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Background and Purpose: Cannabis has been used to treat epilepsy for millennia,
with such use validated by regulatory approval of cannabidiol (CBD) for Dravet syn-
drome. Unregulated artisanal cannabis-based products used to treat children with
intractable epilepsies often contain relatively low doses of CBD but are enriched in
other phytocannabinoids. This raises the possibility that other cannabis constituents
might have anticonvulsant properties.

Experimental Approach: We used the Scnla™~

mouse model of Dravet syndrome to
investigate the cannabis plant for phytocannabinoids with anticonvulsant effects
against hyperthermia-induced seizures. The most promising, cannabigerolic acid
(CBGA), was further examined against spontaneous seizures and survival in Senlat/~
mice and in electroshock seizure models. Pharmacological effects of CBGA were sur-
veyed across multiple drug targets.

Key Results: The initial screen identified three phytocannabinoids with novel anti-
convulsant properties: CBGA, cannabidivarinic acid (CBDVA) and cannabigerovarinic
acid (CBGVA). CBGA was most potent and potentiated the anticonvulsant effects of
clobazam against hyperthermia-induced and spontaneous seizures, and was anticon-
vulsant in the MES threshold test. However, CBGA was proconvulsant in the 6-Hz
threshold test and a high dose increased spontaneous seizure frequency in Senlat/~
mice. CBGA was found to interact with numerous epilepsy-relevant targets including
GPR55, TRPV1 channels and GABA receptors.

Conclusion and Implications: These results suggest that CBGA, CBDVA and CBGVA
may contribute to the effects of cannabis-based products in childhood epilepsy.

Although these phytocannabinoids have anticonvulsant potential and could be lead

Abbreviations: CBD, cannabidiol; CBDVA, cannabidivarinic acid; CBG, cannabigerol; CBGA, cannabigerolic acid; CBGV, cannabigerivarin; CBGVA, cannabigerovarinic acid; CBDV, cannabidivarin;
GTCS, generalized tonic-clonic seizure; A’-THCV, tetrahydrocannabivarin; MES, maximal electroshock.
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1 | INTRODUCTION

Cannabis has been used to treat epilepsy for millennia and prior to
prohibition was routinely prescribed by physicians for this purpose.
Recent years have seen widespread legalization and utilization of
medicinal cannabis worldwide, partly driven by stories of artisanal
cannabis products having remarkable therapeutic effects in children
with severe, intractable epilepsy. This phenomenon has intensified
efforts to unlock the medicinal potential of this ancient herb.

Cannabis is a complex mixture of bioactive molecules including
>140 terpenophenolic compounds known as phytocannabinoids. The
main psychoactive phytocannabinoid, A’-tetrahydrocannabinol (A®-
THC) and the principal non-intoxicating component, cannabidiol
(CBD), have well-characterized pharmacological effects. Although A°-
THC has shown mixed proconvulsant and anticonvulsant effects, CBD
has exhibited anticonvulsant properties across multiple preclinical
models (Anderson, Absalom, et al., 2019; Anderson et al., 2020; Chiu
et al., 1979; Kaplan et al., 2017; Karler et al., 1973; Karler &
Turkanis, 1979; Socata et al., 2019). CBD has now received regulatory
approval, in the purified formulation Epidiolex®, for the treatment of
Dravet syndrome and Lennox-Gastaut syndrome following a series of
successful randomized controlled trials (Devinsky et al., 2018, 2017,
Thiele et al., 2018).

However, many childhood epilepsy patients continue to be
treated with unregulated artisanal products extracted from the canna-
bis plant, often due to high expense and limited availability of Epi-
diolex® and, in some cases, a preference for extracts containing a “full
spectrum’ of multiple phytocannabinoids and terpenoids rather than
isolated CBD. Artisanal cannabis-based products have diverse
phytocannabinoid profiles and may often deliver low CBD doses,
suggesting that other phytocannabinoids may contribute to the anti-
convulsant properties of cannabis (Huntsman et al., 2019; Pamplona
et al., 2018; Suraev et al., 2018; Tzadok et al., 2016). Indeed, preclini-
cal research has uncovered a suite of phytocannabinoids, which
reduce epileptiform activity and seizures in animal models, including
A°-tetrahydrocannabidivarin (A°-THCV), cannabidivarin (CBDV) and
(CBDA) (Amada et al., 2013; Anderson
et al., 2020, 2021; Anderson, Low, et al., 2019; Benson et al., 2020;
Chiu et al., 1979; Hill et al., 2012, 2010, 2013; Huntsman et al., 2019;
Karler et al., 1973; Karler & Turkanis, 1979).

Further exploration of the cannabis plant may therefore uncover

cannabidiolic acid

additional lead molecules with efficacy against drug-resistant epilep-
sies such as Dravet syndrome. Loss-of-function mutations in SCN1A,
the gene that encodes voltage-gated sodium channel o subunit

(Na,1.1), are present in approximately 80% of children with Dravet
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compounds for drug development programmes, several liabilities would need to be

overcome before CBD is superseded by another in this class.

cannabinoids, CBGA, Dravet syndrome, epilepsy

What is already known

e Cannabis has been used since ancient times to treat
epilepsy.

e Some phytocannabinoids derived from cannabis, includ-
ing cannabidiol (CBD), reduce seizures or epileptiform

activity.
What does this study add

o Three phytocannabinoids were anticonvulsant: can-
nabigerolic acid (CBGA), cannabidivarinic acid (CBDVA)
and cannabigerovarinic acid (CBGVA).

e CBGA had both anticonvulsant and proconvulsant effects
across seizure models and affected epilepsy-relevant
molecular targets.

What is the clinical significance

e Phytocannabinoid acids may contribute to the effects of
cannabis-based products used to treat intractable
epilepsies.

syndrome (Marini et al., 2011). Heterozygous deletion of Scnla
(Sen1a™") in mice reproduces the key features of Dravet syndrome,
thereby providing a screening platform for potential Dravet
syndrome therapies (Hawkins et al, 2017; Kaplan et al., 2017,

*/~ mouse model of

Yamakawa, 2009). Here, we used the Scnla
Dravet syndrome to assess the anticonvulsant activity of seven differ-
ent phytocannabinoids, including cannabigerolic acid (CBGA), the acid
form of cannabigerol (CBG), a molecule that serves as the biosyn-

thetic precursor to both A?-THC and CBD in the cannabis plant.

2 | METHODS

21 | Animals
All animal care and experimental procedures were approved by the
University of Sydney Animal Ethics Committee in accordance with

the Australian Code of Practice for the Care and Use of Animals for
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Scientific Purposes. Animal studies are reported in compliance with
the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley
et al., 2020). Scnla™~ mice were purchased from The Jackson
Laboratory (Stock 37107-JAX; Bar Harbor, USA) and maintained as a
congenic line on the 12956/SvEvTac background (129.Scnl1a*’~). For
experiments, F1 mice were generated by breeding heterozygous 129.
*/~ mice with wild-type C57BL/6J mice (Jackson Laboratory
Stock 000664; Animal Resources Centre, Canning Vale, Australia).
The Scnla genotype was determined as previously described
(Hawkins et al., 2017; Miller et al., 2014). Swiss outbred mice were
purchased from Australian BioResources (Stock SwissTacAusb; Moss

Scnla

Vale, Australia). Mice were group housed (up to six mice per cage) in
individually ventilated cages with corncob bedding in a specific
pathogen-free facility that operated under a 12-h light/12-h dark
cycle with ad libitum access to food and water. At the end of the
study, mice were killed humanely using isoflurane followed by decapi-
tation, unless otherwise specified.

2.2 | Pharmacokinetic analysis

A pharmacokinetic study of cannabigerivarin (CBGV) to determine the
target experimental time point for the hyperthermia-induced seizure
protocol was performed as previously described (Anderson, Low,
et al., 2019). Briefly, male and female wild-type mice received a single
intraperitoneal injection of 1-mg-kg~! CBGV. At selected time points,
mice were anaesthetized with isoflurane and whole blood was col-
lected via cardiac puncture, with n = 4-5 per time point. Plasma was
isolated by centrifugation and stored at —80°C until assayed. CBGV
concentrations in plasma at each time point were averaged
(Figure S1).

2.3 | Hyperthermia-induced seizures

Hyperthermia-induced seizure experiments were conducted on male
and female Scnla*’~ mice as previously described (Anderson,
Absalom, et al., 2019; Hawkins et al., 2017). Briefly, mice aged postna-
tal days 14-16 (P14-16) were pretreated with vehicle or cannabinoid
by a single intraperitoneal injection, with n = 12-18 per treatment.
Fifteen minutes prior to the target experimental time point for each
drug, the rectal probe was inserted, mice were acclimated for 5 min,
and the hyperthermia protocol was initiated. Mouse core body tem-
perature was elevated 0.5°C every 2 min until the onset of the first
clonic convulsion with loss of posture or until 42.5°C was reached.
Mice that reached 42.5°C were held at temperature for 3 min and
were considered seizure free if no seizure occurred during the hold. In
this assay, we and others have shown that CBD is anticonvulsant
against hyperthermia-induced seizures at 100 mg-kg™! (Anderson,
Absalom, et al., 2019; Anderson et al., 2020; Kaplan et al., 2017). The
doses of the seven cannabinoids tested were chosen to provide a
point of direct comparison with CBD at this dose. CBG and CBDV

were not tested at the 100-mg-kg™* dose due to poor aqueous solu-
bility and A?-THCV was tested at doses known to antagonize the can-
nabinoid CB; receptor in vivo in mice (3 and 10 mgkg™!) (Pertwee
et al, 2007). Following the hyperthermia-induced seizure protocol,
cohorts of mice (n = 5-10 per treatment) were anaesthetized with
isoflurane and whole blood was collected via cardiac puncture. Plasma
was isolated and samples were stored at —80°C until assayed. Seizure
threshold temperatures were compared using Mantel-Cox log-rank
test in GraphPad Prism 8.2.1 (GraphPad Software, San Diego, USA)
and P < 0.05 was considered statistically significant.

Experimental time points were based on previously determined
time-to-peak plasma and brain concentrations or effect from the
literature or our pharmacokinetic study (Figure S1) (Anderson, Low,
et al., 2019; Deiana et al., 2012). Experimental time points were as
follows: 120 min—CBG; 45 min—CBGA; 30 min—CBDV, CBGV,
A°-THCV and clobazam; and 15 min—CBDVA and CBGVA, which
were administered after the 5 min acclimation period. Matched
vehicle controls were administered at each experimental time point.

24 | Spontaneous seizures and survival

Male and female Scnla*/~

mice were exposed to a single
hyperthermia-induced seizure event as described previously
(Anderson et al.,, 2020; Hawkins et al., 2017). Briefly, at P18 mice
were exposed to a thermally induced seizure as described above. At
the onset of clonic convulsion with loss of posture, mice were imme-
diately placed on a cooling pad to terminate the seizure. Mice were
cooled to a core body temperature of 37°C, with a mortality rate as a
result of the febrile seizure priming <2%. Mice were then randomly
assigned to drug treatment groups, with n = 15-19 per treatment.
Drugs were administered orally through supplementation in chow for-
mulated in-house using R&M Standard Diet (Specialty Feeds, Glen
Forrest, Australia) irradiated powder with the following formulations:
1400-mg CBGA'kg™' chow, 2500-mg CBGAkg™! chow, 80-mg
clobazam-kg=? chow and 80-mg clobazam plus 1400-mg CBGAkg™?!
chow. Continuous video recording was captured using a day/night
camera with an IR lens (Samsung SCB5003, Tamron 13F604IRSQ)
and the number of spontaneous generalized tonic-clonic seizures
(GTCS) in the 60-h recording session was quantified offline by an
observer blinded to treatment. Mice continued drug treatment to P30
to monitor survival. Plasma samples were isolated as described above
on P31 within 30 min of lights on and stored at —80°C until assayed.
Statistical comparisons were made with GraphPad Prism using
Fisher's exact test (proportion of mice seizure free), one-way ANOVA
followed by Dunnett's post hoc (seizure frequency) and P < 0.05 was
considered statistically significant. Post hoc analyses were conducted
only when F in ANOVA achieved P < 0.05 and there was no signifi-
cant variance in homogeneity. Sample sizes subjected to statistical
analysis had at least five samples per group (n = 5), where n is equal
to the number or independent values. Statistical comparisons of sur-
vival were made with GraphPad Prism using Mantel-Cox log-rank test

and P < 0.05 was considered statistically significant. The data and
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statistical analysis comply with the recommendations of the British
Journal of Pharmacology on experimental design and analysis in

pharmacology (Curtis et al., 2018).

25 |
tests

Maximal electroshock and 6-Hz threshold

Maximal electroshock (MES) and 6-Hz threshold tests were con-
ducted in Swiss male mice using a rodent Electro-Convulsive-Therapy
unit (Model 57800; Ugo Basile, Gemonio, lItaly) as previously
described (Benson et al., 2020). Briefly, mice were pretreated with
vehicle or CBGA and returned to their home cage for 45 min. Positive
control mice were treated with valproic acid (300 mg-kg™®) 15 min
prior to seizure induction. For MES threshold test experiments, cor-
neal electroshocks (60 Hz, 0.4 s, 0.5-ms rectangular pulse width) were
administered starting at 50 mA, with n = 12 per treatment. Mice were
scored by an observer blinded to treatment for the presence or
absence of GTCS with full hindlimb extension (hindlimbs at a 180°
angle to the torso). Corneal electroshocks (6 Hz, 3 s, 0.2-ms rectangu-
lar pulse width) starting at 20 mA were used for 6-Hz threshold test
experiments, with n = 12 per treatment. Mice were scored by an
observer blinded to treatment for the presence or absence of a psy-
chomotor seizure occurring within 30s of the shock delivery.
Seizure response was characterized by the presence of rhythmic jaw,
forelimb clonus, immobility and/or Straub tail. The critical current
(mA) at which 50% of mice seized (CCsp) was determined using the
‘up-and-down’ method described by Kimball et al. (1957). Statistical
comparisons of CCsq values between treatment groups were made
using one-way ANOVA followed by Dunnett's post hoc and P < 0.05
was considered statistically significant. Post hoc analyses were con-
ducted only when F in ANOVA achieved P < 0.05 and there was no

significant variance in homogeneity.

2.6 | Plasma analytical chemistry

Phytocannabinoid and clobazam concentrations is plasma were
assayed by LC-MS/MS as previously described (Anderson, Absalom,
et al., 2019; Anderson, Low, et al., 2019). Briefly, plasma samples were
prepared using solid-liquid extraction with methyl tert-butyl ether
and assayed by LC-MS/MS using a Shimadzu Nexera ultra-high-
performance liquid chromatograph coupled to a Shimadzu 8030 triple
quadrupole mass spectrometer (Shimadzu Corp., Kyoto, Japan). The
mass spectrometer was operated in positive electrospray ionization
mode with multiple reaction monitoring with mass transition pairs
(Table S1). Quantification was achieved by comparing experimental
samples to standards prepared with known amounts of drug. Cannabi-
noid concentrations were measured numerical values, which were not
influenced by observer bias so blinding was not considered necessary.
Statistical comparisons of plasma concentrations were made with
GraphPad Prism using unpaired Student's t-test and P < 0.05 was
considered statistically significant. Sample sizes subjected to statistical

analysis had at least five samples per group (n = 5), where n is equal

to the number of independent values.

2.7 | GPCR screen

Agonist and antagonist activity of CBGA (3 uM) at GPCRs was
performed by Eurofins DiscoverX (Freemont, USA). The PathHunter®
B-arrestin functional cell-based panel was used to investigate CBGA
agonist and antagonist activity at 168 GPCRs and 74 orphan GPCRs
(Table S2).

28 | Cell culture

HEK 293 cells were used for all in vitro inhibition assays (CLS Cat#
300192/p777_HEK293, RRID:CVCL_0045). Cells were grown in
DMEM supplemented with 10% FBS, 100-U-ml~! penicillin and
100-pg-ml~?! streptomycin (P/S) in a humidified 5% CO, atmosphere
at 37°C. Cells stably expressing human GPR55 were generously
provided by Dr Julia Kargl (University of Graz, Austria) and grown in
supplemented culture media with added G418 (400 pg:ml~Y)
(Kargl et al., 2012). Cells stably expressing human TRPV1 were gener-
ated as previously described and grown in supplemented culture
media with added zeocin (100 pg-ml~2) and blasticidin S (15 pg-ml~?)
(Heblinski et al., 2020). All in vitro experiments were performed over a
minimum of five independent experiments performed in duplicate.
Data were fit to a three-parameter logistic equation to determine ICsq

values.

2.9 | GPR55 ERK phosphorylation assay

ERK phosphorylation (pERK) was detected using the AlphaScreen®
SureFire® p-ERK % (Thr202/Tyr204) assay kit (PerkinElmer, Waltham,
USA) according to the manufacturer's instructions. Briefly, 20-24 h
prior to the assay, cells were resuspended in Leibovitz's L-15 media
supplemented with 1% FBS, 15-mM glucose and P/S. Cells (110,000
per well) were plated into a Corning CellBIND (Corning Inc., Corning,
USA) clear, flat-bottomed 96-well plate and incubated overnight at
37°C in ambient CO,. Media were aspirated and phenol red-free
DMEM/F-12 (50 pl) was added to each well and incubated for 2-3 h
at 37°C in a humidified 5% CO, atmosphere and then drugs were
added and incubated for 20 min. Media were then aspirated, lysis
buffer was added and cells were placed on an orbital shaker for
10 min (500 r.p.m., room temperature). Lysates (5 ul) were mixed with
reaction mixture (7 pl) and incubated for 3.5 h at room temperature. A
CLARIOstar plate reader (BMG Labtech, Offenburg, Germany) was
used to take fluorescence readings over 740 ms (excitation 680 nm
and emission 520-620 nm). Baseline fluorescence as measured from
an untreated cell condition was subtracted and fluorescence readings
were normalized to those of 100-nM phorbol 12-myrisate 13-acetate
(PMA), a pERK stimulant. Final drug concentrations had <0.2% DMSO.
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Comparisons of curve fits for concentration-response curves were
calculated using the extra-sum-of-squares F test using GraphPad

Prism.

2.10 | TRPV1intracellular calcium assay

Intracellular calcium was measured using the fluorescence imaging
plate reader (FLIPR) Calcium 5 assay kit (Molecular Devices). Cells
were grown to 90% confluency and 24 h prior to the assay, cells were
detached from the flask and resuspended in Leibovitz's L-15 media
supplemented with 1% FBS, P/S and 15-mM glucose. Cells (80,000-
110,000 cells per well) were plated into a black, clear-bottomed, poly-
D-lysine-coated 96-well plate and incubated overnight at 37°C in
ambient CO,. L-15 media
(10 pg-ml~Y) were added to each well 4.5 h prior to the assay. Dye

supplemented with tetracycline
was prepared with high-potassium HBSS assay buffer with (in mM)
13.8 NaCl, 2.2 HEPES, 0.0338 NayHPO,, 0.4117 NaHCO3;, 0.0441
KH,PO,4, 0.0407 MgSO,4, 0.0493 MgCl,, 0.533 KCI, 0.126 CaCl,,
250 probenecid and 1-mg-ml~! glucose with pH 7.4. Dye solution
was added to each well and incubated for 90 min at 37°C in ambient
CO,. A FlexStation 3 Microplate reader was used to take fluorescence
readings every 2 s (excitation 485 nm and emission 565 nm) for 2 min
prior to vehicle or CBGA addition. Three minutes following the addi-
tion of vehicle or CBGA, 10-uM capsaicin was added and fluorescence
was recorded for an additional 5 min. Baseline recordings were taken
as the average fluorescence over 20 s prior to each drug addition.
Changes in fluorescence were measured as the maximal increase in
fluorescence from baseline following drug addition and normalized to
the response of 10-uM protease activated receptor 1 peptide
(AusPep; Tullamarine, Australia). Final drug concentrations had
<0.2% DMSO.

211 | Two-electrode voltage clamp

Cell currents were recorded from Xenopus laevis oocytes expressing
the concatenated human y2-p2-al-f2-al GABA receptor using
two-electrode voltage clamp as previously described (Anderson,
Absalom, et al., 2019; Liao et al., 2019). Briefly, GABA (15 uM) was
applied three times and currents were normalized to the mean current
of the last two GABA applications for modulation experiments. A
washout of 7-12 min was performed between GABA applications and
GABA was preincubated for 60 s. Per cent modulation by CBGA was
derived by the equation described previously (Absalom et al., 2019).
Data were fit to the Hill equation to determine I,.x and ECsq values

using GraphPad Prism.

212 | Desensitization assay

To quantify the level of desensitization induced by CBGA, dead vol-
ume was reduced and two successive pulses of 1-mM GABA were

applied to the oocyte. CBGA (10 uM) was preapplied to oocytes for
30, 60 and 180 s prior to coapplications of CBGA and GABA. Peak
currents were measured and compared with applications of 1-mM
GABA alone under the same protocol. Statistical comparisons were
made in GraphPad Prism using an unpaired Student's t-test and
P < 0.05 was considered statistically significant.

213 | Materials

CBDV, CBG and A’-THCV were purchased from THC Pharm GmbH
(Frankfurt, Germany). CBGA was purchased from THC Pharm
GmbH and Epichem (Bentley, Australia). CBGV was purchased from
Toronto Research Chemicals Inc. (Ontario, Canada). CBDVA and
CBGVA were synthesized by Professor Michael Kassiou at the
University of Sydney (Australia). Clobazam and valproic acid were
purchased from Sigma-Aldrich Co. (St. Louis, USA). When available,
analytical standards were purchased from Novachem Pty Ltd
(Heidelberg West, Australia). For in vitro experiments, drugs were
prepared as stocks in DMSO. For acute administration, drugs were
prepared fresh on the day of the experiment. CBDV, CBG, CBGV and
A°-THCV were prepared in ethanol:Tween 80:saline (1:1:18). CBGV
(100 mg-kg~1) was a suspension, with CBDV (60 mg-kg?) and CBG
(30 mg-kg™1) near solubility limits. CBDVA, CBGA, CBGVA and
clobazam were prepared as solutions in vegetable oil. Drugs were
administered as an intraperitoneal injection in a volume of 10 ml-kg™?.
ML-186 was purchased from Enamine (Kyiv, Ukraine). CID16020046
and lysophosphatidylinositol were purchased from Tocris Biosciences
(Bristol, United Kingdom) and Sigma-Aldrich (St. Louis, USA).

214 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).

3 | RESULTS

3.1 | Novel anticonvulsant activity of
phytocannabinoids against thermally induced seizures
in Scnla™’~ mice

We assessed phytocannabinoids for anticonvulsant properties against

hyperthermia-induced seizures in Scnla®/~

mice, a model of the
febrile seizures that occur in children with Dravet syndrome. Between
P14 and P16, Scnla™~ mice were treated with a single intraperito-
neal injection of an individual phytocannabinoid or vehicle and then
assess the effect of the

subjected to hyperthermia to

phytocannabinoids on the temperature threshold for a generalized


http://www.guidetopharmacology.org

ANDERSON ET AL

BRITISH
PHARMACOLOGICAL 4831
SOCIETY

tonic-clonic seizure (GTCS). Cannabidivarin (CBDV), cannabidivarinic
acid (CBDVA), CBGA and cannabigerovarinic acid (CBGVA) displayed
anticonvulsant properties, significantly elevating the temperature
threshold for GTCS onset (Figures 1 and S2). CBDV exhibited an
inverted U-shaped dose effect, with an increase in GTCS temperature
threshold at 30 mgkg™? relative to vehicle but not 60 mgkg .
CBDVA (100 mg-kg™1) and CBGVA (100 mg-kg™1) both significantly
elevated the temperature threshold for GTCS compared with vehicle.
CBGA dose-dependently increased the GTCS temperature threshold
(CBG)
nabigerivarin (CBGV) affected thresholds for hyperthermia-induced
A°-THCV
proconvulsant, with a lower threshold temperature for GTCS. Plasma

compared with vehicle. Neither cannabigerol nor can-

seizures. In contrast, (3mgkg™) treatment was
phytocannabinoid levels were measured following completion of the

assay (Table S3).
3.2 | Cannabigerolic acid (CBGA) increases the
frequency of spontaneous seizures in Scnla™~ mice

CBGA was the most potent of the seven phytocannabinoids against

hyperthermia-induced seizures, so it was further assessed against

*/~ mice. Dravet syn-

spontaneous seizures and survival of Scnla
drome often presents with febrile seizures that progress to other sei-
zure types, including spontaneous afebrile GTCS. We modelled this

seizure progression by priming Scnla™/~

mice with a single hyperther-
mia-induced seizure at P18 and measuring subsequent spontaneous
GTCS frequency. The average temperature of seizure onset was 40.2
+0.1°C (range: 37.9°C to 41.3°C). Mice received subchronic treat-
ment of CBGA via supplementation (1400-
2500-mg-kg™! chow) following the thermally induced GTCS. These

doses resulted in steady-state plasma concentrations similar to those

in  chow and

achieved following acute intraperitoneal treatment with 30- and
100-mg-kg~* CBGA, respectively (Figure 2a,b). Neither dose of CBGA
affected the proportion of mice experiencing GTCS during the obser-
vation period. However, treatment with the higher dose of CBGA
(2500-mg-kg™! chow) was proconvulsant and significantly increased
GTCS frequency.

Dravet syndrome patients have a reduced lifespan, which is repli-

*+/~ mice. CBGA treatment was continued until P30 to

cated in Scnla
monitor effects on survival. Despite increasing GTCS frequency, the
higher dose of CBGA did not affect survival of Scnla™~ mice
(Figure 2d). Survival did not differ with either CBGA dose relative to

controls.
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FIGURE 1 Phytocannabinoid screen against thermally induced seizures in Scnla™~ mice yields compounds with novel anticonvulsant

activity. Change in threshold temperature for generalized tonic-clonic seizure (GTCS) induced by hyperthermia compared with vehicle-treated
controls following acute intraperitoneal (mg-kg~1) administration of varying doses of compounds. Cannabidivarin (CBDV; 30 mg-kg™2),
cannabidivarinic acid (CBDVA; 100 mg-kg 1), cannabigerolic acid (CBGA; 30 and 100 mg-kg~?) and cannabigerovarinic acid (CBGVA;

100 mg~kg*1) treatments were anticonvulsant resulting in a significantly improved response to thermal seizure induction (green bars), whereas
A’-tetrahydrocannabivarin (A%-THCV) (3 mg-kg 1) was proconvulsant and significantly lowered the thermal threshold (red bar). Error bars

represent SEM, with n = 12-18 per group (P < 0.05; log-rank Mantel-

Cox). Treatments where mice were protected from GTCS were as follows:

- O.3-mg-kg’1 cannabigerol (CBG), four mice seizure free; 1O-mg-kg*1 CBG, one mouse seizure free. All vehicle-treated mice had seizures.
Temperatures of GTCS induction for individual mice, including vehicle-treated mice, are found in Figure S2
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FIGURE 2 Cannabigerolic acid (CBGA) worsens spontaneous seizure frequency but not survival in Scnla™~ mice. (a) Chemical structure of

CBGA. (b) Average CBGA plasma concentrations in experimental Scnla

mice treated with acute (solid bars) or subchronic (hatched bars)

CBGA. Acute treatment of CBGA was administered as a single intraperitoneal injection for hyperthermia-induced seizure experiments.
Subchronic CBGA treatment was administered orally through supplementation in chow for spontaneous seizure and survival experiments. Error
bars represent SEM, with n = 4-8 per group. CBGA concentrations are depicted as both mass concentrations (left Y axis) and molar
concentrations (right Y axis). (c) Spontaneous generalized tonic-clonic seizure (GTCS) frequency of individual untreated and CBGA-treated mice.
Treatment began after the induction of a single hyperthermia-induced seizure and spontaneous GTCS frequency was subsequently quantified
over a 60-h recording period. Treatment with the higher dose of CBGA (2500-mg-kg ! chow) significantly increased seizure frequency, with

n = 15-19 per treatment (‘P < 0.05; one-way ANOVA followed by Dunnett's post hoc). (d) Survival curves comparing untreated and CBGA-

treated mice. Treatment with CBGA had no effect on survival of Scnla

3.3 | CBGA increases the anticonvulsant efficacy
of clobazam against thermally induced seizures

CBD is approved as an adjunctive therapy in childhood epilepsy and is
typically used in combination with clobazam (Devinsky et al., 2017).
Indeed, CBD augments the anticonvulsant efficacy of clobazam
(Anderson, Absalom, et al., 2019). Here, we assessed whether CBGA
could similarly potentiate the anticonvulsant effects of clobazam in
Scnla*/~ mice. The anticonvulsant effects of each drug and their
combination were first assessed against hyperthermia-induced
seizures. Clobazam (1 mg-kg™?) and CBGA (30 mg-kg™1) administered
individually significantly elevated the temperature threshold for GTCS
compared with vehicle-treated mice (Figure 3a). When administered

in combination, the thermal threshold was elevated compared with

mice, with n = 15-19 per treatment (log-rank Mantel-Cox, P > 0.05)

either drug administered alone. A pharmacokinetic interaction was
also observed whereby clobazam significantly increased the plasma
concentration of CBGA during acute cotreatment (Figure 3b). CBGA
co-administration did not affect plasma clobazam concentrations
but reduced plasma concentrations of its active metabolite,
N-desmethylclobazam (N-CLB) (Figure S3).

We then sought to determine the effects of CBGA and
clobazam combination treatment on spontaneous seizures and sur-
vival in Scnla™~ mice. A CBGA dose (1400-mg-kg™! chow) was
used which achieved steady-state plasma concentrations equivalent
to those found following a single 30 mgkg™® ip. dose. As
expected, clobazam treatment was anticonvulsant against spontane-
ous seizures, significantly reducing GTCS frequency (Figure 3c).
Combination CBGA and clobazam treatment resulted in a lower
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FIGURE 3 Cannabigerolic acid (CBGA) enhanced the anticonvulsant effect of clobazam against hyperthermia-induced seizure in Senla™’~
mice. (a) Temperature threshold for generalized tonic-clonic seizure (GTCS) induced by hyperthermia in individual mice following acute
intraperitoneal treatment with CBGA (30 mg-kg ™2, blue bar) or clobazam (1 mg-kg™2, light blue bar) administered individually or in combination
(dark blue bar). All treatments resulted in a significantly improved response to thermal seizure induction compared with vehicle (P < 0.05; log-rank
Mantel-Cox). Combination CBGA and clobazam treatment was significantly more effective than either treatment alone, with n = 13-16 per
group (P < 0.05; log-rank Mantel-Cox). (b) Average CBGA plasma concentrations in Scnla*’~ mice from hyperthermia-induced seizure and
spontaneous seizure experiments. CBGA was administered acutely (solid bars) or subchronically (hatched bars) in the presence (blue) and absence
(dark blue) of clobazam, with n = 5 per treatment. Significantly higher CBGA plasma levels were observed following acute combination treatment
with clobazam (‘P < 0.05; Student's t-test). CBGA concentrations are depicted as both mass concentrations (left Y axis) and molar concentrations
(right Y axis). (c) Spontaneous GTCS frequency of individual untreated and drug-treated Scn1a™~ mice. Treatments were administered orally via
supplementation in chow and began at P18 following a hyperthermia-induced seizure. Clobazam in both the absence and presence of CBGA
significantly reduced the frequency of GTCS, with n = 17-19 per group ('P < 0.05; one-way ANOVA followed by Dunnett's post hoc).
Combination clobazam and CBGA treatment also significantly reduced the proportion of mice experiencing GTCS (*P < 0.05, Fisher's exact test).
Untreated data are replotted from Figure 3c for clarity. (d) Survival curves comparing untreated and drug-treated mice. Clobazam treatment alone
or in combination with CBGA had no effect on survival, with n = 17-19 per group (log-rank Mantel-Cox). Untreated data are replotted from
Figure 2d for clarity. Additional data presented in Figure S3

mean GTCS frequency than controls and also significantly reduced proportion of mice experiencing a GTCS (35%) compared with vehi-
the proportion (28%) of mice displaying GTCS compared with cle, although this group also did not differ from combination-
controls (63%). Clobazam treatment alone did not reduce the treated mice.
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Despite clobazam treatment alone or in combination with CBGA
being anticonvulsant against spontaneous seizures, neither treatment
had any effect on survival (Figure 3d). In contrast to acute observa-
tions, subchronic cotreatment with clobazam had no effect on plasma
CBGA concentrations (Figure 3b). However, plasma concentrations of
(N-CLB)

clobazam was administered in combination with CBGA (Figure S3). In

N-desmethylclobazam were significantly lower when
conclusion, CBGA enhanced the anticonvulsant effects of clobazam in

the Scnla™’~ mouse model of Dravet syndrome.

34 | CBGA exhibits divergent effects in
conventional seizure models

To further investigate the anticonvulsant potential of CBGA, we eval-
uated its effects in conventional seizure models using wild-type Swiss
mice: the maximal electroshock (MES) threshold test model of GTCS
and the 6-Hz threshold test of focal, psychomotor seizures (Benson
et al., 2020). Threshold tests were used where the CCsq (critical cur-
rent at which 50% of mice exhibit a seizure) was determined. CBGA
was anticonvulsant in the MES threshold test, where CBGA
(30 mg-kg™Y) significantly increased the CCso compared with vehicle-
treated mice (Figure 4a). In contrast, CBGA was proconvulsant in the
6-Hz threshold test (Figure 4b). The CCso values for 10- and
30-mg-kg~! CBGA were significantly lower than that of vehicle-
treated controls, but 100-mg-kg~! CBGA did not differ from vehicle.
By comparison, 300-mg-kg~? valproic acid yielded 100% protection
against seizure activity induced by both MES and 6-Hz threshold tests
(h =12 for each seizure model, data not graphed). The divergent
properties of CBGA suggest that it may be useful against GTCS but
perhaps contraindicated against focal seizures.
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3.5 | Molecular targets of CBGA

The major phytocannabinoids A’-THC and CBD have been character-
ized as pharmacologically promiscuous, exerting effects on numerous
targets and rendering mechanistic understanding of their therapeutic
effects extremely challenging. Here, a Eurofins DiscoverX p-arrestin
signalling assay was used to screen the pharmacological actions of
CBGA at GPCRs. No agonist or antagonist activity was identified for 3
pM CBGA at 242 GPCRs, which includes 74 orphan GPCRs. Of note,
CBGA did not affect cannabinoid CB; or CB, receptors included in
the panel, consistent with a prior report (Navarro et al., 2020).

The anticonvulsant mechanism of CBD is thought to reflect activ-
ity at numerous therapeutic targets, potentially including the GPCR
55 (GPR55), transient receptor potential cation channel V1 (TRPV1)
and GABA (GABA,) receptors (Anderson, Absalom, et al., 2019; Chen
et al, 2013; Gray & Whalley, 2020; Jia et al., 2015; Kaplan
et al., 2017; Vilela et al., 2017). Therefore, the molecular actions of
CBGA at these epilepsy-relevant drug targets were explored.

In the Eurofins DiscoverX screen, CBGA was not an agonist at
GPR55. However, no antagonist activity could be determined because
GPR55 is classified as an orphan receptor with no endogenous agonist
by Eurofins. We used HEK293 cells expressing human GPR55 to
determine whether CBGA inhibits activation of GPR55 by the puta-
tive endogenous ligand lysophosphatidylinositol (LPI) and the selec-
tive agonist ML-186. Concentration-response curves were generated
for ECgo concentrations of ML-186 (0.45 pM) and LPI (4 pM) in the
presence of varying concentrations of CBGA (Figures 5a and S4A).
CBGA inhibited ML-186 and LPI-mediated GPR55 activity with ICsq
values of 4.8 and 5.7 uM, respectively. By comparison, ICsq values for
inhibition of GPR55 activation by ML-186 and LPI by the established

GPR55 antagonist, CID16020046, were 238 and 303 nM,
(b)
30 =
* T
*
T 20
8
Q
(&]
10+
0 T T
Vehicle 10 30 100

CBGA (mg-kg™")

FIGURE 4 Cannabigerolic acid (CBGA) has divergent anticonvulsant and proconvulsant effects in conventional seizure models. (a) Dose-
response of CBGA in the maximal electroshock (MES) acute seizure model. CBGA (30 mg-kg~2) was anticonvulsant and significantly increased the
critical current (CCsp) at which 50% of the mice exhibit a seizure with maximal hindlimb extension (green bar). Data are expressed as mean

+ SEM, with n = 12 per treatment (P < 0.05; one-way ANOVA followed by Dunnett's post hoc). By comparison, 100% of mice treated with the
positive control, valproic acid, were protected from hindlimb extension, with n = 12. (b) Dose-response of CBGA in the 6-Hz seizure model.
CBGA was proconvulsant with 10- and 30-mg-kg ™ doses significantly reducing the CCs for mice to have a psychomotor seizure (red bars). Data
are expressed as mean + SEM, with n = 12 per treatment (‘P < 0.05; one-way ANOVA followed by Dunnett's post hoc). By comparison, 100% of
mice treated with valproic acid were protected from psychomotor seizures, with n = 12
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FIGURE 5 Cannabigerolic acid (CBGA) affects various epilepsy-relevant drug targets in vitro. (a) Concentration-response for CBGA inhibition
of GPR55 activation measured by ERK phosphorylation (pERK). GPR55 activation was measured following treatment with either LPI (black
symbols) or ML-186 (magenta symbols) in the presence of varying concentrations of CBGA and expressed as a percentage of responses to ligand
alone. Data are expressed as mean + SEM, with n = 6-7 per group. Curves represent fit to a three-parameter log function and ICsg values are
listed. (b) Concentration-response curves for activation of GPR55 by ML-186 across varying concentrations of CBGA. Data are expressed as
mean + SEM, with n = 6 per group. Curve represents fit to the Hill equation. (c) Concentration-response for CBGA inhibition of TRPV1
determined by a FLIPR calcium influx assay to measure channel activity in cells expressing human TRPV1 channels. TRPV1 activity was measured
following treatment with capsaicin (10 pM) in the presence of varying concentrations of CBGA and expressed as a percentage of capsaicin
response. Data are expressed as mean + SEM, with n = 4-8 per group. Curve represents fit to a three-parameter log function. (d) Concentration-
response curve for CBGA at GABA, receptors expressed in oocytes. CBGA modulates currents evoked by 15 pM GABA. Data are shown as
mean + SEM fit to the Hill equation, with n = 5 per group. (e) Representative trace currents evoked by GABA (1 mM) with (red) and without
(black) preincubation of CBGA (10 uM) with varying preincubation times. (f) Time course of CBGA preincubation on GABA, receptor activity.
Currents evoked by 1 mM GABA were measured following varying preincubation times with 10 pM CBGA (red symbols) and without (black
symbols) and expressed as a percentage of GABA response. Dotted line represents no change in current. Data are shown as mean + SEM, with

n =5 per group (P < 0.05, Student's t-test), and curve represents fit to a one-phase decay. Additional data presented in Figures $4 and S5
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respectively (Figure S4B). The antagonist activity of CBGA was further
characterized by generating concentration-response curves for ML-
186 in the presence of varying concentrations of CBGA (Figure 5b).
CBGA appeared to be a non-competitive antagonist of GPR55, with
no effect on the potency of ML-186 but significantly reducing its effi-
cacy (Table S4).

Next, we examined the effect of CBGA on TRPV1 channel func-
tion. HEK293 cells expressing human TRPV1 channels were used to
evaluate effects of CBGA on TRPV1 channel function. CBGA did not
display agonist activity, but a non-specific increase in intracellular cal-
cium was observed at 30 and 100 uM of CBGA (Figure S5). Increasing
concentrations of CBGA inhibited TRPV1 channel function with an
ICso value of 22 uM (9-123 uM, 95% confidence interval [CI];
Figure 5c¢).

CBD is a positive allosteric modulator (PAM) of GABA, receptors,
so we explored whether CBGA exhibited similar activity (Anderson,
Absalom, et al., 2019; Bakas et al., 2017). Using Xenopus oocytes
expressing concatenated human GABA, receptors (y2-p2-al-p2-al),
a concentration-response curve of CBGA modulation of GABA-
evoked currents was generated (Figure 5d). CBGA increased the peak
currents induced by GABA with a maximum modulation of 271% (E,ax
271 +40%) and a half maximal effective concentration (ECsq) of
910 nM (log EC59 = —6.09 * 0.14); however, the modulation was sub-
stantially reduced with 30 pM CBGA, so the Hill equation could not
be fit when incorporating this high CBGA concentration. Some
positive allosteric modulators of GABA, receptors also induce desen-
sitization (Rosso et al., 2015). To determine whether CBGA induced
desensitization, we preincubated the receptor with CBGA for
30-180 s before coapplication with GABA (Figure 5e,f). Peak GABA
current was significantly reduced following 180-s preincubation with
CBGA (31 +11% compared with 103 + 3% without preincubation;
P < 0.05). Collectively, these data demonstrate that CBGA is an
unconventional modulator of inhibitory GABA, receptors. Although
CBGA enhances receptor activation at low GABA concentrations,
prolonged exposure to CBGA at a higher concentration increased the
desensitizing properties of the GABAA receptor. This suggests a
potential liability of extended exposure to CBGA.

4 | DISCUSSION

New therapies are urgently needed for treatment-resistant epilepsies
such as Dravet syndrome. The regulatory approval of CBD as an
adjunctive treatment for Dravet syndrome has offered a new thera-
peutic avenue to patients, representing a modern continuation of the
ancient practice of using hemp extracts to treat epilepsy (Friedman &
Sirven, 2017). CBD is one of many possible anticonvulsant com-
pounds in the cannabis plant and the current study continued the sea-
rch for these constituents. Three phytocannabinoids, CBGA, CBDVA
and CBGVA, had anticonvulsant effects on hyperthermia-induced sei-
zures in Senla™ ™ mice. The anticonvulsant activity of CBDV was also
further confirmed (Amada et al., 2013; Hill et al., 2012, 2013). Inter-
estingly, the three novel anticonvulsant phytocannabinoids uncovered

here are all acid precursor molecules that are usually present in raw
cannabis.

Commercially available cannabis-based products rarely contain
these phytocannabinoid acid precursors because manufacturing pro-
cesses usually heat cannabis to decarboxylate the acidic compounds
into neutral phytocannabinoids (e.g. CBGA to CBG). However, the
artisanal cannabis oils used to treat children with intractable epilepsies
are often cold extracted, which allows preservation of these
phytocannabinoid acids (Huntsman et al., 2019; Suraev et al., 2018;
Vincent et al., 2020). The current results suggest that the presence of
CBGA, CBDVA and CBGVA, in addition to those identified previously
CBDA, cannabichromenic acid (CBCA), cannabichromevarinic acid
(CBCVA) and A?-THCA, might contribute to the reported efficacy of
such cold-extracted artisanal preparations (Anderson et al., 2021;
Anderson, Low, et al., 2019; Benson et al., 2020).

An extensive literature has explored the therapeutic potential of
A’-THC and CBD.
corresponding research on acidic precursor phytocannabinoids is in its
infancy (Amin & Ali, 2019; Devinsky et al., 2014; Kis et al., 2019;
Pisanti et al., 2017). CBDA and A’-THCA are reported to have anti-
emetic, anxiolytic and anticonvulsant effects in animal models
(Anderson, Low, et al., 2019; Assareh et al., 2020; Benson et al., 2020;
Bolognini et al., 2013; Pertwee et al., 2018; Rock et al., 2017; Rock
et al, 2018). CBCA and CBCVA displayed anticonvulsant effects

+/—

neutral  phytocannabinoids However,

against hyperthermia-induced seizures in Scnla mice in our recent
report (Anderson et al., 2021). The present findings of the anticonvul-
sant properties of CBGA, CBDVA and CBGA further support the con-
sideration of phytocannabinoids in the discovery and development of
novel cannabis-based therapeutics. However, as phytocannabinoid
acids tend to be relatively unstable and often exhibit poor brain pene-
tration, bioisosteric replacement of the unstable acid moiety may pro-
vide one pathway for the development of these molecules towards
the clinic.

The potency of CBDVA and CBGVA against hyperthermia-

*/~ mouse model was similar to that

induced seizures in the Scnla
previously reported with CBD, with effective doses of 100 mg-kg™*
(Anderson, Absalom, et al, 2019; Anderson et al., 2021; Kaplan
et al., 2017). In contrast, CBGA achieved an anticonvulsant effect in
this model at 30 mg-kg™?, suggesting greater potency than CBD and
warranting further characterization of its anticonvulsant potential.
This characterization provided a contrasting set of outcomes. CBGA
showed further anticonvulsant properties in the MES threshold test
and potentiated the anticonvulsant effects of clobazam against ther-

mally induced seizures in Scnla™'~

mice. CBGA also appeared to
modestly improve the effect of clobazam against spontaneous sei-

zures in Scnla*’~ mice. However, CBGA as a monotherapy had

+/~ mice and

proconvulsant effects on spontaneous seizures in Scnla
psychomotor seizures in the 6-Hz threshold test. CBGA had no effect
on survival of Scnla™~ mice. The 78% survival of the untreated con-
trols here is somewhat higher than what is usually observed for
Scnlat’~ mice (Anderson, Absalom, et al, 2019; Anderson
et al., 2020; Benson et al., 2020). Survival of Scnla™~ mice is typically

~50% but has been known to vary between different laboratories and
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even between cohorts within the same laboratory under identical
experimental conditions (Anderson, Absalom, et al., 2019; Anderson
et al., 2020; Benson et al., 2020; Han et al, 2020; Hawkins
et al., 2017; Miller et al., 2014; Mistry et al., 2014; Patra et al., 2020;
Yu et al., 2006).

Divergent profiles across different preclinical seizure models are
not unusual and underscore the importance of model choice when
designing experiments to evaluate novel therapeutics for different
epilepsy types. Lamotrigine, commonly prescribed for tonic-clonic
and focal seizures, is anticonvulsant against MES-induced seizures yet
is proconvulsant in Scnla*/~ mice (Hawkins et al., 2017; Luszczki
et al., 2003; Miller et al., 1986). Similarly, A?-THCV was proconvulsant
against hyperthermia-induced seizures in the present study but
showed anticonvulsant effects against pentylenetetrazole (PTZ)-
induced seizures previously (Hill et al, 2010). Additionally, co-
administration of CBD and A®-THC is anticonvulsant against
hyperthermia-induced seizures but proconvulsant against spontane-

*/~ mice (Anderson et al., 2020). These con-

ous seizures in the Scnla
flicting properties are not surprising as thermally induced seizures and
spontaneous seizures have distinct neurochemical influences (Cheah
et al., 2012; Kalume et al., 2007; Rubinstein et al., 2015; Stein
et al., 2019). Further, in conventional seizure models, CBGA was anti-
convulsant against MES-induced seizures yet proconvulsant in the
6-Hz seizure model.

Collectively, this indicates that CBGA may not possess the anti-
convulsant versatility of CBD, which has shown consistent anticonvul-
sant activity across various animal models. In addition to CBD being

/= mice, it is anticonvulsant in corneal kindled

anticonvulsant in Scnla
models and in the induced seizure models MES, 6-Hz and PTZ
(Anderson et al., 2020; Kaplan et al., 2017; Klein et al., 2017; Patra
et al,, 2020, 2019; Socata et al.,, 2019). Here, CBGA did not affect sur-

vival of Scnla*/~

mice similar to what we have observed previously
with CBD (Anderson, Absalom, et al., 2019; Anderson et al., 2020). A
different study did show survival of Scnla™~ mice significantly
improved with CBD treatment, however, a higher dose of CBD was
administered (Patra et al., 2020). Overall, it appears that CBGA may
not share the same versatility as CBD as an anticonvulsant despite
having superior potency against hyperthermia-induced seizures.
Although  the

phytocannabinoids CBD and A’-THC are well understood, the phar-

pharmacological actions of the major
macological actions of the minor cannabinoids are poorly character-
ized. Here, we provide extensive characterization of the molecular
targets of CBGA using both a commercially available screening plat-
form (Eurofins DiscoverX) and several in-house assays. We found
CBGA to be relatively inactive, as it exhibited no agonist or antagonist
activity at the 242 GPCRs screened. Although further assays interro-
gating epilepsy-relevant targets for CBGA showed inhibition at
GPR55 and TRPV1 channels, as well as an atypical positive allosteric
modulator-like profile on GABA, receptors. It is important to consider
the concentrations of CBGA achieved in vivo when interpreting the
relevance of the in vitro pharmacological action of CBGA at these
molecular targets. Plasma concentrations of CBGA in the experimental
animals used here were 36-202 pM (13-73 pg-ml~?%). CBGA has been
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shown to have low brain penetrance with a brain-plasma ratio of 0.02
(Anderson, Low, et al., 2019). Based on this value of 2% brain penetra-
tion, the estimated concentrations of CBGA in the brains of the exper-
imental mice would be 720 nM to 4 pM. CBGA inhibited GPR55
activation with an 1Csg value of roughly 5 uM, so GPR55 inhibition
could be contributing to the effects observed with the higher doses of
CBGA. Although CBGA does inhibit TRPV1, the high ICso value
(22 pM) suggests that this target is likely less relevant to its anticon-
vulsant mechanism of action. The atypical positive allosteric
modulator-like profile of CBGA at GABA, receptors, however, could
be quite relevant as the ECsq value of 910 nM is well within the thera-
peutic range of CBGA.

Whether these targets are relevant to the anticonvulsant and
proconvulsant effects of CBGA requires further experiments. Addi-
tionally, the effects exerted by CBGA could result from pharmacologi-
cal action of its metabolites rather than a direct effect of CBGA itself.
Although the metabolic pathways of CBGA are unknown, CBD and
A’-THC are extensively metabolized by CYP450 metabolic enzymes
and their metabolites appear to exert pharmacological effects includ-
ing having anticonvulsant properties (dos Santos et al., 2015; Jiang
et al.,, 2011; Nahas & Paton, 1979; Patilea-Vrana & Unadkat, 2019;
Stout & Cimino, 2014). Future studies could explore the metabolic
profile of CBGA and characterize the pharmacological activity of its
metabolites.

The effects of CBGA at this array of molecular targets are also
observed for CBD, suggesting a possible overlap in mechanism of
action between these two cannabinoids (Anderson, Absalom,
et al, 2019; Bakas et al, 2017; Gray & Whalley, 2020; Kaplan
et al., 2017; Vilela et al., 2017). CBD has been suggested to exert its
anticonvulsant effects via inhibition of GPR55 (Gray & Whalley, 2020;
Kaplan et al., 2017; Vilela et al., 2017). TRPV1 antagonists have anti-
convulsant effects in animal models and the anticonvulsant effect of
CBD against MES-induced seizures is mediated by TRPV1 (Chen
et al., 2013; Gonzalez-Reyes et al., 2013; Gray et al., 2020; lannotti
et al., 2014, Jia et al., 2015; Vilela et al., 2017). Although our recent

+/—

study in Scnla mice suggests that Trpvl may not be disease modi-
fying in Dravet syndrome (Satpute Janve et al., 2021).

Lastly, the divergent activity of CBGA on GABA modulation of
GABA, receptors was striking. The actions of CBGA as a GABA,
receptor positive allosteric modulator may contribute to the
anticonvulsant effects of CBGA on hyperthermia-induced seizures in
Senla™’~

modulation at GABA, receptors could also account for the increased

mice and in the MES threshold test. Positive allosteric

anticonvulsant effect observed with CBGA and clobazam co-adminis-
tration, similar to that previously observed between CBD and
clobazam (Anderson, Absalom, et al., 2019). However, similar to the
tolerance and GABAA receptor desensitization that is observed with
chronic benzodiazepine treatment, prolonged exposure to CBGA
resulted in GABA, receptor desensitization, which presents a poten-
tial liability with repeated CBGA treatment (Brown et al., 2002;
Gallager et al., 1985; Mierlak & Farb, 1988; Nicholson et al., 2018). A
previous study has shown that venoms from coral snakes, which are

GABA, receptor positive allosteric modulators, also desensitized
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GABA, receptors in Xenopus oocytes (Rosso et al., 2015). The toxin-
induced desensitization of GABA, receptors correlated with increased
neuronal activity and seizures in mice. We expect that GABA, recep-
tor desensitization observed with prolonged CBGA exposure would
similarly translate to mice in vivo. The proconvulsant effect of CBGA
in the 6-Hz threshold test and the increased spontaneous seizure
frequency with subchronic CBGA treatment could be the result of

GABA receptor desensitization.

5 | CONCLUSION

The current study shows for the first time that three phyto-
cannabinoid acid constituents of the cannabis plant— cannabigerolic
acid (CBGA), (CBDVA) and

bigerovarinic acid (CBGVA)—have anticonvulsant effects against
+/—

cannabidivarinic  acid canna-

hyperthermia-induced seizures in the Scnla mouse model of
Dravet syndrome. This preclinical study confirms that the therapeutic
actions of cannabis in epilepsy do not begin and end with CBD and
that other phytocannabinoids might be considered in future drug dis-
covery and development programmes. CBGA exhibited multimodal
activity affecting several epilepsy-relevant drug targets. Although
CBGA shows promise, some proconvulsant effects were observed.
Such liabilities would need to be overcome before another supersedes
CBD in the new phytocannabinoid class of anticonvulsant drugs.
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