, which may provide much needed
therapeutic care to minorities of patients suffering with untreatable epilepsy. While fur-
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ther investigation of these phytocannabinoids is key, consideration of their limitations is
also pertinent going forward. The lack of psychotropic activity that characterises these
compounds should not be an excuse to disregard research on the safety profile of these
compounds. With CBD as an exception, there is currently not enough data relating to the
safety characteristics of the other phytocannabinoids mentioned in this review. Couple this
lack of safety data with the societal stigma surrounding these compounds and it becomes
clear that they are not without their limitations from various perspectives including po-
litical and law-based fields. These limitations across perspectives must be addressed to
guide future use of these compounds in a safe and effective manner. As we are currently
in the interim phase of the next advance in AED medication, researchers must do all they
can to provide an understanding of these alternate therapeutic means to those mainstream
methods which have failed. Toward this end, we should be able to form evidence-based
conclusions surrounding the efficacy and safety of various phytocannabinoids in treating
epilepsy, thus addressing current gaps and limitations in our collective understanding
of these compounds across society. The stark reality faced daily by treatment-resistant
individuals with epilepsy is enough to warrant such investigation.

Author Contributions: Conceptualisation, A.M.F., K.G. and S.V. investigation, A.M.F. and S.V. Re-
sources, A.M.F. and S.V. Writing—original draft preparation, A.M.F. and S.V. Writing—review and
editing, A.M.F., K.G. and S.V. Supervision, K.G. and S.V.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Aaron M. Farrelly was supported by a postgraduate scholarship provided by
the Behavioural Neuroscience Laboratory, School of Psychology, Dublin City University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rosenberg, E.C.; Tsien, R.W.; Whalley, B.J.; Devinsky, O. Cannabinoids and Epilepsy. Neurotherapeutics 2015, 12, 747–768.

[CrossRef] [PubMed]
2. Broicher, S.; Jokeit, H. Emotional Agnosis and Theory of Mind. In The Neuropsychiatry of Epilepsy; Cambridge University Press:

Cambridge, UK, 2011. [CrossRef]
3. Perucca, P.; Scheffer, I.E.; Kiley, M. The Management of Epilepsy in Children and Adults. Med. J. Aust. 2018, 208, 226–233.

[CrossRef] [PubMed]
4. Fisher, R.S. The New Classification of Seizures by the International League Against Epilepsy 2017. Curr. Neurol. Neurosci. Rep.

2017, 17, 48. [CrossRef]
5. Scheffer, I.E.; Berkovic, S.; Capovilla, G.; Connolly, M.B.; French, J.; Guilhoto, L.; Hirsch, E.; Jain, S.; Mathern, G.W.;

Moshé, S.L.; et al. ILAE classification of the epilepsies: Position paper of the ILAE Commission for Classification and
Terminology. Epilepsia 2017, 58, 512–521. [CrossRef] [PubMed]

6. Raspall-Chaure, M.; Neville, B.G.; Scott, R.C. The medical management of the epilepsies in children: Conceptual and practical
considerations. Lancet Neurol. 2008, 7, 57–69. [CrossRef]

7. Perucca, E.; Tomson, T. The pharmacological treatment of epilepsy in adults. Lancet Neurol. 2011, 10, 446–456. [CrossRef]
8. Galanopoulou, A.S.; Buckmaster, P.S.; Staley, K.J.; Moshé, S.L.; Perucca, E.; Engel, J.; Löscher, W.; Noebels, J.L.; Pitkänen, A.;

Stables, J.; et al. Identification of new epilepsy treatments: Issues in preclinical methodology. Epilepsia 2012, 53, 571–582.
[CrossRef]

9. Van Vliet, E.A.; Aronica, E.; Gorter, J.A. Blood-brain barrier dysfunction, seizures and epilepsy. Semin. Cell Dev. Biol. 2015, 38,
26–34. [CrossRef] [PubMed]

10. Löscher, W.; Schmidt, D. Modern antiepileptic drug development has failed to deliver: Ways out of the current dilemma. Epilepsia
2011, 52, 657–678. [CrossRef]

11. Choi, H.; Hayat, M.J.; Zhang, R.; Hirsch, L.J.; Bazil, C.W.; Mendiratta, A.; Kato, K.; Javed, A.; Legge, A.W.; Buchsbaum, R.; et al.
Drug-resistant epilepsy in adults: Outcome trajectories after failure of two medications. Epilepsia 2016, 57, 1152–1160. [CrossRef]

12. Wirrell, E. Infantile, Childhood, and Adolescent Epilepsies. Contin. Lifelong Learn. Neurol. 2016, 22, 60–93. [CrossRef] [PubMed]
13. Brodie, M.J. Outcomes in newly diagnosed epilepsy in adolescents and adults: Insights across a generation in Scotland. Seizure

2017, 44, 206–210. [CrossRef]

http://doi.org/10.1007/s13311-015-0375-5
http://www.ncbi.nlm.nih.gov/pubmed/26282273
http://doi.org/10.1017/CBO9780511977145.011
http://doi.org/10.5694/mja17.00951
http://www.ncbi.nlm.nih.gov/pubmed/29540143
http://doi.org/10.1007/s11910-017-0758-6
http://doi.org/10.1111/epi.13709
http://www.ncbi.nlm.nih.gov/pubmed/28276062
http://doi.org/10.1016/S1474-4422(07)70324-1
http://doi.org/10.1016/S1474-4422(11)70047-3
http://doi.org/10.1111/j.1528-1167.2011.03391.x
http://doi.org/10.1016/j.semcdb.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25444846
http://doi.org/10.1111/j.1528-1167.2011.03024.x
http://doi.org/10.1111/epi.13406
http://doi.org/10.1212/CON.0000000000000269
http://www.ncbi.nlm.nih.gov/pubmed/26844731
http://doi.org/10.1016/j.seizure.2016.08.010


Int. J. Environ. Res. Public Health 2021, 18, 3993 19 of 24

14. Berg, A.T.; Zelko, F.A.; Levy, S.R.; Testa, F.M. Age at onset of epilepsy, pharmacoresistance, and cognitive outcomes: A prospective
cohort study. Neurology 2012, 79, 1384–1391. [CrossRef]

15. Devinsky, O.; Marsh, E.; Friedman, D.; Thiele, E.; Laux, L.; Sullivan, J.; Miller, I.; Flamini, R.; Wilfong, A.; Filloux, F.; et al.
Cannabidiol in patients with treatment-resistant epilepsy: An open-label interventional trial. Lancet Neurol. 2016, 15, 270–278.
[CrossRef]

16. Concepts, C.; Kwan, P.; Schachter, S.C.; Brodie, M.J. Drug-Resistant Epilepsy. N. Engl. J. Med. 2011, 365, 919–926.
17. Kwan, P.; Brodie, M.J. Early Identification of Refractory Epilepsy. N. Engl. J. Med. 2000, 342, 314–319. [CrossRef]
18. Arts, W.F.M.; Brouwer, O.F.; Peters, A.C.B.; Stroink, H.; Peeters, E.A.J.; Schmitz, P.I.M.; Van Donselaar, C.A.; Geerts, A.T. Course

and prognosis of childhood epilepsy: 5-Year follow-up of the Dutch study of epilepsy in childhood. Brain 2004, 127, 1774–1784.
[CrossRef]

19. Kennedy, G.M.; Lhatoo, S.D. CNS adverse events associated with antiepileptic drugs. CNS Drugs 2008, 22, 739–760. [CrossRef]
20. Loring, D.W.; Marino, S.; Meador, K.J. Neuropsychological and behavioral effects of antiepilepsy drugs. Neuropsychol. Rev. 2007,

17, 413–425. [CrossRef] [PubMed]
21. Patel, S.I.; Pennell, P.B. Management of epilepsy during pregnancy: An update. Ther. Adv. Neurol. Disord. 2016, 9, 118–129.

[CrossRef] [PubMed]
22. Perucca, P.; Gilliam, F.G. Adverse effects of antiepileptic drugs. Lancet Neurol. 2012, 11, 792–802. [CrossRef]
23. Moavero, R.; Santarone, M.E.; Galasso, C.; Curatolo, P. Cognitive and behavioral effects of new antiepileptic drugs in pediatric

epilepsy. Brain Dev. 2017, 39, 464–469. [CrossRef] [PubMed]
24. Arif, H.; Buchsbaum, R.; Weintraub, D.; Pierro, J.; Resor, S.R.; Hirsch, L.J. Patient-reported cognitive side effects of antiepileptic

drugs: Predictors and comparison of all commonly used antiepileptic drugs. Epilepsy Behav. 2009, 14, 202–209. [CrossRef]
[PubMed]

25. Dunn, D.W.; Besag, F.; Caplan, R.; Aldenkamp, A.; Gobbi, G.; Sillanpää, M. Psychiatric and behavioural disorders in children with
epilepsy (ILAE Task Force Report): Anxiety, depression and childhood epilepsy. Epileptic Disord. 2016, 18, S24–S30. [CrossRef]

26. Vermeulen, J.; Aldenkamp, A.P. Cognitive side-effects of chronic antiepileptic drug treatment: A review of 25 years of research.
Epilepsy Res. 1995, 22, 65–95. [CrossRef]

27. Ijff, D.M.; Aldenkamp, A.P. Cognitive side-effects of antiepileptic drugs in children. In Handbook of Clinical Neurology; Elsevier
B.V.: Amsterdam, The Netherlands, 2013; Volume 111, pp. 707–718. [CrossRef]

28. Helal, S.I.; Megahed, H.S.; Salem, S.M.; Youness, E.R. Monotherapy versus polytherapy in epileptic adolescents. Maced. J. Med. Sci.
2013, 6, 1387–1394. [CrossRef]

29. Go, T. Effect of antiepileptic drug polytherapy on urinary pH in children and young adults. Child’s Nerv. Syst. 2009, 25, 237–240.
[CrossRef] [PubMed]

30. Golyala, A.; Kwan, P. Drug development for refractory epilepsy: The past 25 years and beyond. Seizure 2017, 44, 147–156.
[CrossRef] [PubMed]

31. Andre, C.M.; Hausman, J.-F.; Guerriero, G. Cannabis sativa: The Plant of the Thousand and One Molecules. Front. Plant Sci. 2016,
7, 19. [CrossRef]

32. Mechoulam, R.; Shvo, Y.; Hashish, I. The structure of cannabidiol. Tetrahedron 1963, 19, 2073–2078. [CrossRef]
33. Gaoni, Y.; Mechoulam, R. Isolation, structure, and partial synthesis of an active constituent of hashish. J. Am. Chem. Soc. 1964, 86,

1646–1647. [CrossRef]
34. Devane, W.A.; Dysarz, F.A.; Johnson, M.R.; Melvin, L.S.; Howlett, A.C. Determination and characterization of a cannabinoid

receptor in rat brain. Mol. Pharmacol. 1988, 34, 605–613.
35. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor and functional

expression of the cloned cDNA. Lett. Nat. 1990, 346, 561–564. [CrossRef]
36. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993, 365,

61–65. [CrossRef] [PubMed]
37. Devinsky, O.; Cross, J.H.; Laux, L.; Marsh, E.; Miller, I.; Nabbout, R.; Scheffer, I.E.; Thiele, E.A.; Wright, S. Trial of Cannabidiol for

Drug-Resistant Seizures in the Dravet Syndrome. N. Engl. J. Med. 2017, 376, 2011–2020. [CrossRef] [PubMed]
38. Devinsky, O.; Patel, A.D.; Cross, J.H.; Villanueva, V.; Wirrell, E.C.; Privitera, M.; Greenwood, S.M.; Roberts, C.; Checketts, D.;

VanLandingham, K.E.; et al. Effect of Cannabidiol on Drop Seizures in the Lennox–Gastaut Syndrome. N. Engl. J. Med. 2018, 378,
1888–1897. [CrossRef]

39. Patel, A.; Devinsky, O.; Cross, J.H.; Villanueva, V.; Wirrell, E.; VanLandingham, K.; Roberts, C.; Checketts, D. Zuberi, S.M.
Cannabidiol (CBD) significantly reduces drop seizure frequency in Lennox-Gastaut syndrome (LGS): Results of a dose-ranging,
multi-center, randomized, double-blind, placebo-controlled trial (GWPCARE3). Neurology 2017, 89, e100.

40. Devinsky, O.; Cilio, M.R.; Cross, H.; Fernandez-Ruiz, J.; French, J.; Hill, C.; Katz, R.; Di Marzo, V.; Jutras-Aswad, D.;
Notcutt, W.G.; et al. Cannabidiol: Pharmacology and potential therapeutic role in epilepsy and other neuropsychiatric dis-
orders. Epilepsia 2014, 55, 791–802. [CrossRef]

41. Zareie, P.; Sadegh, M.; Palizvan, M.R.; Moradi-Chameh, H. Anticonvulsive effects of endocannabinoids; an investigation to
determine the role of regulatory components of endocannabinoid metabolism in the Pentylenetetrazol induced tonic- clonic
seizures. Metab. Brain Dis. 2018, 33, 939–948. [CrossRef]

http://doi.org/10.1212/WNL.0b013e31826c1b55
http://doi.org/10.1016/S1474-4422(15)00379-8
http://doi.org/10.1056/NEJM200002033420503
http://doi.org/10.1093/brain/awh200
http://doi.org/10.2165/00023210-200822090-00003
http://doi.org/10.1007/s11065-007-9043-9
http://www.ncbi.nlm.nih.gov/pubmed/17943448
http://doi.org/10.1177/1756285615623934
http://www.ncbi.nlm.nih.gov/pubmed/27006699
http://doi.org/10.1016/S1474-4422(12)70153-9
http://doi.org/10.1016/j.braindev.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28202262
http://doi.org/10.1016/j.yebeh.2008.10.017
http://www.ncbi.nlm.nih.gov/pubmed/19010446
http://doi.org/10.1684/epd.2016.0813
http://doi.org/10.1016/0920-1211(95)00047-X
http://doi.org/10.1016/B978-0-444-52891-9.00073-7
http://doi.org/10.3889/MJMS.1857-5773.2013.0298
http://doi.org/10.1007/s00381-008-0687-4
http://www.ncbi.nlm.nih.gov/pubmed/18704446
http://doi.org/10.1016/j.seizure.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/28017578
http://doi.org/10.3389/fpls.2016.00019
http://doi.org/10.1016/0040-4020(63)85022-X
http://doi.org/10.1021/ja01062a046
http://doi.org/10.1038/346561a0
http://doi.org/10.1038/365061a0
http://www.ncbi.nlm.nih.gov/pubmed/7689702
http://doi.org/10.1056/NEJMoa1611618
http://www.ncbi.nlm.nih.gov/pubmed/28538134
http://doi.org/10.1056/NEJMoa1714631
http://doi.org/10.1111/epi.12631
http://doi.org/10.1007/s11011-018-0195-5


Int. J. Environ. Res. Public Health 2021, 18, 3993 20 of 24

42. Deiana, S.; Watanabe, A.; Yamasaki, Y.; Amada, N.; Arthur, M.; Fleming, S.; Woodcock, H.; Dorward, P.; Pigliacampo, B.;
Close, S.; et al. Plasma and brain pharmacokinetic profile of cannabidiol (CBD), cannabidivarine (CBDV), ∆ 9-tetrahydrocannabivarin
(THCV) and cannabigerol (CBG) in rats and mice following oral and intraperitoneal administration and CBD action on obsessive-
compulsive behav. Psychopharmacology 2012, 219, 859–873. [CrossRef] [PubMed]

43. Kano, M.; Ohno-Shosaku, T.; Hashimotodani, Y.; Uchigashima, M.; Watanabe, M. Endocannabinoid-Mediated Control of Synaptic
Transmission. Physiol. Rev. 2009, 89, 309–380. [CrossRef]

44. Rosenberg, E.C.; Patra, P.H.; Whalley, B.J. Therapeutic effects of cannabinoids in animal models of seizures, epilepsy, epileptogen-
esis, and epilepsy-related neuroprotection. Epilepsy Behav. 2017, 70, 319–327. [CrossRef]

45. Galiègue, S.; Mary, S.; Marchand, J.; Dussossoy, D.; Carrière, D.; Carayon, P.; Bouaboula, M.; Shire, D.; LE Fur, G.; Casellas, P.
Expression of Central and Peripheral Cannabinoid Receptors in Human Immune Tissues and Leukocyte Subpopulations.
Eur. J. Biochem. 1995, 232, 54–61. [CrossRef] [PubMed]

46. Van Sickle, M.D.; Duncan, M.; Kingsley, P.J.; Mouihate, A.; Urbani, P.; Mackie, K.; Stella, N.; Makriyannis, A.; Piomelli, D.;
Davison, J.S.; et al. Neuroscience: Identification and functional characterization of brainstem cannabinoid CB2 receptors. Science
2005, 310, 329–332. [CrossRef]

47. Núñez, E.; Benito, C.; Pazos, M.R.; Barbachano, A.; Fajardo, O.; González, S.; Tolón, R.M.; Romero, J. Cannabinoid CB2 receptors
are expressed by perivascular microglial cells in the human brain: An Immunohistochemical Study. Synapse 2004, 53, 208–213.
[CrossRef]

48. Skaper, S.D.; Buriani, A.; DAL Toso, R.; Petrelli, L.; Romanello, S.; Facci, L.; Leon, A. The ALIAmide Palmitoylethanolamide and
Cannabinoids, but Not Anandamide, Are Protective in a Delayed Postglutamate Paradigm of Excitotoxic Death in Cerebellar
Granule Neurons (N-methyl-D-aspartate/neurotoxicity/N-acylethanolamides/neuroprotection/receptor). Proc. Natl. Acad.
Sci. USA 1996, 93, 3984–3989. [CrossRef] [PubMed]

49. Morales, P.; Hurst, D.P.; Reggio, P.H. Molecular Targets of the Phytocannabinoids: A Complex Picture. Prog. Chem. Org. Nat. Prod.
2017, 103, 103–131. [CrossRef]

50. De Petrocellis, L.; Vellani, V.; Schiano-Moriello, A.; Marini, P.; Magherini, P.C.; Orlando, P.; Di Marzo, V. Plant-derived cannabi-
noids modulate the activity of transient receptor potential channels of ankyrin type-1 and melastatin type-8. J. Pharmacol. Exp. Ther.
2008, 325, 1007–1015. [CrossRef] [PubMed]

51. De Petrocellis, L.; Ligresti, A.; Moriello, A.S.; Allarà, M.; Bisogno, T.; Petrosino, S.; Stott, C.G.; Di Marzo, V. Effects of cannabinoids
and cannabinoid-enriched Cannabis extracts on TRP channels and endocannabinoid metabolic enzymes. Br. J. Pharmacol. 2011,
163, 1479–1494. [CrossRef]

52. De Petrocellis, L.; Orlando, P.; Moriello, A.S.; Aviello, G.; Stott, C.; Izzo, A.A.; di Marzo, V. Cannabinoid actions at TRPV channels:
Effects on TRPV3 and TRPV4 and their potential relevance to gastrointestinal inflammation. Acta Physiol. 2012, 204, 255–266.
[CrossRef]

53. O’Sullivan, S.E. An update on PPAR activation by cannabinoids. Br. J. Pharmacol. 2016, 173, 1899–1910. [CrossRef]
54. O’Sullivan, S.E. Cannabinoid activation of peroxisome proliferator-activated receptors: An update and review of the physiological

relevance. Wiley Interdiscip. Rev. Membr. Transp. Signal. 2013, 2, 17–25. [CrossRef]
55. Dinh, T.P.; Carpenter, D.; Leslie, F.M.; Freund, T.F.; Katona, I.; Sensi, S.L.; Kathuria, S.; Piomelli, D. Brain monoglyceride lipase

participating in endocannabinoid inactivation. Proc. Natl. Acad. Sci. USA 2002, 99, 10819–10824. [CrossRef]
56. Liu, J.; Wang, L.; Harvey-white, J.; Huang, B.X.; Kim, H.; Luquet, S.; Palmiter, R.D.; Krystal, G.; Rai, R.; Mahadevan, A.; et al.

Multiple pathways involved in the biosynthesis of anandamide. Neuropharmacology 2008, 54, 1–7. [CrossRef] [PubMed]
57. Kreitzer, A.C.; Regehr, W.G. Retrograde inhibition of presynaptic calcium influx by endogenous cannabinoids at excitatory

synapses onto Purkinje cells. Neuron 2001, 29, 717–727. [CrossRef]
58. Llano, I.; Leresche, N.; Marty, A. Calcium entry increases the sensitivity of cerebellar Purkinje cells to applied GABA and decreases

inhibitory synaptic currents. Neuron 1991, 6, 565–574. [CrossRef]
59. Maejima, T.; Hashimoto, K.; Yoshida, T.; Aiba, A.; Kano, M. Presynaptic inhibition caused by retrograde signal from metabotropic

glutamate to cannabinoid receptors. Neuron 2001, 31, 463–475. [CrossRef]
60. Gerdeman, G.L.; Ronesi, J.; Lovinger, D.M. Postsynaptic endocannabinoid release is critical to long-term depression in the

striatum. Nat. Neurosci. 2002, 5, 446–451. [CrossRef] [PubMed]
61. Chevaleyre, V.; Castillo, P.E. Heterosynaptic LTD of hippocampal GABAergic synapses: A novel role of endocannabinoids in

regulating excitability. Neuron 2003, 38, 461–472. [CrossRef]
62. O’Connell, B.K.; Gloss, D.; Devinsky, O. Cannabinoids in treatment-resistant epilepsy: A review. Epilepsy Behav. 2017, 70, 341–348.

[CrossRef]
63. Baraban, S.C. Animal Models of Epilepsy. In Neuromethods; Baraban, S.C., Ed.; Humana Press, Springer Nature: New York, NY,

USA, 2009; pp. 59–74. [CrossRef]
64. Löscher, W. The holy grail of epilepsy prevention: Preclinical approaches to antiepileptogenic treatments. Neuropharmacology

2020, 167, 107605. [CrossRef]
65. Maljevic, S.; Reid, C.A.; Petrou, S. Models for discovery of targeted therapy in genetic epileptic encephalopathies. J. Neurochem.

2017, 143, 30–48. [CrossRef]
66. Griffin, A.; Hamling, K.R.; Hong, S.; Anvar, M.; Lee, L.P.; Baraban, S.C. Preclinical Animal Models for Dravet Syndrome: Seizure

Phenotypes, Comorbidities and Drug Screening. Front. Pharmacol. 2018, 9, 573. [CrossRef] [PubMed]

http://doi.org/10.1007/s00213-011-2415-0
http://www.ncbi.nlm.nih.gov/pubmed/21796370
http://doi.org/10.1152/physrev.00019.2008
http://doi.org/10.1016/j.yebeh.2016.11.006
http://doi.org/10.1111/j.1432-1033.1995.tb20780.x
http://www.ncbi.nlm.nih.gov/pubmed/7556170
http://doi.org/10.1126/science.1115740
http://doi.org/10.1002/syn.20050
http://doi.org/10.1073/pnas.93.9.3984
http://www.ncbi.nlm.nih.gov/pubmed/8633002
http://doi.org/10.1007/978-3-319-45541-9_4
http://doi.org/10.1124/jpet.107.134809
http://www.ncbi.nlm.nih.gov/pubmed/18354058
http://doi.org/10.1111/j.1476-5381.2010.01166.x
http://doi.org/10.1111/j.1748-1716.2011.02338.x
http://doi.org/10.1111/bph.13497
http://doi.org/10.1002/wmts.73
http://doi.org/10.1073/pnas.152334899
http://doi.org/10.1016/j.neuropharm.2007.05.020
http://www.ncbi.nlm.nih.gov/pubmed/17631919
http://doi.org/10.1016/S0896-6273(01)00246-X
http://doi.org/10.1016/0896-6273(91)90059-9
http://doi.org/10.1016/S0896-6273(01)00375-0
http://doi.org/10.1038/nn832
http://www.ncbi.nlm.nih.gov/pubmed/11976704
http://doi.org/10.1016/S0896-6273(03)00235-6
http://doi.org/10.1016/j.yebeh.2016.11.012
http://doi.org/10.1007/978-1-60327-263-6
http://doi.org/10.1016/j.neuropharm.2019.04.011
http://doi.org/10.1111/jnc.14134
http://doi.org/10.3389/fphar.2018.00573
http://www.ncbi.nlm.nih.gov/pubmed/29915537


Int. J. Environ. Res. Public Health 2021, 18, 3993 21 of 24

67. Grone, B.P.; Baraban, S.C. Animal models in epilepsy research: Legacies and new directions. Nat. Neurosci. 2015, 18, 339–343.
[CrossRef] [PubMed]

68. Kandratavicius, L.; Balista, P.A.; Lopes-Aguiar, C.; Ruggiero, R.N.; Umeoka, E.H.; Garcia-Cairasco, N.; Bueno-Junior, L.S.;
Leite, J.P. Animal models of epilepsy: Use and limitations. Neuropsychiatr. Dis. Treat. 2014, 10, 1693–1705. [CrossRef] [PubMed]

69. Jones, É.; Vlachou, S. A Critical Review of the Role of the Cannabinoid Compounds ∆9-Tetrahydrocannabinol (∆9-THC) and
Cannabidiol (CBD) and their Combination in Multiple Sclerosis Treatment. Molecules 2020, 25, 4930. [CrossRef]

70. Ibeas Bih, C.; Chen, T.; Nunn, A.V.W.; Bazelot, M.; Dallas, M.; Whalley, B.J. Molecular Targets of Cannabidiol in Neurological
Disorders. Neurotherapeutics 2015, 12, 699–730. [CrossRef]

71. Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: Delta9-tetrahydrocannabinol,
cannabidiol and delta9-tetrahydrocannabivarin. Br. J. Pharmacol. 2008, 153, 199–215. [CrossRef] [PubMed]

72. Vezzani, A.; French, J.; Bartfai, T.; Baram, T.Z. The role of inflammation in epilepsy. Nat. Rev. Neurol. 2011, 7, 31–40. [CrossRef]
73. During, M.J.; Spencer, D.D. Adenosine: A potential mediator of seizure arrest and postictal refractoriness. Ann. Neurol. 1992, 32,

618–624. [CrossRef]
74. Brickley, S.G.; Mody, I. Extrasynaptic GABA A Receptors: Their Function in the CNS and Implications for Disease. Neuron 2012,

73, 23–34. [CrossRef] [PubMed]
75. Elsaid, S.; Le Foll, B. The complexity of pharmacology of cannabidiol (CBD) and its implications in the treatment of brain

disorders. Neuropsychopharmacology 2020, 45, 229–230. [CrossRef]
76. Lin, C.H.; Lane, H.Y. The role of N-methyl-D-aspartate receptor neurotransmission and precision medicine in behavioral and

psychological symptoms of dementia. Front. Pharmacol. 2019, 10, 540. [CrossRef]
77. Pamplona, F.A.; da Silva, L.R.; Coan, A.C. Potential Clinical Benefits of CBD-Rich Cannabis Extracts Over Purified CBD in

Treatment-Resistant Epilepsy: Observational Data Meta-analysis. Front. Neurol. 2018, 9, 759. [CrossRef] [PubMed]
78. Shirazi-zand, Z.; Ahmad-Molaei, L.; Motamedi, F.; Naderi, N. The role of potassium BK channels in anticonvulsant effect of

cannabidiol in pentylenetetrazole and maximal electroshock models of seizure in mice. Epilepsy Behav. 2013, 28, 1–7. [CrossRef]
[PubMed]

79. Gonzalez-Reyes, L.E.; Ladas, T.P.; Chiang, C.-C.; Durand, D.M. TRPV1 antagonist capsazepine suppresses 4-AP-induced
epileptiform activity in vitro and electrographic seizures in vivo. Exp. Neurol. 2013, 250, 321–332. [CrossRef] [PubMed]

80. Rimmerman, N.; Ben-Hail, D.; Porat, Z.; Juknat, A.; Kozela, E.; Daniels, M.P.; Connelly, P.S.; Leishman, E.; Bradshaw, H.B.;
Shoshan-Barmatz, V.; et al. Direct modulation of the outer mitochondrial membrane channel, voltage-dependent anion channel
1 (VDAC1) by cannabidiol: A novel mechanism for cannabinoid-induced cell death. Cell Death Dis. 2013, 4, e949. [CrossRef]
[PubMed]

81. Consroe, P.; Wolkin, A. Cannabidiol-Antiepileptic Comparisons Experimentally and Induced Interactions Seizures Drug in rats.
J. Pharmacol. Exp. Ther. 1977, 201, 26–32. [PubMed]

82. Consroe, P.; Benedito, M.A.C.; Leite, J.R.; Carlini, E.A.; Mechoulam, R. Effects of cannabidiol on behavioral seizures caused by
convulsant drugs or current in mice. Eur. J. Pharmacol. 1982, 83, 293–298. [CrossRef]

83. Jones, N.A.; Glyn, S.E.; Akiyama, S.; Hill, T.D.M.; Hill, A.J.; Weston, S.E.; Burnett, M.D.A.; Yamasaki, Y.; Stephens, G.J.;
Whalley, B.J.; et al. Cannabidiol exerts anti-convulsant effects in animal models of temporal lobe and partial seizures. Seizure
2012, 21, 344–352. [CrossRef] [PubMed]

84. Mao, K.; You, C.; Lei, D.; Zhang, H. High dosage of cannabidiol (CBD) alleviates pentylenetetrazole-induced epilepsy in rats by
exerting an anticonvulsive effect. Int. J. Clin. Exp. Med. 2015, 8, 8820–8827. [PubMed]

85. Iffland, K.; Grotenhermen, F. An Update on Safety and Side Effects of Cannabidiol: A Review of Clinical Data and Relevant
Animal Studies. Cannabis Cannabinoid Res. 2017, 2, 139–154. [CrossRef] [PubMed]

86. Koo, C.M.; Kang, H.-C. Could Cannabidiol be a Treatment Option for Intractable Childhood and Adolescent Epilepsy?
J. Epilepsy Res. 2017, 7, 16–20. [CrossRef]

87. Hausman-Kedem, M.; Menascu, S.; Kramer, U. Efficacy of CBD-enriched medical cannabis for treatment of refractory epilepsy in
children and adolescents—An observational, longitudinal study. Brain Dev. 2018, 40, 544–551. [CrossRef]

88. Gherzi, M.; Milano, G.; Fucile, C.; Calevo, M.G.; Mancardi, M.M.; Nobili, L.; Astuni, P.; Marini, V.; Barco, S.; Cangemi, G.; et al.
Safety and pharmacokinetics of medical cannabis preparation in a monocentric series of young patients with drug resistant
epilepsy. Complement. Ther. Med. 2020, 51, 102402. [CrossRef]

89. Mechoulam, R.; Carlini, E.A. Toward drugs derived from cannabis. Naturwissenschaften 1978, 65, 174–179. [CrossRef] [PubMed]
90. Carlini, E.A.; Cunha, J.M. Hypnotic and antiepileptic effects of cannabidiol. J. Clin. Pharmacol. 1981, 21, 417S–427S. [CrossRef]

[PubMed]
91. Hill, A.J.; Williams, C.M.; Whalley, B.J.; Stephens, G.J. Phytocannabinoids as novel therapeutic agents in CNS disorders.

Pharmacol. Ther. 2012, 133, 79–97. [CrossRef] [PubMed]
92. Hill, T.D.M.; Cascio, M.G.; Romano, B.; Duncan, M.; Pertwee, R.G.; Williams, C.M.; Whalley, B.J.; Hill, A.J. Cannabidivarin-rich

cannabis extracts are anticonvulsant in mouse and rat via a CB1 receptor-independent mechanism. Br. J. Pharmacol. 2013, 170,
679–692. [CrossRef] [PubMed]

93. Morano, A.; Fanella, M.; Albini, M.; Cifelli, P.; Palma, E.; Giallonardo, A.T.; Di Bonaventura, C. Cannabinoids in the treatment of
epilepsy: Current status and future prospects. Neuropsychiatr. Dis. Treat. 2020, 16, 381–396. [CrossRef] [PubMed]

http://doi.org/10.1038/nn.3934
http://www.ncbi.nlm.nih.gov/pubmed/25710835
http://doi.org/10.2147/NDT.S50371
http://www.ncbi.nlm.nih.gov/pubmed/25228809
http://doi.org/10.3390/molecules25214930
http://doi.org/10.1007/s13311-015-0377-3
http://doi.org/10.1038/sj.bjp.0707442
http://www.ncbi.nlm.nih.gov/pubmed/17828291
http://doi.org/10.1038/nrneurol.2010.178
http://doi.org/10.1002/ana.410320504
http://doi.org/10.1016/j.neuron.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22243744
http://doi.org/10.1038/s41386-019-0518-1
http://doi.org/10.3389/fphar.2019.00540
http://doi.org/10.3389/fneur.2018.00759
http://www.ncbi.nlm.nih.gov/pubmed/30258398
http://doi.org/10.1016/j.yebeh.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23644464
http://doi.org/10.1016/j.expneurol.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24145133
http://doi.org/10.1038/cddis.2013.471
http://www.ncbi.nlm.nih.gov/pubmed/24309936
http://www.ncbi.nlm.nih.gov/pubmed/850145
http://doi.org/10.1016/0014-2999(82)90264-3
http://doi.org/10.1016/j.seizure.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22520455
http://www.ncbi.nlm.nih.gov/pubmed/26309534
http://doi.org/10.1089/can.2016.0034
http://www.ncbi.nlm.nih.gov/pubmed/28861514
http://doi.org/10.14581/jer.17003
http://doi.org/10.1016/j.braindev.2018.03.013
http://doi.org/10.1016/j.ctim.2020.102402
http://doi.org/10.1007/BF00450585
http://www.ncbi.nlm.nih.gov/pubmed/351429
http://doi.org/10.1002/j.1552-4604.1981.tb02622.x
http://www.ncbi.nlm.nih.gov/pubmed/7028792
http://doi.org/10.1016/j.pharmthera.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21924288
http://doi.org/10.1111/bph.12321
http://www.ncbi.nlm.nih.gov/pubmed/23902406
http://doi.org/10.2147/NDT.S203782
http://www.ncbi.nlm.nih.gov/pubmed/32103958


Int. J. Environ. Res. Public Health 2021, 18, 3993 22 of 24

94. Hill, A.J.; Weston, S.E.; Jones, N.A.; Smith, I.; Bevan, S.A.; Williamson, E.M.; Stephens, G.J.; Williams, C.M.; Whalley, B.J.
9-Tetrahydrocannabivarin suppresses in vitro epileptiform and in vivo seizure activity in adult rats. Epilepsia 2010, 51, 1522–1532.
[CrossRef]

95. Hill, A.J.; Jones, N.A.; Smith, I.; Hill, C.L.; Williams, C.M.; Stephens, G.J.; Whalley, B.J. Voltage-gated sodium (NaV) channel
blockade by plant cannabinoids does not confer anticonvulsant effects per se. Neurosci. Lett. 2014, 566, 269–274. [CrossRef]

96. Elsaid, S.; Kloiber, S.; Le Foll, B. Effects of Cannabidiol (CBD) in Neuropsychiatric Disorders: A Review of Pre-Clinical and
Clinical Findings. Prog. Mol. Biol. Transl. Sci. 2019, 167, 25–75. [CrossRef] [PubMed]

97. Rubin, R. The path to the first FDA-approved cannabis-derived treatment and what comes next. JAMA J. Am. Med. Assoc. 2018,
320, 1227–1229. [CrossRef] [PubMed]

98. Metternich, B.; Wagner, K.; Geiger, M.J.; Hirsch, M.; Schulze-Bonhage, A.; Klotz, K.A. Cognitive and behavioral effects of
cannabidiol in patients with treatment-resistant epilepsy. Epilepsy Behav. 2021, 114, 107558. [CrossRef] [PubMed]

99. Amada, N.; Yamasaki, Y.; Williams, C.M.; Whalley, B.J. Cannabidivarin (CBDV) suppresses pentylenetetrazole (PTZ)-induced
increases in epilepsy-related gene expression. PeerJ 2013, 2013, 1–18. [CrossRef]

100. Nicolussi, S.; Gertsch, J. Endocannabinoid transport revisited. Vitam. Horm. 2015, 98, 441–485. [CrossRef] [PubMed]
101. Chicca, A.; Nicolussi, S.; Bartholomäus, R.; Blunder, M.; Rey, A.A.; Petrucci, V.; Reynoso-Moreno, I.D.C.; Viveros-Paredes, J.M.;

Gens, M.D.; Lutz, B.; et al. Chemical probes to potently and selectively inhibit endocannabinoid cellular reuptake. Proc. Natl.
Acad. Sci. USA 2017, 114, E5006–E5015. [CrossRef]

102. Iannotti, F.A.; Hill, C.L.; Leo, A.; Alhusaini, A.; Soubrane, C.; Mazzarella, E.; Russo, E.; Whalley, B.J.; Di Marzo, V.; Stephens, G.J.
Nonpsychotropic plant cannabinoids, Cannabidivarin (CBDV) and Cannabidiol (CBD), activate and desensitize Transient Recep-
tor Potential Vanilloid 1 (TRPV1) channels in vitro: Potential for the treatment of neuronal hyperexcitability. ACS Chem. Neurosci.
2014, 5, 1131–1141. [CrossRef]

103. Sawamura, S.; Shirakawa, H.; Nakagawa, T.; Mori, Y.; Kaneko, S. TRP Channels in the Brain. In Neurobiology of TRP Channels;
CRC Press/Taylor & Francis: Oxford, UK, 2017; pp. 295–322. [CrossRef]

104. Nilius, B.; Szallasi, A. Transient receptor potential channels as drug targets: From the science of basic research to the art of
medicine. Pharmacol. Rev. 2014, 66, 676–814. [CrossRef]

105. Vennekens, R.; Menigoz, A.; Nilius, B. TRPs in the Brain. Rev. Physiol. Biochem. Pharmacol. 2012, 49, 27–64. [CrossRef]
106. Morelli, M.B.; Amantini, C.; Liberati, S.; Santoni, M.; Nabissi, M. TRP Channels: New Potential Therapeutic Approaches in CNS

Neuropathies. CNS Neurol. Disord. Drug Targets 2013, 12, 274–293. [CrossRef]
107. Bialer, M.; Johannessen, S.I.; Levy, R.H.; Perucca, E.; Tomson, T.; White, H.S. Progress report on new antiepileptic drugs:

A summary of the Thirteenth Eilat Conference on New Antiepileptic Drugs and Devices (EILAT XIII). Epilepsia 2017, 58, 181–221.
[CrossRef] [PubMed]

108. Bialer, M.; Johannessen, S.I.; Koepp, M.J.; Levy, R.H.; Perucca, E.; Tomson, T.; White, H.S. A summary of data presented at the XIV
conference on new antiepileptic drug and devices (EILAT XIV). Epilepsy Res. 2019, 153, 66–67. [CrossRef] [PubMed]

109. Whalley, B.; Williams, C.; Stephens, G.; Futamura, O. Use of the Phytocannabinoid Cannabidivarin (CBDV) in the Treatment of
Epilepsy. CA 2794620, Issued: 13-3-2018; Canadian Intellectual Property Office: Gatineau, QC, Canada, 2018.

110. Gill, E.W.; Paton, W.D.M.; Pertwee, R.G. Preliminary experiments on the chemistry and pharmacology of cannabis. Nature 1970,
228, 134–136. [CrossRef]

111. Harrison, C.; Traynor, J.R. The [35S]GTPγS binding assay: Approaches and applications in pharmacology. Life Sci. 2003, 74,
489–508. [CrossRef]

112. Thomas, A.; Stevenson, L.A.; Wease, K.N.; Price, M.R.; Baillie, G.; Ross, R.A.; Pertwee, R.G. Evidence that the plant cannabinoid ∆
9- tetrahydrocannabivarin is a cannabinoid CB 1 and CB 2 receptor antagonist. Br. J. Pharmacol. 2005, 146, 917–926. [CrossRef]
[PubMed]

113. Dennis, I.; Whalley, B.J.; Stephens, G.J. Effects of ∆9-tetrahydrocannabivarin on [35S]GTPγS binding in mouse brain cerebellum
and piriform cortex membranes. Br. J. Pharmacol. 2008, 154, 1349–1358. [CrossRef]

114. Ma, Y.L.; Weston, S.E.; Whalley, B.J.; Stephens, G.J. The phytocannabinoid ∆9-tetrahydrocannabivarin modulates inhibitory
neurotransmission in the cerebellum. Br. J. Pharmacol. 2008, 154, 204–215. [CrossRef]

115. McPartland, J.M.; Duncan, M.; Di Marzo, V.; Pertwee, R.G. Are cannabidiol and ∆9-tetrahydrocannabivarin negative modulators
of the endocannabinoid system? A systematic review. Br. J. Pharmacol. 2015, 172, 737–753. [CrossRef]

116. Abioye, A.; Ayodele, O.; Marinkovic, A.; Patidar, R.; Akinwekomi, A.; Sanyaolu, A. ∆9-Tetrahydrocannabivarin (THCV):
A commentary on potential therapeutic benefit for the management of obesity and diabetes. J. Cannabis Res. 2020, 2, 1–6.
[CrossRef] [PubMed]

117. Bolognini, D.; Costa, B.; Maione, S.; Comelli, F.; Marini, P.; Di Marzo, V.; Parolaro, D.; Ross, R.A.; Gauson, L.A.; Cascio, M.G.; et al.
The plant cannabinoid ∆ 9-tetrahydrocannabivarin can decrease signs of inflammation and inflammatory pain in mice.
Br. J. Pharmacol. 2010, 160, 677–687. [CrossRef]

118. Wargent, E.T.; Zaibi, M.S.; Silvestri, C.; Hislop, D.C.; Stocker, C.J.; Stott, C.G.; Guy, G.W.; Duncan, M.; Di Marzo, V.;
Cawthorne, M.A. The cannabinoid ∆9-tetrahydrocannabivarin (THCV) ameliorates insulin sensitivity in two mouse models of
obesity. Nutr. Diabetes 2013, 3, e68-10. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1528-1167.2010.02523.x
http://doi.org/10.1016/j.neulet.2014.03.013
http://doi.org/10.1016/bs.pmbts.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31601406
http://doi.org/10.1001/jama.2018.11914
http://www.ncbi.nlm.nih.gov/pubmed/30193358
http://doi.org/10.1016/j.yebeh.2020.107558
http://www.ncbi.nlm.nih.gov/pubmed/33246899
http://doi.org/10.7717/peerj.214
http://doi.org/10.1016/bs.vh.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25817877
http://doi.org/10.1073/pnas.1704065114
http://doi.org/10.1021/cn5000524
http://doi.org/10.4324/9781315152837-16
http://doi.org/10.1124/pr.113.008268
http://doi.org/10.1007/112_2012_8
http://doi.org/10.2174/18715273113129990056
http://doi.org/10.1111/epi.13634
http://www.ncbi.nlm.nih.gov/pubmed/28111749
http://doi.org/10.1016/j.eplepsyres.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30910314
http://doi.org/10.1038/228134a0
http://doi.org/10.1016/j.lfs.2003.07.005
http://doi.org/10.1038/sj.bjp.0706414
http://www.ncbi.nlm.nih.gov/pubmed/16205722
http://doi.org/10.1038/bjp.2008.190
http://doi.org/10.1038/bjp.2008.57
http://doi.org/10.1111/bph.12944
http://doi.org/10.1186/s42238-020-0016-7
http://www.ncbi.nlm.nih.gov/pubmed/33526143
http://doi.org/10.1111/j.1476-5381.2010.00756.x
http://doi.org/10.1038/nutd.2013.9
http://www.ncbi.nlm.nih.gov/pubmed/23712280


Int. J. Environ. Res. Public Health 2021, 18, 3993 23 of 24

119. Jadoon, K.A.; Ratcliffe, S.H.; Barrett, D.A.; Thomas, E.L.; Stott, C.; Bell, J.D.; O’Sullivan, S.E.; Tan, G.D. Efficacy and safety of
cannabidiol and tetrahydrocannabivarin on glycemic and lipid parameters in patients with type 2 diabetes: A randomized,
double-blind, placebo-controlled, parallel group pilot study. Diabetes Care 2016, 39, 1777–1786. [CrossRef] [PubMed]

120. Grunfeld, Y.; Edery, H. Psychopharmacological activity of the active constituents of hashish and some related cannabinoids.
Psychopharmacologia 1969, 14, 200–210. [CrossRef] [PubMed]

121. Rock, E.M.; Goodwin, J.M.; Limebeer, C.L.; Breuer, A.; Pertwee, R.G.; Mechoulam, R.; Parker, L.A. Interaction between non-
psychotropic cannabinoids in marihuana: Effect of cannabigerol (CBG) on the anti-nausea or anti-emetic effects of cannabidiol
(CBD) in rats and shrews. Psychopharmacology 2011, 215, 505–512. [CrossRef]

122. Cascio, M.G.; Gauson, L.A.; Stevenson, L.A.; Ross, R.A.; Pertwee, R.G. Evidence that the plant cannabinoid cannabigerol is a
highly potent α2-adrenoceptor agonist and moderately potent 5HT1A receptor antagonist. Br. J. Pharmacol. 2010, 159, 129–141.
[CrossRef]

123. Nadal, X.; del Río, C.; Casano, S.; Palomares, B.; Ferreiro-Vera, C.; Navarrete, C.; Sánchez-Carnerero, C.; Cantarero, I.; Bellido, M.L.;
Meyer, S.; et al. Tetrahydrocannabinolic acid is a potent PPARγ agonist with neuroprotective activity. Br. J. Pharmacol. 2017, 174,
4263–4276. [CrossRef]

124. Navarro, G.; Varani, K.; Reyes-Resina, I.; de Medina, V.S.; Rivas-Santisteban, R.; Callado, C.S.C.; Vincenzi, F.; Casano, S.;
Ferreiro-Vera, C.; Canela, E.I.; et al. Cannabigerol action at cannabinoid CB1 and CB2 receptors and at CB1-CB2 heteroreceptor
complexes. Front. Pharmacol. 2018, 9, 1–14. [CrossRef]

125. Ferré, S.; Ciruela, F.; Woods, A.S.; Lluis, C.; Franco, R. Functional relevance of neurotransmitter receptor heteromers in the central
nervous system. Trends Neurosci. 2007, 30, 440–446. [CrossRef]

126. Guiard, B.P.; Di Giovanni, G. Central serotonin-2A (5-HT2A) receptor dysfunction in depression and epilepsy: The missing link?
Front. Pharmacol. 2015, 6, 1–17. [CrossRef] [PubMed]

127. Nabbout, R.; Andrade, D.M.; Bahi-Buisson, N.; Cross, H.; Desquerre, I.; Dulac, O.; Granata, T.; Hirsch, E.; Navarro, V.;
Ouss, L.; et al. Outcome of childhood-onset epilepsy from adolescence to adulthood: Transition issues. Epilepsy Behav. 2017, 69,
161–169. [CrossRef] [PubMed]
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