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ABSTRACT

Plant-derived cannabinoids (phytocannabinoids) are com-
pounds with emerging therapeutic potential. Early studies
suggested that cannabidiol (CBD) has anticonvulsant prop-
erties in animal models and reduced seizure frequency in
limited human trials. Here, we examine the antiepileptiform
and antiseizure potential of CBD using in vitro electrophys-
iology and an in vivo animal seizure model, respectively. CBD
(0.01-100 uM) effects were assessed in vitro using the
Mg?*-free and 4-aminopyridine (4-AP) models of epilepti-
form activity in hippocampal brain slices via multielectrode
array recordings. In the Mg®*-free model, CBD decreased
epileptiform local field potential (LFP) burst amplitude
[in CA1 and dentate gyrus (DG) regions] and burst duration
(in all regions) and increased burst frequency (in all regions).
In the 4-AP model, CBD decreased LFP burst amplitude

(in CA1, only at 100 uM CBD), burst duration (in CA3 and
DG), and burst frequency (in all regions). CBD (1, 10, and 100
mg/kg) effects were also examined in vivo using the penty-
lenetetrazole model of generalized seizures. CBD (100 mg/
kg) exerted clear anticonvulsant effects with significant de-
creases in incidence of severe seizures and mortality
compared with vehicle-treated animals. Finally, CBD acted
with only low affinity at cannabinoid CB, receptors and
displayed no agonist activity in [**S]guanosine 5'-O-(3-thio)-
triphosphate assays in cortical membranes. These findings
suggest that CBD acts, potentially in a CB, receptor-inde-
pendent manner, to inhibit epileptiform activity in vitro and
seizure severity in vivo. Thus, we demonstrate the potential
of CBD as a novel antiepileptic drug in the unmet clinical
need associated with generalized seizures.

A growing number of phytocannabinoids have been shown
to possess biological activity (Pertwee, 2008) and, in partic-
ular, to affect neuronal excitability in the CNS. Phytocan-
nabinoid actions are reported to be mediated by G protein-
coupled cannabinoid CB; and CB, receptors and potentially
by other non-CB receptor targets (Howlett et al., 2004; Per-
twee, 2008). CB; receptors are highly expressed in the hip-
pocampus (Herkenham et al., 1990; Tsou et al., 1998) and are
well known to modulate epileptiform and seizure activity
(Shen and Thayer, 1999; Wallace et al., 2001). Moreover, the
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endocannabinoid (eCB) system has been shown to be a key
determinant of hippocampal epileptiform activity (Wallace et
al., 2002; Monory et al., 2006; Ludédnyi et al., 2008). The
major psychoactive compound A°-THC was the first phyto-
cannabinoid reported to affect epileptiform activity; A°-THC,
a partial agonist at CB; receptors, was shown to inhibit
excitatory glutamatergic neurotransmission in hippocampal
neurons under low Mg®* conditions (Shen and Thayer, 1999;
but see Straiker and Mackie, 2005).

CBD is the major nonpsychoactive component of Cannabis
sativa whose structure was first described by Mechoulam
and Shvo (1963); CBD has recently attracted renewed inter-
est for its therapeutic potential in a number of disease states
(Pertwee, 2008). CBD has been proposed to possess anticon-
vulsive, neuroprotective, and anti-inflammatory properties
in humans. Thus, within the CNS, CBD has been proposed to
be protective against epilepsy, anxiety, and psychosis and to

ABBREVIATIONS: CNS, central nervous system; CB, cannabinoid; eCB, endocannabinoid; A°-THC, A®-tetrahydrocannabinol; CBD, cannabidiol;
AED, antiepileptic drug; MEA, multielectrode array; aCSF, artificial cerebrospinal fluid; 4-AP, 4-aminopyridine; LFP, local field potential; NMDA,
N-methyl-pD-aspartate; BSA, bovine serum albumin; SR141716A, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide; AM251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide; GTPyS,
guanosine 5'-O-(3-thio)triphosphate; WIN55,212-2, [2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-

1-napthalenylmethanone; PTZ, pentylenetetrazole.
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ameliorate diseases of the basal ganglia, such as parkinson-
ism and Huntington’s disease (Iuvone et al., 2009; Scuderi
et al., 2009). CBD neuroprotective effects may be augmented
by reported antioxidant properties (Hampson et al., 1998;
Sagredo et al., 2007). Early studies suggested that CBD had
anticonvulsant potential in one small-scale phase I clinical
trial (Cunha et al., 1980). In this regard, there is a significant
unmet clinical need for epilepsy, with ~30% of epileptic pa-
tients experiencing intractable seizures regardless of conven-
tional AED treatment (Kwan and Brodie, 2007). CBD is
extremely well tolerated in humans; for example, CBD at
doses of 600 mg does not precipitate any of the psychotic
symptoms associated with A°-THC (Bhattacharyya et al.,
2009). At present, CBD is used therapeutically in Sativex (1:1
A°-THC/CBD; GW Pharmaceuticals, Porton Down, UK) to
alleviate pain symptoms in multiple sclerosis and cancer
pain. CBD has anticonvulsant effects in animal models of
maximal electroshock (Karler et al., 1974; Consroe and
Wolkin, 1977; Consroe et al., 1982); however, CBD remains
untested in other animal seizure models (Gordon and Devin-
sky, 2001) and so has yet to fulfill its potential indications as
a clinical anticonvulsant.

In the present study, we demonstrate the potential of CBD
as an AED. We show that CBD caused concentration-related
and region-dependent attenuation of chemically induced ep-
ileptiform activity in hippocampal brain slices using in vitro
MEA electrophysiological recordings. Furthermore, CBD re-
duced seizure severity and mortality in an in vivo model of
generalized seizures. We also investigated the specific role of
CB; receptors in CBD action and found only a low-affinity
interaction and lack of clear agonist effects. Overall, these
data are consistent with CBD acting to mediate antiepilep-
tiform and antiseizure effects in vitro and in vivo, respec-
tively, potentially by CB; receptor-independent mechanisms.

Materials and Methods
In Vitro Electrophysiology

Tissue Preparation and Solutions. All experiments were per-
formed in accordance with Home Office regulations [Animals (Scien-
tific Procedures) Act 1986]. Acute transverse hippocampal brain
slices (~450 pm thick) were prepared from male and female (post-
natal day =21) Wistar Kyoto rats using a Vibroslice 725M (Campden
Instruments Ltd., Loughborough, Leicestershire, UK). Slices were
produced and maintained in continuously carboxygenated (95%
05-5% CO,) artificial cerebrospinal fluid (aCSF) composed of 124
mM NaCl, 3 mM KCl, 1.25 mM KH,PO,, 1 mM MgSO, - 6H,0, 36
mM NaHCO,, 2 mM CaCl,, and 10 mM d-glucose, pH 7.4. Sponta-
neous epileptiform activity was induced either by exchange of the
standard aCSF perfusion media for aCSF with MgSO, - 6H,0 re-
moved (Mg?*-free aCSF) or by addition of the K™ channel blocker
4-AP (100 uM; 4-AP aCSF).

MEA Electrophysiological Recording. Substrate-integrated
MEASs (Multi Channel Systems, Reutlingen, Germany) (Egert et al.,
2002a; Stett et al., 2003) were used to record spontaneous neuronal
activity as described previously (Ma et al., 2008). MEAs were com-
posed of 60 electrodes (including reference ground) of 30 pm diame-
ter, arranged in an ~8 X 8 array with 200 pm spacing between
electrodes.

MEASs were cleaned before each recording by immersion in 5% w/v
Terg-A-Zyme (Cole-Palmer, London, UK) in distilled H,0, followed
by methanol, and, finally, distilled H,O before air drying. Hippocam-
pal sections immersed in aCSF were gently microdissected away
from surrounding slice tissue using fine forceps under a WILD M8

binocular microscope (Leica AG, Solms, Germany). Dissected hip-
pocampi were then adhered to the cleaned MEA surface using an
applied and evaporated cellulose nitrate solution in methanol (~4 pl,
0.24% w/v; Thermo Fisher Scientific, Leicestershire, UK) to ensure
maximum contact between the tissue and recording electrodes and to
avoid any physical stress on the tissue during recordings. Slices were
observed at 4X magnification with a Nikon TS-51 inverted micro-
scope (Nikon, Tokyo, Japan) and imaged via a Mikro-Okular camera
(Bresser, Rhede, Germany) to map electrode positions to hippocam-
pal regions. Slices were maintained at 25°C, continuously superfused
(~2 ml/min) with carboxygenated aCSF, and allowed to stabilize for
at least 10 min before recordings. Signals were amplified (1200X
gain), band pass-filtered (2-3200 Hz) by a 60-channel amplifier
(MEAG60 System, Multi Channel Systems), and simultaneously sam-
pled at 10 kHz per channel on all 60 channels. Data were transferred
to PC using MC_Rack software (Multi Channel Systems). Offline
analysis of CBD effects upon burst amplitude, duration, and fre-
quency was performed using MC_Rack, MATLAB 7.0.4. (Mathworks
Inc., Natick, MA) and in-house analysis scripts. Animated contour
plots of MEA-wide neuronal activity (Supplemental Fig. 1) were
constructed from raw data files processed in MATLAB 6.5 using
in-house code with functions adapted from MEA Tools and interpo-
lated using a five-point Savitzky-Golay filter in MATLAB (Egert
et al., 2002b). These data are displayed as peak source and peak sink
animation frames. Burst propagation speeds were calculated by de-
termining burst peak times at electrode positions closest to burst
initiation (CA3) and termination (CA1l) sites using MC_Rack and
Imaged software (Abramoff et al., 2004).

Data Presentation and Statistics. Application of Mg?*-free and
4-AP aCSF induced spontaneous epileptiform activity characterized
by recurrent status epilepticus-like local field potential (LFP) events
(Figs. 2, A and B, and 4, A and B). We have recently characterized
and validated the use of MEA technology to screen candidate AEDs
in the Mg?*-free and 4-AP models using reference compounds, fel-
bamate and phenobarbital (Hill et al., 2009). A discrete burst was
defined as an LFP with both positive and negative components of
greater than 2 S.D. from baseline noise. In each model, LFPs were
abolished by the addition of the non-NMDA glutamate receptor
antagonist 6-nitro-7-sulfamoylbenzo(f)quinoxaline-2—3-dione (5 pM)
and tetrodotoxin (TTX, 1 wM) (n = 3 per model), indicating that
epileptiform activity was due to firing of hippocampal neurons. After
an initial 30-min control period, CBD was added cumulatively in
increasing concentrations (30 min each concentration). Burst param-
eters (amplitude, duration, and frequency) were determined from the
final 10 bursts of the control period or of each drug concentration.
Increases in burst amplitude and decreases in frequency inherent to
both in vitro models were observed over time in recordings in the
absence of CBD (n = 4 per model). These changes required appro-
priate compensation to allow accurate assessment of CBD effects and
have been rigorously modeled by us recently (Hill et al., 2009). Thus,
burst frequency and amplitude from control recordings were normal-
ized to the values observed after 30 min of epileptiform activity, then
pooled to give mean values. Curves were fitted to resultant data, and
derived equations were used to adjust values obtained from record-
ings in the presence of CBD. For amplitude; y = 0.8493 X
(x> 70-009295) () 4216 for Mg?"-free-induced bursting (> = 0.98) and
y = 0.87 X 78332 + (.45 for 4-AP-induced bursting (72 = 0.99),
where x = time and y = burst amplitude. Frequency changes were
more complex and required fifth-order polynomial equations: y =
—9e~ 14" | 7p-105" _ 3,062 | () 006y — 3.594 for Mg?*-free-induced
bursting (2 = 0.818); and y = 514" — 510" 4 9,065 _ 0 004 +
3.965 for 4-AP-induced bursting (2 = 0.915), where x = time andy =
frequency (Hill et al., 2009). Inevitable dead cell debris on the slice
surface produced slice-to-slice variability in signal strength. Conse-
quently, drug-induced changes are presented as changes to the
stated measure versus control per experiment to provide normalized
measures for pooled data. Statistical significance was determined by
a nonparametric two-tailed Mann-Whitney U test. Mean propaga-



tion speeds (meters per second) were derived from pooled data and
the significance of drug effects was tested using a two-tailed Stu-
dent’s ¢ test. In all cases, P = 0.05 was considered significant.

Pharmacology. The following agents were used: 6-nitro-7-sulfa-
moylbenzo(f)quinoxaline-2-3-dione (Tocris Cookson, Bristol, UK), te-
trodotoxin (Alomone, Jerusalem, Israel), and 4-AP (Sigma-Aldrich,
Poole, UK). CBD was kindly provided by GW Pharmaceuticals. CBD
was made up as a 1000-fold stock solution in dimethylsulfoxide
(Thermo Fisher Scientific, Leicestershire, UK) and stored at —20°C.
Individual aliquots were thawed and dissolved in carboxygenated
aCSF immediately before use. In all experiments, drugs were bath-
applied (2 ml/min) for 30 min to achieve steady-state effects after the
induction of epileptiform activity.

Pentylenetetrazole in Vivo Seizure Model

PTZ (80 mg/kg; Sigma-Aldrich) was used to induce seizures in 60
adult (postnatal day >21, 70-110 g) male Wistar Kyoto rats. In the
days before seizure induction, animals were habituated to handling,
experimental procedures, and the test environment. Before place-
ment in their observation arenas, animals were injected intraperito-
neally with CBD (1, 10, or 100 mg/kg); vehicle was a 1:1:18 solution
of ethanol, Cremophor (Sigma-Aldrich), and 0.9% w/v NaCl. CBD is
known to penetrate the blood-brain barrier such that 120 mg/kg
delivered intraperitoneally in rats provides C,, . = 6.8 ng/g at T« =
120 min and, at the same dosage, no major toxicity, genotoxicity, or
mutagenicity was observed (personal communication via GW Phar-
maceuticals Ltd; Study Report UNA-REP-02). A group of animals
that received volume-matched doses of vehicle alone served as a
negative control. Sixty minutes after CBD or vehicle administration,
animals were injected with 80 mg/kg PTZ i.p. to induce seizures. An
observation system using closed-circuit television cameras (Farri-
mond et al., 2009) was used to monitor the behavior of up to five
animals simultaneously from CBD/vehicle administration until 30
min after seizure induction. Input from closed-circuit TV cameras
was managed and recorded by Zoneminder (version 1.2.3; Triornis
Ltd., Bristol, UK) software and then was processed to yield complete
videos for each animal.

Seizure Analysis. Videos of PTZ-induced seizures were scored
offline with a standard seizure severity scale appropriate for gener-
alized seizures (Pohl and Mares, 1987) using Observer Video-Pro
software (Noldus, Wageningen, The Netherlands). The seizure scor-
ing scale was divided into stages as follows: 0, no change in behavior;
0.5, abnormal behavior (sniffing, excessive washing, and orienta-
tion); 1, isolated myoclonic jerks; 2, atypical clonic seizure; 3, fully
developed bilateral forelimb clonus; 3.5, forelimb clonus with tonic
component and body twist; 4, tonic-clonic seizure with suppressed
tonic phase with loss of righting reflex; and 5, fully developed tonic-
clonic seizure with loss of righting reflex (Pohl and Mares, 1987).

Specific markers of seizure behavior and development were as-
sessed and compared between vehicle control and CBD groups. For
each animal the latency (in seconds) from PTZ administration to the
first sign of a seizure, development of a clonic seizure, development
of tonic-clonic seizures, and severity of the seizure were recorded. In
addition, the median severity, percentage of animals that experi-
enced the highest seizure score (stage 5: tonic-clonic seizure), and
percent mortality for each group were determined. Mean latency *+
S.E.M. are presented for each group, together with the median value
for seizure severity. Differences in latency and seizure duration
values were assessed using one-way analysis of variance with a post
hoc Tukey test; Mann-Whitney U tests were performed when repli-
cant (n) numbers were insufficient to support post hoc testing. Dif-
ferences in seizure incidence and mortality (percentage) were as-
sessed by a nonparametric binomial test. In all cases, P = 0.05 was
considered to be significant.

Receptor Binding Assays

Membrane Preparation. Cortical tissue was dissected from the
brains of adult (postnatal day >21) male and female Wistar Kyoto
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rats and stored separately at —80°C until use. Tissue was suspended
in a membrane buffer, containing 50 mM Tris-HCI, 5 mM MgCl,, 2
mM EDTA, and 0.5 mg/ml fatty acid-free bovine serum albumin
(BSA) and complete protease inhibitor (Roche, Mannheim, Ger-
many), pH 7.4, and was then homogenized using an Ultra-Turrax
blender (Labo Moderne, Paris, France). Homogenates were centri-
fuged at 1000g at 4°C for 10 min, and supernatants were decanted
and retained. Resulting pellets were rehomogenized and centrifuga-
tion was repeated as before. Supernatants were combined and then
centrifuged at 39,00g at 4°C for 30 min in a high-speed Sorvall
centrifuge; remaining pellets were resuspended in membrane buffer,
and protein content was determined by the method of Lowry et al.
(1951). All procedures were carried out on ice.

Radioligand Binding Assays. Competition binding assays
against the CB, receptor antagonist [PH]SR141716A rimonabant
were performed in triplicate in assay buffer containing 20 mM
HEPES, 1 mM EDTA, 1 mM EGTA, and 5 mg/ml fatty acid-free BSA,
pH 7.4. All stock solutions of drugs and membrane preparations were
diluted in assay buffer and stored on ice immediately before incuba-
tion. Assay tubes contained 0.5 nM [*H]SR141716A (K; = 0.53 =
0.01 nM, n = 3, determined from saturation assay curves) together
with drugs at the desired final concentration and were made up to a
final volume of 1 ml with assay buffer. Nonspecific binding was
determined in the presence of the CB; receptor antagonist AM251
(10 wM). Assays were initiated by addition of 50 pg of membrane
protein. Assay tubes were incubated for 90 min at 25°C, and the
assay was terminated by rapid filtration through Whatman GF/C
filters using a Brandell cell harvester, followed by three washes with
ice-cold phosphate-buffered saline to remove unbound radioactivity.
Filters were incubated overnight in 2 ml of scintillation fluid, and
radioactivity was quantified by liquid scintillation spectrometry.

[3®*S1GTPvS Binding Assays. Assays were performed in tripli-
cate in assay buffer containing 20 mM HEPES, 3 mM MgCl,, 60
mM NaCl, 1 mM EGTA, and 0.5 mg/ml fatty acid-free BSA, pH
7.4. All stock solutions of drugs and membrane preparations were
diluted in assay buffer and stored on ice immediately before use.
Assay tubes contained GDP at a final concentration of 10 mM, together
with drugs at the desired final concentration and were made up to a
final volume of 1 ml with assay buffer. Assays were initiated by
addition of 10 g of membrane protein. Assays were incubated for
30 min at 30°C before addition of [*>S]GTP+S (final concentration
0.1 nM). Assays were terminated after a further 30-min incubation
at 30°C by rapid filtration through Whatman GF/C filters using a
Brandell cell harvester, followed by three washes with ice-cold phos-
phate-buffered saline to remove unbound radioactivity. Filters were
incubated for a minimum of 2 h in 2 ml of scintillation fluid, and
radioactivity was quantified by liquid scintillation spectrometry.

Data Analysis and Statistical Procedures. Data analyses
were performed using GraphPad Prism (version 4.03; GraphPad
Software Inc., San Diego, CA). Saturation experiments were per-
formed to determine K4 and B,,,, (picomoles per milligram) val-
ues; the free radioligand concentration was determined by sub-
traction of total bound radioligand from the added radioligand
concentration. Data for specific radioligand binding and free ra-
dioligand concentration were fitted to equations describing one- or
two-binding site models, and the best fit was determined using an
F test. Saturation analyses best fit a one-binding site model.
Competition experiments were fitted to one- and two-binding site
models, and the best fit was determined using an F test. Data for
the best fits are expressed as K; values, with the respective per-
centage of high-affinity sites (percent R,) given for two-binding
site models (Vivo et al., 2006). The Hill slope for competition
experiments was determined using a sigmoidal concentration-
response model (variable slope). [®®S]GTPyS concentration-re-
sponse data were analyzed using a sigmoidal concentration-re-
sponse model (variable slope) or linear regression and compared
using an F test to select the appropriate model. No other con-
straints were applied. [**S]GTPyS binding is expressed as per-
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centage increase in radioactivity as described previously (Dennis
et al., 2008). All data are expressed as mean = S.E.M.

Pharmacology. The following agents were used: AM251,
WIN55,212-2 (Tocris-Cookson, Bristol, UK), CBD (GW Pharmaceu-
ticals), and [*H]SR141716A and [**S]GTPyS (GE Healthcare, Chal-
font St. Giles, Buckinghamshire, UK). All other reagents were from
Sigma-Aldrich.

Results

Characterization of Mg?*-Free and 4-AP Models of
Epileptiform Activity Using MEA Electrophysiology.
To investigate neuronal excitability in vitro, we used both the
Mg?*-free and 4-AP models of epileptiform activity in acute
hippocampal brain slices, as measured using MEA electro-
physiology. Two separate models of epileptiform activity
were used to provide a broader analysis of drug effects (Hill
et al., 2009; Whalley et al., 2009). Hippocampal slices have a
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Fig. 1. Hippocampal slices are amenable to MEA recording. A, schematic
representation of hippocampal slice showing the position of CA1, CA3,
and DG regions, together with major pathways: Schaffer collateral (SC),
mossy fiber (MF), and perforant pathway (PP). B, micrograph showing a
hippocampal brain slice (stained with pontamine blue) mounted onto a
substrate-integrated MEA (60 electrodes of 30 pm diameter, spaced 200
pm apart in an ~8 X 8 arrangement). Scale bar, 400 um. Representative
LFP burst activity was recorded at 60 electrodes across a hippocampal
slice in (C) Mg?*-free aCSF and (D) 4-AP aCSF. Traces were high pass-
filtered in an MC_rack at 2 Hz.

TABLE 1

well defined architecture (Fig. 1A), exhibited no spontaneous
LFP events in control aCSF, and proved readily amenable to
MEA recording (Fig. 1B). We sought to take advantage of the
ability of MEAs to record spatiotemporal activity at multiple
discrete, identifiable regions by investigating activity at CA1,
CA3, and DG regions within the hippocampus. Application of
Mg?*-free aCSF (Fig. 1C) or 4-AP aCSF (Fig. 1D) to hip-
pocampal slices resulted in the appearance of robust sponta-
neous epileptiform LFPs across the preparation. LEPs were
consistent with status epilepticus-like activity and were re-
liably recorded using the multisite MEA technique (Table 1).
Slice-to-slice variability and electrode contact variability re-
sulted in substantial variation in signal strength (Table 1);
therefore, subsequent drug-induced changes in burst charac-
teristics were normalized to control bursts before drug appli-
cation (these analyses are fully characterized in Hill et al.,
2009).

Effects of CBD in the MgZ*-Free Model of in Vitro
Epileptiform Activity. We first examined the effects of
CBD in the Mg®"-free model to assess CBD effects on a
receptor-dependent model of epileptiform activity. The Mg2" -
free model removes the Mg?*-dependent block of NMDA
glutamate receptors, rendering them more responsive to syn-
aptically released glutamate at resting membrane potentials.
In Mg?"-free aCSF, CBD significantly decreased LFP burst
amplitude in the CA1 (1-100 uM CBD) and DG (10-100 pM
CBD) regions (Fig. 2, A, B, and Ci). In contrast, CBD (0.01-
100 pM) effects on LFP burst amplitude in CA3 failed to
reach significance. CBD decreased burst duration in CA1l
(0.01-100 pM CBD), CA3 (0.01-100 uM CBD), and DG (0.1-
100 wM CBD) regions (Fig. 2, A, B, and Cii). CBD (0.01-10
M) also caused an increase in burst frequency in all regions
tested (Fig. 2Ciii; however, this effect was lost at 100 pM
CBD. To correlate these data with information on LFP burst
initiation and spread across the hippocampal brain slice, we
constructed contour plots (Fig. 3A) and associated video an-
imations (Supplemental Fig. 1). Such plots spatiotemporally
visualize the “8 X 8” MEA configuration (Fig. 1, B and C) and
the individual LFP activity shown in raw data traces (Fig. 2,
A and B). In these experiments, Mg®"-free aCSF-induced
bursts typically originated in the CA3 region of the hip-
pocampal slice preparation and propagated along the princi-
pal cell layer toward CAl. LFP events induced by Mg?"-free
aCSF had a mean propagation speed of 0.229 *= 0.048 m/s
(n = 6). CBD (100 uM) caused a clear suppression of Mg?"-
free-induced LFP burst amplitude peak source and peak sink
values across the hippocampal slice (Fig. 3A; Supplemental

Characterization measures for the Mg®*-free and 4-AP (100 uM) aCSF-induced LFP epileptiform activity in the CA1, CA3, and DG regions of the

hippocampus

LFP peak burst amplitude values are presented as a minimum and maximum range and mean = S.E.M. LFP burst duration and frequencies are presented as mean = S.E.M.
A minimum of six separate hippocampal slices were used in the characterisation of each in vitro model.

LFP Peak Burst Amplitude

In Vitro Model Hippocampal Region

LFP Burst Duration LFP Burst Frequency

Minimum Maximum Mean * S.E.M.
s ms Hz
Mg?*-free CAl (n = 15) 77 438 257 = 30 747 £ 29 0.31 £ 0.01
CA3 (n = 12) 37 971 303 = 88 722 = 31 0.30 = 0.02
DG (n = 15) 66 781 275 = 53 715 £ 28 0.30 = 0.02
4-AP (100 pM) CAl (n = 15) 54 383 201 = 26 508 = 21 0.77 = 0.08
CA3 (n = 13) 13 1218 364 + 101 524 £ 19 0.71 £ 0.07
DG (n = 18) 44 674 338 =44 552 + 12 0.75 = 0.06
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free aCSF (Ciii). Note that burst amplitudes have been adjusted for
run-down and burst frequencies have been adjusted for run-up as de-
scribed under Materials and Methods. Values are means = S.E.M. for the
last 10 LFP bursts in each condition. *, P =< 0.05; #%, P =< 0.01; ***, P <
0.001 (two-tailed Mann-Whitney U test).
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Fig. 3. CBD attenuates epileptiform activity induced by Mg?*-free and
4-AP aCSF. Representative contour plots illustrating CBD effects upon
spatiotemporal epileptiform burst features. A, in the continued presence
of Mg?*-free aCSF: quiescent period between epileptiform burst events
also showing hippocampal slice orientation (i), peak source in the absence
of CBD (ii), and peak source in the presence of CBD (100 pM) (iii). B, in
the continued presence of 100 uM 4-AP: quiescent period between epi-
leptiform burst events also showing hippocampal slice orientation (i),
peak source in the absence of CBD (ii), and peak source in the presence of
CBD (100 pM) (iii).
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Fig. 1). Propagation speed across the brain slice in Mg?"-free
aCSF was not affected by 100 uM CBD (0.232 = 0.076 m/s;
n = 6; P > 0.5). Taken together, these data suggest that,
although CBD attenuates epileptiform LFP amplitude and
duration in the Mg?"-free model, the rate of signal spread
across the preparation is not changed (see Discussion).
Effects of CBD in the 4-AP Model of in Vitro Epilep-
tiform Activity. We next examined the effects of CBD on
epileptiform bursting events in the 4-AP model of status
epilepticus-like activity. 4-AP acts to block postsynaptic volt-
age-dependent K channels and inhibits neuronal repolar-
ization to effectively increase excitability. In 100 M 4-AP
aCSF, CBD (100 pM) caused a significant decrease in LFP
burst amplitude in CA1l only (Fig. 4, A, B, and Ci). In con-
trast, CBD (0.01-0.1 pM) caused an unexpected small, but
significant, increase in LFP burst amplitude in the DG,
which was not apparent at higher CBD concentrations in this
or other hippocampal regions (Fig. 4Ci). CBD caused a de-
crease in burst duration in the DG (0.01-100 pM CBD) and
CA3 (0.1-100 pM CBD) but was without an overall effect on
CA1 (Fig. 4, A, B, and Cii). CBD (0.01-100 pM) also caused a
significant decrease in burst frequency in all regions tested
(Fig. 4Ciii). In the same manner as for the Mg®*-free model,
contour plots of 4-AP-induced epileptiform LFP burst events
(Fig. 3B) permitted spatiotemporal visualization of activity
across the slice preparation (Supplemental Fig. 1). 4-AP
aCSF-induced bursts typically were initiated in CA3 before
spreading to CA1 with a propagation speed of 0.146 + 0.033
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Fig. 4. CBD attenuates epileptiform activity induced by 4-AP aCSF. A,
representative traces showing effects of 100 uM CBD on 4-AP aCSF-
induced LFP bursts in different regions of a hippocampal slice. Dotted
lines represent an individual LFP (as shown in B). B, effects of 1 and 100
pM CBD on a representative individual 4-AP aCSF-induced LFP burst.
C, bar graphs showing the effects of acute treatment of increasing CBD
concentrations on normalized burst amplitude (Ci), normalized burst
duration (Cii), and normalized burst frequency in the 4-AP aCSF (Ciii).
Note that burst amplitudes have been adjusted for run-down and burst
frequencies have been adjusted for run-up as described under Materials
and Methods. Values are means * S.E.M. for the last 10 LFP bursts in
each condition. *, P = 0.05; #x, P < 0.01; #xx, P < 0.001 (two-tailed
Mann-Whitney U test).
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m/s (n = 5). CBD (100 pnM) caused a clear suppression of
4-AP-induced epileptiform LFP burst amplitude (Fig. 3B;
Supplemental Fig. 1). Propagation speed across the brain
slice in 4-AP aCSF was not affected by 100 uM CBD (0.176 =
0.046 m/s, n = 6; P > 0.5).

Taken together, these data show that CBD displayed clear
concentration-related, region-specific, anticonvulsant prop-
erties in two different in vitro models of epileptiform activity,
attenuating LFP burst amplitude and duration, but with no
effect on the rate of signal propagation in either model.

Effects of CBD in the PTZ Model of Generalized Sei-
zures. We next assessed the effects of CBD (1, 10, and 100
mg/kg i.p.) on PTZ-induced generalized seizures in adult
male rats. PTZ acts as a GABA, receptor antagonist and this
model is well defined and used as a standard for the identi-
fication of potential anticonvulsants to treat generalized
clonic seizures (Loscher et al., 1991). Seizures were defined
by a standard scoring scale (see Materials and Methods).
CBD at any dose did not significantly alter the latency to the
first sign of PTZ-induced seizures (Fig. 5A) or latency to
development of clonic (Fig. 5B) seizures. Unexpectedly, CBD
(1 mg/kg) reduced latency to tonic-clonic seizures (P < 0.01)
(Fig. 5C). No other effects of CBD on latency to specific
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Fig. 5. CBD has no clear effects on seizure latency in vivo. Bar graphs
showing lack of effects of CBD (1, 10, and 100 mg/kg) on latency to the
first sign of a seizure (A), latency to clonic seizures (B), and latency to
tonic-clonic seizures (C). Each data set n = 15 animals. Note that CBD (1
mg/kg) reduced latency to tonic-clonic seizures; this proconvulsant action
was not observed at higher CBD doses. **, P = 0.01 (one-way analysis of
variance) with a post hoc Tukey test).

seizure states were observed. In contrast to the lack of defin-
itive effects on seizure latency, CBD (100 mg/kg) demon-
strated clear anticonvulsant effects via measures of seizure
severity (Fig. 6, A and B) and mortality (Fig. 6C). When the
severity of PTZ-induced seizures is considered, vehicle-
treated animals reached a median score of 5 (tonic-clonic
seizures with a loss of righting reflex), the most severe on the
scoring scale (Fig. 6A). In contrast, animals treated with 100
mg/kg CBD exhibited a significantly reduced median score of
3.5 (forelimb clonus with a tonic component, but with the
righting reflex preserved; n = 15 animals; P < 0.001) (Fig.
6A). This was associated with a marked decrease in the
proportion of animals that developed the most severe tonic-
clonic seizures, which was reduced from 53% in vehicle to 7%
by 100 mg/kg CBD (n = 15 animals, P < 0.001) (Fig. 6B).
Finally, percent mortality was significantly reduced from
47% in vehicle to 7% by 100 mg/kg CBD (n = 15 animals, P <
0.001) (Fig. 6C). Overall, these in vivo data confirm our in
vitro results above and fully support an anticonvulsant ac-
tion for CBD.

Effects of CBD in Receptor Binding Assays. It is
known that hippocampal CB; receptor expression on gluta-
matergic terminals is selectively down-regulated under epi-
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Fig. 6. CBD reduces seizure severity and mortality in vivo. Bar graphs
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(A), percentage of animals reaching tonic-clonic seizures (B), and percent
mortality (C). Each data set n = 15 animals. CBD (100 mg/kg) signifi-
cantly reduced all of these parameters: *#*, P =< 0.001 (nonparametric
binomial test).



leptic conditions (Ludanyi et al., 2008); moreover, activation
of CB; receptors by eCBs is protective against seizures
(Monory et al., 2006) and exogenous CB; agonists decrease
epileptiform activity in hippocampal neurons (Shen and
Thayer, 1999; Blair et al., 2006). Therefore, we determined
potential CBD actions at CB; receptors. Competition binding
assays were performed for CBD against the CB; receptor
antagonist [PHJSR141716A in isolated cortical membranes;
CBD effects were compared with those of the standard syn-
thetic CB receptor agonist WIN55,212-2 and the CB; recep-
tor antagonist AM251 (Fig. 7A). AM251 displacement of
[PHISR141716A binding occurred with high affinity (K, =
190 = 56 pM; n = 4) and was best fitted by a one-site
competition model (Hill slope = —1.08 * 0.13; n = 4). In
contrast, WIN55,212-2 displacement was best fitted to a two-
site model with a high-affinity site (K; = 7.03 = 4.1 nM; %
R, =274 = 5.0%; n = 4) and a low-affinity site (K; = 904 =
155 nM; n = 4); in these experiments, Hill slopes for either
the low- or high-affinity site did not match unity. CBD dis-
placement of [PHISR141716A occurred with low affinity (K; =
1.82 = 0.38 uM; n = 4) and was best fitted by a one-site model
(Hill slope = —1.15 = 0.11; n = 4).
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Fig. 7. CBD displaces [PH|SR141716A binding with low affinity and
lacks agonist effects in [®**SIGTPyS binding assays in cortical mem-
branes. A, representative competition curves for the CB receptor agonist
WIN55,212-2, the selective CB; receptor antagonist AM251, and CBD
against 1 nM [3H]SR141716A (a selective CB, receptor antagonist) bind-
ing to cortical membranes. Points are means + S.E.M. of triplicate points.
B, agonist-binding curves for the CB receptor agonist WIN55,212-2, the
selective CB,; receptor antagonist AM251, and CBD stimulation of
[®*>S]GTP~yS binding to cortical membranes. Points are means = S.E.M. of
triplicate points from three separate experiments.
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Finally, we investigated potential functional effects of CBD
using [**SIGTPyS binding assays in rat cortical membranes;
CBD actions were compared with effects of WIN55,212-2 and
AM251 (Fig. 7B). We first confirmed the presence of functional
CB receptors. Accordingly, WIN55,212-2 caused an increase in
percent stimulation of [**S]GTPyS binding with an ECj, of
95.1 = 0.1 nM (n = 3); for 10 M WIN55,212-2 E . = 98.6 =
35% (n = 3). AM251 had no stimulatory effect on
[®5SIGTP~yS binding at tested concentrations of <1 wM; at
micromolar concentrations AM251 caused a moderate de-
pression of [**S]GTPyS binding (10 pM AM251: —20.3 +
4.3%, n = 3). CBD had no effect at concentrations =1 pM;
large decreases in [**S]GTPyS binding were seen at 10 wM
CBD (-28.8 + 10.3%, n = 3) and 100 nM CBD (-76.7 =
15.9%, n = 3).

Thus, overall, CBD had clear antiepileptogenic and anti-
seizure effects but only low affinity and no clear agonist
effects at cortical CB; receptors.

Discussion

CBD Reduces Excitability in in Vitro Models of Epi-
leptiform Activity. In the present study, we use extracel-
lular MEA recordings to demonstrate that CBD attenuates
epileptiform activity in both the Mg?*-free and 4-AP in vitro
models of status epilepticus in the mammalian hippocampus,
a prominent epileptogenic region (Ben-Ari and Cossart,
2000). The major effects of CBD were to decrease LFP burst
amplitude and duration in a hippocampal region-specific
manner. In general, the CA1 region was most sensitive to
CBD effects. Thus, LFP amplitude was significantly reduced
at lower CBD concentrations in CA1l than in CA3 (with DG
remaining unaffected) in Mg®*-free aCSF, and CAl was the
only region in which LFP amplitude was affected in 4-AP aCSF.
This is of interest because the CA1 region represents the major
output of the hippocampus, relaying information to cortical and
subcortical sites and is intimately involved in propagation of
epileptic activity (McCormick and Contreras, 2001). Contour
plots constructed from data in the Mg?*-free and 4-AP models
confirmed that LFP bursts typically originated in the CA3 re-
gion and propagated toward CAl (Feng and Durand, 2005),
strongly suggesting that CA1 is a major focus of epileptic activ-
ity in the two models used and illustrating that CBD exerts a
significant antiepileptiform effect in this region.

Overall, CBD induced more prominent effects in Mg?*-free
than in 4-AP aCSF. This result may reflect inherent differences
between the two models, which affect NMDA glutamate recep-
tors and K channels, respectively. CBD had contrasting ac-
tions on LFP burst frequency between models; frequency was
increased in all regions by CBD in Mg?"-free aCSF but was
decreased in all regions in 4-AP aCSF. It is interesting to note
that 100 .M CBD was without effect on burst frequency in the
Mg>*-free model, in contrast to data for all the lower concen-
trations of CBD tested. This finding was the only indication of
any biphasic action of CBD, a common phenomenon associated
with cannabinoids whereby increasing concentrations cause
changes in the pharmacological “direction” of action (Pertwee,
2008).

In light of the region-specific effects of CBD, it will be of
interest in the future to investigate the cellular mechanisms
of action of CBD using intracellular recording from individ-
ual neurons in selected hippocampal regions. In both the
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Mg?*-free and 4-AP models, contour plots and subsequent
analyses showed that CBD caused clear attenuation in LFP
burst amplitude but had no overall effect on burst propaga-
tion speed. These findings suggest that CBD acts to reduce
the magnitude of epileptiform activity while leaving speed of
information transmission across the hippocampal slice in-
tact. It is possible that this action may result in a more
tolerable side effect profile for CBD in comparison with ex-
isting AEDs if used in a clinical setting.

CBD Has Anticonvulsant Properties in the PTZ
Model of Generalized Seizures. CBD had beneficial ef-
fects on seizure severity and lethality in response to PTZ
administration without delaying the time taken for seizures
to develop. CBD (100 mg/kg) demonstrated clear anticonvul-
sant effects in terms of significant reductions in median
seizure severity, tonic-clonic seizures, and mortality. Partic-
ularly striking effects were that <10% of animals developed
tonic-clonic seizures or died when treated with CBD in com-
parison to approximately 50% of vehicle-treated animals.
The present data strongly substantiate a number of earlier in
vivo studies suggesting that CBD has anticonvulsant poten-
tial (Lutz, 2004; Scuderi et al., 2009). CBD has been reported
to have relatively potent anticonvulsant action in maximal
electroshock (a model of partial seizure with secondary gen-
eralization) (Karler et al., 1974; Consroe and Wolkin, 1977).
Moreover, CBD prevented tonic-clonic seizures in response to
electroshock current (Consroe et al., 1982). There are limited
clinical data on CBD effects on seizure frequency in humans
(Gordon and Devinsky, 2001). However, in one small double-
blind study of eight patients with uncontrolled secondary
generalized epilepsy treated with 200 to 300 mg of CBD, four
remained symptom-free and three had signs of improvement
(Cunha et al., 1980). One potential concern was the high
doses of CBD used by Cunha et al. (1980). Because all new
therapies must be introduced initially in an adjunct capacity
to existing medication, the present study suggests that one
attractive possibility is a role for CBD as an adjunct in
generalized seizures. In this regard, earlier animal studies
indicate that CBD enhances the effects of phenytoin (al-
though CBD reduced the potency of other AEDs) (Consroe
and Wolkin, 1977). In the future, it will be of interest to
extend studies to other animal seizure models and also to
combination therapies with selective AEDs to determine the
full clinical anticonvulsant potential of CBD against a range
of epilepsy phenotypes.

Mechanism of Action. Cannabinoid actions are mediated
by CB; and CB, receptors, potentially by the GPR55 receptor,
and also by cannabinoid receptor-independent mechanisms
(Howlett et al., 2004; Ryberg et al., 2007). In regard to epilepsy,
CB; receptors are densely expressed in the hippocampal forma-
tion (Herkenham et al., 1990; Tsou et al., 1998) where their
activation is widely reported to be antiepileptic in animal mod-
els (Shen and Thayer, 1999; Wallace et al., 2001; but see Clem-
ent et al., 2003). Here, we demonstrate that CBD displaced the
selective CB, receptor antagonist [PH]SR141716A in cortical
membranes with relatively low affinity (K, = 1.82 nM); these
data are in line with values reported in whole brain membranes
(reviewed in Pertwee, 2008) and our data in cerebellar mem-
branes (Smith et al., 2009). CB receptor/G-protein coupling may
differ among distinct brain regions (Breivogel et al., 1997; Den-
nis et al., 2008); therefore, we investigated CBD effects on
[**S]GTP~yS binding in isolated cortical membranes. We showed

that CBD has no stimulatory agonist activity but that CBD at
micromolar concentrations decreases G protein activity. These
findings are also in agreement with studies in mouse whole
brain membranes (Thomas et al., 2007), which showed that
CBD has only low affinity at CB; and CB, receptors but acts
efficaciously as an antagonist at both receptor types (Thomas et
al., 2007; see Pertwee, 2008). There are a number of potential
mechanisms by which ligands acting at CB receptors may me-
diate anticonvulsant effects. Receptor agonists may act at CB,
on excitatory presynaptic terminals to inhibit glutamate neuro-
transmitter release. Such a mechanism is unlikely here as CBD
has no agonist effect in GTPyS binding assays (Thomas et al.,
2007). An alternative is that antagonists act at CB, receptors on
inhibitory presynaptic terminals to increase GABA release. We
have demonstrated such a mechanism for the phytocannabi-
noid A®-tetrahydrocannabivarin in the cerebellum (Ma et al.,
2008), where displacement of eCB tone may lead to increased
inhibition. It may also be speculated that the decreases in G
protein activity seen in GTPyS binding assays represent an
inverse agonist action at CB; receptors; for example, if CBD
were acting as an inverse agonist at CB, receptors on inhibitory
presynaptic terminals an increase in GABA release could lead
to reduced excitability. However, mechanisms involving in-
creases in GABA release are unlikely here as CBD was effective
in reducing seizures in vivo in the presence of the GABA,
receptor antagonist PTZ. Moreover, CBD-induced reductions in
[**SIGTPyS binding to whole brain membranes were retained
in CB, knockout [cnri(—/—)] mice, suggesting that CBD is not
an inverse agonist at CB; receptors (Thomas et al., 2007).
Overall, the low affinity and lack of agonist activity at CB;
receptors suggests that the CBD anticonvulsant effects re-
ported here are potentially mediated by CB; receptor-indepen-
dent mechanisms. In addition to the study of Thomas et al.,
showing that CBD actions were unaltered in cnrl(—/—) mice,
CBD anticonvulsant effects in the maximal electroshock model
were unaffected by the CB; receptor antagonist SR141716A,
whereas those of A°-THC and WIN55,212-2 were blocked
(Wallace et al., 2001).

In addition to CB receptors, a number of alternative molecu-
lar targets may also contribute to CBD effects on neuronal
excitability. CBD has been reported to be an antagonist at
GPR55, a non-CB,/CB,, receptor (Ryberg et al., 2007); in con-
trast, a recent study demonstrated that CBD has no effect at
GPR55 (Kapur et al., 2009). CBD may cause an increase in
anticonvulsant eCBs via the reported inhibition of the catabolic
enzyme fatty acid hydrolyase, which degrades anandamide,
and/or the blockade of anandamide uptake (Watanabe et al.,
1996; Rakhshan et al., 2000; Bisogno et al., 2001). CBD is
reported to be a weak agonist at human TRPV1 receptors
(Bisogno et al., 2001); a more recent study suggests an action for
CBD at rat and human transient receptor potential vanilloid 2
but not rat transient receptor potential vanilloid 1 receptors
(Qin et al., 2008). More relevant to potential effects on neuronal
excitability in the CNS is the demonstration that CBD exerts a
bidirectional action on [Ca®*]; levels in hippocampal neurons
(Ryan et al., 2009). Under control conditions, CBD induces
increases in [Ca®"];; in contrast, in the presence of 4-AP (which
induces seizure-like [Ca®"]; oscillations) or increased extracel-
lular K", CBD acts to reduce [Ca®"]; and thus epileptiform
activity, via an action on mitochondria Ca®" stores. A further
recent report provides the first evidence that CBD can also
block low-voltage-activated (T-type) Ca®>* channels (Ross et al.,



2008), important modulators of neuronal excitability. Finally,
CBD may also enhance the activity of inhibitory glycine
receptors (Ahrens et al., 2009). Overall, the demonstration
that CBD acts on multiple molecular targets that each play a
key role in neuronal excitability reinforces the potential of
CBD as an AED.

In conclusion, our data in separate in vitro models of epilepti-
form activity and, in particular, the beneficial reductions in seizure
severity caused by CBD in an in vivo animal model of generalized
seizures suggests that earlier, small-scale clinical trials for CBD in
untreated epilepsy warrant urgent renewed investigation.
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