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A®-Tetrahydrocannabinol (THC) and cannabidiol (CBD) are
the most prevalent biologically active constituents of Cannabis
sativa. THC is the prototypic cannabinoid CB1 receptor agonist
and is psychoactive and analgesic. CBD is also analgesic, but it is
not a CB1 receptor agonist. Low voltage-activated T-type cal-
cium channels, encoded by the Ca, 3 gene family, regulate the
excitability of many cells, including neurons involved in noci-
ceptive processing. We examined the effects of THC and CBD
on human Cay3 channels stably expressed in human embry-
onic kidney 293 cells and T-type channels in mouse sensory
neurons using whole-cell, patch clamp recordings. At moder-
ately hyperpolarized potentials, THC and CBD inhibited
peak Ca,3.1 and Ca, 3.2 currents with IC;, values of ~1 um
but were less potent on Ca,3.3 channels. THC and CBD
inhibited sensory neuron T-type channels by about 45% at 1
pM. However, in recordings made from a holding potential of
—70mV, 100 nm THC or CBD inhibited more than 50% of the
peak Cay3.1 current. THC and CBD produced a significant
hyperpolarizing shift in the steady state inactivation poten-
tials for each of the Cay 3 channels, which accounts for inhi-
bition of channel currents. Additionally, THC caused a mod-
est hyperpolarizing shift in the activation of Ca,3.1 and
Cay3.2. THC but not CBD slowed Ca,;3.1 and Ca, 3.2 deacti-
vation and inactivation kinetics. Thus, THC and CBD inhibit
Cay3 channels at pharmacologically relevant concentrations.
However, THC, but not CBD, may also increase the amount of
calcium entry following T-type channel activation by stabiliz-
ing open states of the channel.

Cannabis sativa has along history of medicinal and social use
(1). It is taken regularly by ~5—8% of the adults in developed
countries (2, 3) and by up to 20% of those suffering neurological
conditions such as multiple sclerosis, epilepsy, and chronic pain
(4-6). Since the isolation of the major psychologically active
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constituent of C. sativa, A°-tetrahydrocannabinol (THC)* (7),
more than 60 other compounds with biological activity have
been identified (8). These include cannabidiol (CBD) (9), the
most abundant biologically active compound after THC in the
plant. The widespread use of cannabis for self-medication and
social purposes and the potential of its constituents as new
therapeutic agents make it important that the molecular targets
for THC and CBD are well defined.

Most of the effects of THC are likely to occur through
actions on G protein-coupled CB1 and CB2 cannabinoid
receptors (10, 11) but CBD is an inverse agonist (CB2) or
weak antagonist (CB1) at these receptors (12). When admin-
istered systemically, CB1 agonists cause a classic “tetrad” of
behavioral effects in rodents: hypothermia, catalepsy,
hypolocomotion, and antinociception (13). However, THC
has non-CB receptor-mediated effects in animals including
anti-nociceptive effects in the tail-flick assay of thermal
nociception in CB1 receptor knock-out mice (14). Potential
non-CB1/CB2 receptor sites of THC action (reviewed in Ref.
15) include GPR55 (16), the ionotropic 5-HT3 receptor (17),
and the ion channels TRPA1 and TRPV2 (18, 19).

CBD lacks psychotropic activity (20, 21) but has anti-noci-
ceptive (22) and anticonvulsant activity (23) and disrupts sleep
(24); these effects are mediated in the central nervous system.
The degree to which CBD action at CB receptors mediates its in
vivo effects remains to be established. Other molecular effects
of CBD are reviewed in Ref. 15 and include antagonism of
GPR55 (16) and the putative abnormal cannabidiol receptor
(25) and weak agonist activity at TRPV1 (21).

T-type Ca®?" channels are a family of voltage-gated Ca®"
channels with distinctive biophysical characteristics and
widespread expression in neuronal and other tissue (26).
Most notably, T-type channels open at membrane potentials
significantly more negative than high voltage-activated N-,
P/Q-, and R-type channels and inactivate relatively rapidly
compared with L-, N-, and P/Q-type channels. Because
T-type channels open at potentials between the resting
membrane potential and the threshold potential for action
potential firing, these channels are involved in a wide variety
of physiological processes, including low-threshold calcium
spiking, cardiac pacemaker activity, and modulation of neu-
ronal excitability (26). Interestingly, important roles for

“The abbreviations used are: THC, A°-tetrahydrocannabinol; CBD, cannabi-
diol; HEK293, human embryonic kidney 293 cells; mHBS, modified HEPES-
buffered saline; GDPBS, guanyl-5’-yl thiophosphate; ANOVA, analysis of
variance.

VOLUME 283-NUMBER 23+JUNE 6, 2008



Phytocannabinoid Inhibition of T-type Calcium Channels

T-type calcium channels in the regulation of nociception,
epilepsy, and sleep have been proposed (27-32).

Three genes encode the pore forming a-subunits of the
T-type calcium channels, Ca,,3.1, Ca,,3.2, and Ca,,3.3 (formerly
a6 0y ) (26). These channels are acutely inhibited by the
endogenous cannabinoid N-arachidonoyl ethanolamine (anan-
damide) through a non-CB receptor-mediated mechanism
(33). However, previous studies have reported conflicting data
about the effectiveness of THC as an inhibitor of T-type I, (33,
34). In NG-108 neuroblastoma cells, a high concentration of
THC (30 um) strongly inhibits the T-type I, (34), but THC
(10 wMm) was reported not to affect recombinant Ca,,3.2 chan-
nels expressed in human embryonic kidney (HEK293) cells
(33). In this study we have examined the effects of THC and
CBD on the human Ca,3 channel subtypes expressed in
HEK293 cells. Both THC and CBD inhibited all three sub-
types; but in addition, THC had unique and complex effects
on Ca,3.1 and Ca, 3.2 currents. The actions of THC and
CBD at T-type calcium channels may be responsible for
some of the non-CB receptor-mediated biological actions of
phytocannabinoids.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK293 cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
100 units of penicillin, 100 ug of streptomycin, and 10% fetal
bovine serum or donor bovine serum (Invitrogen). HEK293
cells were stably transfected with plasmids containing cDNA
for Cay3.1 (GenBank™ accession number AF190860) (35),
Cay3.2 (GenBank™ accession number AF051946 (36), or
Cay3.3 (GenBank™ accession number AF393329) (37)
using Lipofectamine reagent according to manufacturer’s
instructions (Invitrogen). The stably transfected cell lines
were cultivated in Dulbecco’s modified Eagle’s medium sup-
plemented with 100 units of penicillin, 100 ug of streptomy-
cin, 10% fetal bovine serum, or donor bovine serum and 1
mg/ml G418 (Invitrogen). Untransfected HEK293 cells did
not express detectable /,.

Isolation of Sensory Neurons—Adult mouse trigeminal
ganglion neurons were isolated in a protocol modified from
that described previously (38). All procedures were approved
by the Royal North Hospital Animal Care and Ethics Com-
mittee. Briefly, male C57Bl6 mice, at least 8 weeks old, were
anesthetized with isofluorane and decapitated, and the tri-
geminal ganglia were removed. The ganglia were placed in a
modified HEPES-buffered saline (mHBS) containing (in
mw): 130 NaCl, 2.5 KCI, 1.8 CaCl,, 10 MgCl,. 10 HEPES, 10
glucose (pH to 7.3 with NaOH, osmolarity = 330 = 5
mosmol). The ganglia were minced with iridectomy scissors
and incubated in mHBS containing 20 units of ml~" papain
for 25 min at 37 °C. The reaction was stopped with mHBS
containing 1 mg ml~* bovine serum albumin and 1 mg ml !
trypsin inhibitor (type II-O). The tissue was then washed
with mHBS, and cells were released by gentle trituration
through fire-polished Pasteur pipettes. Cells were plated
onto tissue culture, dishes, and used within 8 h of isolation.

Electrophysiology—HEK293 cells expressing Cay3.1,
Ca,,3.2, or Ca,,3.3 channels were recorded in the whole-cell
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configuration of the patch clamp method (39) at room tem-
perature. Dishes were perfused with HEPES-buffered saline
containing (in mm): 140 NacCl, 2.5 KCI, 2.5 CaCl,, 1 MgCl,,.
10 HEPES, 10 glucose (pH to 7.3 with NaOH, osmolarity =
330 = 5 mosmol). For recording Ca, 3.1 and Ca, 3.2 currents,
cells were bathed in an external solution containing (in mm):
140 tetraethylammonium chloride, 2.5 CsCl, 10 HEPES, 10
glucose, 1 MgCl,, 5 CaCl, (pH to 7.3 with CsOH, osmolar-
ity = 330 = 5 mosmol). To minimize rundown of Ca,3.3
currents, 5 mm CaCl, was replaced by 5 mm BaCl,, and the
pipette solution was modified as outlined below. Recordings
were made with fire-polished borosilicate glass pipettes with
resistance ranging from 2 to 3 megohms when filled with an
internal solution containing (in mm): 130 CsCl, 10 HEPES, 2
CaCl,, 10 EGTA, 5 MgATP (pH to 7.3 with CsOH, osmolar-
ity = 285 * 5 mosmol). For recording of Ca,,3.3 currents, 10
mM EGTA was replaced by 10 mm BAPTA, and the concen-
tration of MgATP was reduced to 1 mmM. A liquid junction
potential of —6 mV was corrected for in all reported mem-
brane potentials. Recordings were made with a HEKA EPC
10 amplifier with Patchmaster acquisition software (HEKA
Elektronik) or an Axopatch 1D amplifier using pCLAMP
software (Molecular Devices, Sunnyvale, CA). Data were
sampled at 3—5 kHz, filtered at 2 kHz, and recorded on hard
disk for later analysis. Series resistance ranged from 3 to 10
megohms and was compensated by 80% in all experiments.
All currents were leak-subtracted using a P/8 protocol. Cells
were exposed to drugs via flow pipes positioned ~200 wm
from the cell. Concentration-response curves were gener-
ated by fitting the data to a logistic equation in GraphPad
Prism 4. Activation curves were generated by fitting the
whole-cell conductance data to a Boltzmann sigmoidal func-
tion, Y = 1/(1 + {(Vos = Vam/slope)y Tnactivation curves were
generated by fitting data to a Boltzmann sigmoidal function,
Y=1-—1/(1 + Vos = Vw/slore)) 'T_type calcium channels
were recorded from sensory neurons using the same internal
solution as used for Ca,,3.1 and Ca,,3.2 recordings; however,
the external tetraethylammonium solution contained 2.5
mum Ca*" and 1 mm Mg?*. Recordings were made from type
2 trigeminal ganglion neurons, identified as outlined previ-
ously (38).

Pharmacological Agents—THC was obtained from Sigma-
Aldrich. Two different batches of THC were used and gave
similar results. CBD was obtained from Tocris (Bristol, UK) and
the National Measurement Institute of Australia. CBD from
both sources gave similar results. AM251 was obtained from
Tocris. Drugs were kept in concentrated stock solutions in eth-
anol (85-100 mm) and stored at —20 °C. Daily dilutions were
made from these stocks; the final ethanol concentration in all
solutions was 0.1%.

Statistics—Data are reported as the mean = S.E. of at least 6
independent experiments. Statistical significance for compar-
ing the V,, 5 values of activation and inactivation was deter-
mined using unpaired ¢ tests and comparing values of V, . cal-
culated for individual experiments. Changes in the time
constant of inactivation and deactivation were assessed with a
two-way ANOVA.
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inhibited by 10-30 um THC and
CBD (Fig. 2, Table 1). The lower
potency of THC and CBD on Ca,,3.3
was not due to the different record-
ing conditions necessary to obtain
stable Ca,3.3 currents (see “Ex-
perimental Procedures”). When
recorded using Ca,3.3 solutions,
THC (1 uMm) inhibited Ca,3.1 by
25 * 3% (compared with 23 = 4% in
control), and CBD (1 wM) inhibited
Ca, 3.1 by 53 * 2% (compared with
54 *+ 2% in control).

The rate of inhibition of Ca,3.1
by THC (3 uMm) was dependent on
the frequency at which currents
were evoked, with inhibition occur-
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FIGURE 1. THC and CBD inhibit Ca,3 calcium channels. Recordings of recombinant human Ca,3 channels
stably expressed in HEK293 cells were made as outlined under “Experimental Procedures.” Each trace repre-
sents the current elicited by a voltage step from —86 mV to —26 mV under control conditions and in the
presence of 1 um THC (A, Ca,3.1; B, Ca,3.2; C, Ca,3.3) or CBD (D, Ca,3.1; £, Ca,3.2; F, Ca,3.3). An example of the
time course of inhibition and degree of reversibility for THC and CBD inhibition of Ca, 3.1 areillustrated in Aand
D, respectively. The data are representative of at least six cells for each experiment.

RESULTS

Both THC and CBD inhibited Ca,3 channels expressed in
HEK293 cells. The effects of 1 um THC and CBD on Ca,3.1,
Ca,3.2, and Ca, 3.3 channel currents evoked by a step from
—86 to —26 mV are illustrated in Fig. 1. CBD (1 um) inhibited
Ca,3.1 by an average of 54 * 1%, Ca,,3.2 channels by 59 * 4%,
and Ca,,3.3 channels 12 = 4%, whereas THC (1 uMm) inhibited
Cay3.1 channels by an average of 23 *+ 4%, Ca,,3.2 channels by
32 * 3%, and Ca,,3.3 channels by 9 = 1%. A 5-min wash pro-
duced a reversal of CBD inhibition of Ca,3.1, Ca,3.2, and
Ca\3.3 0of 56 = 5,58 * 9, and 63 * 6%, respectively, and the
effects of THC were reversed by 26 = 3,21 = 9, and 29 * 7%,
respectively. The inhibition of Ca,,3 currents by THC and CBD
was concentration-dependent, and currents were completely
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ring significantly faster when cur-
rents were evoked every 1 s than
every 10 or 20 s (Fig. 3). The degree
to which the channels were inhib-
ited was not different at the differ-
ent frequencies. If cells were not
stepped at all during a 3-min THC
application, there was no inhibition
of the Ca,,3.1 current evoked by the
first step, although the characteris-
tic effect of THC on channel deacti-
vation (e.g. Fig. 1) was fully devel-
oped (see below). In contrast, CBD
inhibited Ca,3.1 channels at the
same rate whether currents were
evoked at 1 or 0.05 Hz (Fig. 3). After
a 3-min application of CBD during
which the cells were not depolar-
ized, the inhibition of the Ca,3.1
current evoked by the first step
(54 = 9%) was similar to cells that
had been continuously stepped. To
confirm that CBD was interacting
with a rested state of the channel,
the experiment was repeated from a
holding potential of —106 mV,
where all Ca, 3.1 channels should be
closed rather than inactivated. In this experiment the inhibition
of the first step evoked after 3 min in CBD was 41 * 4% of
control.

The effects of THC and CBD were strongly dependent on the
resting membrane potential of the cells. When cells were held at
—70mV, Ca, 3.1 currents elicited by a repeated step to —26 mV
at 1 Hz were inhibited 69 = 3% by THC (100 nm) and 76 = 3%
by CBD (100 nm) (Fig. 4). This compares with inhibition Ca,,3.1
currents elicited by a step to —26 mV of 8 = 2% for THC (1 um)
and 35 = 10% for CBD (1 uMm) when cells were held at =126 mV.

Both THC and CBD inhibited the native T-type I, of mouse
trigeminal ganglion sensory neurons (Fig. 5). T-type currents
were elicited with a test step from —80 to —40 mV. This test
potential was chosen to avoid contamination of the T-type cur-
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FIGURE 2. Concentration-response curve for the effect of THC (A) and CBD
(B) on Ca,3.1, Ca,3.2, and Ca,3.3 channels. Each point represents the
mean = S.E.of 6 cells and is presented as current remaining in the presence of
drug compared with predrug current (//],,,,,). One concentration of drug was
applied per cell. The EC;,, values reported are derived from the pEC, values
reported in Table 1.

TABLE 1
Inhibitory potency of phytocannbinoids on Ca,3 channels

The potency of each drug was determined on the peak current of recombinant Ca,,3
channels stepped repetitively from —86 to —26 mV.

PEC;,
Channel
A®-Tetrahydrocannabinol Cannabidiol
Ca,3.1 5.81 = 0.02 6.09 = 0.01
Ca,3.2 5.88 £ 0.03 6.11 = 0.02
Cay3.3 5.37 = 0.02 5.44 = 0.03

rents by high voltage-activated I,. THC (1 um) inhibited the
T-type I, by 42 = 2%, and the inhibition by CBD (1 pum) was
44 = 5%. To rule out the involvement of CB1 receptors in the
effects of the phytocannabinoids we also tested them in the
presence of the CB1 antagonist AM251 (40). AM251 (3 um)
inhibited the current evoked at —40 mV by 20 * 2%; however,
it did not diminish the effects of a subsequent co-application of
THC (inhibition in AM251 was 42 * 2%) or CBD (inhibition
was 46 * 2% in AM251). THC had no effect on the kinetics of
channel inactivation from an open state or the kinetics of deac-
tivation (Fig. 5).

To further describe the mechanisms by which THC and CBD
inhibit Ca, 3 channels, we examined the effects of the drugs on
channel activation and steady state inactivation. In activation
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FIGURE 3. The onset of THC inhibition of Ca,3.1 is use-dependent, and
that of CBD is not. A, cells expressing Ca, 3.1 currents were stepped repeti-
tivelyat 1,0.1,and 0.05 Hz. 3 um THC was superfused from the pointindicated
by the arrowhead. Each point represents the mean * S.E. of 6 cells. The time to
reach maximal inhibition is indicated on the figure; the times were signifi-
cantly different at each frequency (one-way ANOVA, p < 0.05). B, cells
expressing Ca,3.1 currents were stepped repetitively at 1 and 0.05 Hz. 3 um
CBD was superfused from the point indicated by the arrowhead. Each point
represents the mean = S.E. of 6 cells; there was no difference in the time taken
for CBD inhibition to reach equilibrium.

180 200 220 240

experiments cells were held at —106 mV and stepped to poten-
tials from —86 mV to +54 mV. In the presence of THC (1 um),
the V,, 5 values for Ca,3.1 and Ca,3.2 were shifted to signifi-
cantly more negative potentials (Fig. 6, Table 2), whereas the
activation of Ca,3.3 was unaffected by THC (3 um). At —106
mV, steady state channel inactivation is minimal for Ca, 3.1
even in the presence of THC (see below), so the shift in activa-
tion produced by THC resulted in an increase in the absolute
current amplitude at potentials below about —50 mV (Fig. 6).
By contrast, CBD did not affect the activation of Ca,,3 channels
(Fig. 7, Table 2).

The effects of THC and CBD on steady state inactivation
were examined by holding cells at —106 mV, where inactivation
is absent, and then applying a 2-s prepulse to potentials
between —126 and —36 mV before a test step to —26 mV. In the
presence of either THC or CBD, the potential at which half the
channels were inactivated was shifted to significantly more neg-
ative potentials (Figs. 6 and 7, Table 1). An interaction of THC
and CBD with inactivated state(s) of the Ca,3 channels was
further examined by determining the time course of recovery
from open state inactivation at —106 mV in the presence and
absence of the drugs (illustrated for Ca,3.1 in Fig. 8). In these
experiments cells were held at —106 mV, stepped to —26 mV
for 70 ms (Ca,,3.1 and Ca,,3.2) or 350 ms (Ca,,3.3) to inactivate
the channels, and then retested with 10-ms (Ca,3.1 and
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FIGURE 4. THC and CBD inhibition of Ca, 3.1 is enhanced at less negative holding potentials. Cells expressing Ca, 3.1
were held at —70 mV, a potential at which most channels would be inactivated, and currents were elicited by a step to —26
mV every 15s.THC (100 nm (A)) and CBD (100 nm (B)) both inhibited Ca,,3.1 by more than 50% under these conditions. The
left-hand panels illustrate the time courses of inhibition, with the data from 6 cells pooled for each drug. The right-hand

panels show representative traces for THC and CBD inhibition of the small currents elicited from —70 mV.
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FIGURE 5. THC and CBD inhibit native T-type calcium channels in acutely isolated mouse trigeminal ganglion
neurons. Cells were voltage-clamped at —80 mV and T-type current elicited by a step to —40 mV in order to
minimize activation of native high voltage-activated channels. A, THC inhibition persisted in the presence of the CB1
antagonist AM251, which itself modestly inhibited the T-type currents. The inhibition by THC was not associated
with a changein the kinetics of channelinactivation or deactivation, implying that these cells express predominantly
Ca,3.3. B, CBD also inhibited native T-type I, in mouse trigeminal ganglion neurons. The time plots and traces are

representative of at least 6 cells for each experiment.
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Ca\3.2)- or 50-ms (Ca,3.3)-long
steps at 0, 10, 20, 40, 80, 160, 320,
640, 1280, and 2560 ms after the end
of the initial depolarization. THC
and CBD significantly slowed the 2y,
for recovery from open state inacti-
vation for each of the channels
(Table 3).

THC had significant effects on
Cay3.1 and Ca3.2 currents that
were not shared by CBD, as is clear
from the traces illustrated in Fig. 1.
Most notably, the deactivation of
channel currents following repolar-
ization was dramatically slowed in
the presence of THC, and the inac-
tivation of the channel from an open
state was also slowed. THC did not
affect the deactivation or open state
inactivation of Ca,,3.3. We analyzed
the effects of THC on Ca, 3.1 and
Ca,,3.2 in more detail by examining
activation, inactivation from open
states, and deactivation of these
channels in the presence of THC.

THC (1 uMm) did not affect the
time to peak of Ca,3.1 or Ca,3.2
channels at any potential (data not
shown). The effect of THC on the
time constant of open state channel
inactivation was studied using 300-
ms-long test steps to potentials
between —56 and +39 mV from a
holding potential of —106 mV or
—86 mV (Fig. 9). THC (1 um) pro-
duced a significant slowing of chan-
nel inactivation (ANOVA, p < 0.01)
in both channel types, from both
holding potentials (Fig. 9), although
the effects were more pronounced
at the more depolarized test poten-
tials. THC also produced a signifi-
cant slowing of channel inactivation
from an open state in the experi-
ments in which cells were held at
—70 mV and stepped to —26 mV
(Fig. 4). The time constant for inac-
tivation in control conditions was
11 = 1 ms; in the presence of THC
(100 nm) it was 14 * 1.3 ms (n = 6,
p = 0.03, paired ¢ test). The time
constant for activation of the cur-
rents under these conditions was
unaffected by THC (2.1 £ 0.2 ms in
controlversus 2.1 = 0.3 ms in THC).

THC had a significant effect on the
deactivation of Ca,3.1 and Ca,3.2
channels. Interestingly, unlike the
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FIGURE 6. THC affects the activation and inactivation of Ca, 3 channels. A, current-voltage (I-V) relationship
showing the activation of Ca,3.1 from a holding potential of —106 mV in the absence and presence of 1 um
THC. The peak inward current amplitude is plotted. B, example traces from this experiment illustrating the
effect of 1 um THC at test potentials of —56 and —26 mV; current is enhanced at lower test potentials and
inhibited at more depolarized potentials. The effects of THC on activation and steady state inactivation of Ca, 3
currents areillustrated: C, Ca,3.1; D, Ca,3.2; E, Ca,3.3. Cells were voltage-clamped at — 106 mV. For steady state
inactivation, cells were voltage-clamped at the test potential for 2 s before currents were evoked by a step to
—26 mV. For steady state inactivation, data are presented as conductance normalized to conductance at —26
mV; for activation curves data are normalized to the maximum conductance. The data are fitted with a Boltz-
mann equation; the effects of THC on activation and inactivation parameters are reported in Table 2. Each data

point represents the mean = S.E. of 6 cells.

TABLE 2

Effects of phytocannabinoids on the parameters of steady state
activation and inaction of Ca, 3 channels

Cells expressing recombinant Ca, 3 channels were voltage-clamped at =106 mV and
then stepped to potentials above =76 mV (activation) or stepped for 2 s to potentials
between —126 and —36 mV before stepping to the test potential of —26 mV. The
resulting peak currents were fitted to a Boltzmann equation. Changes in the voltage
for half-activation/inactivation (Vj, ;) of the curves are reported below. “No drug”
represents time-dependent changes under our recording conditions. Curves for
THC are illustrated in Fig. 4; curves for CBD are illustrated in Fig. 5. *, p < 0.05;
**, p < 0.01 from control.

Change in V5

Drug Ca, - -
Activation Inactivation
mV
1 um THC 31 —7 £ 2% —8=*2
1 um THC 3.2 —5*2* —9 £ 2%
3 um THC 3.3 -1*2 —11 = 3%
1 um CBD 31 —2=*2 —17x7
1 um CBD 3.2 —4*5 —10 £ 5**
3 um CBD 3.3 —-2=*2 —12 * 4**
No drug 31 -1*1 -2%*3
No drug 3.2 1*+2 —2*2
No drug 3.3 -2*2 —2*2

THC inhibition of the peak current amplitude, the effect of
THC in slowing deactivation of the tail currents was not use-
dependent and appeared very rapidly upon THC superfusion
(Fig. 10). When Ca,3.1 currents were evoked every second, the
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1 M THC

Control

0.5

H @ Control

increase in the time constant of
channel decay produced by THC (3
uM) was close to maximal after
about 5 s, a time when the inhibition
of the peak current was only about
10%. The most striking illustration
of the independence of the effects of
THC on tail currents from those on
peak current was seen when cells
were depolarized every 20 s; the first
step after THC application in this
condition showed a maximal pro-
longation of the tail current but no
effect on the peak amplitude of the
current (Fig. 10). The pEC,, for
THC slowing of the tail current
decay for Ca,3.1 was 597 = 0.23
(~1 um), which was similar to the
effect of THC on peak current
amplitude. The effect of THC on the
deactivation kinetics of Ca,,3.1 and
Ca,,3.2 channels at a wide range of
potentials is illustrated in Fig. 11. In
the presence of THC, deactivation
was significantly slowed (ANOVA,
p < 0.05) for both Ca,3.1 and
Cay3.2. THC slowed the deactiva-
tion kinetics regardless of the test
potential used to open the Ca,3
channels (data not shown).

To assess the involvement of G
proteins in THC and CBD inhibi-
tion of Ca, 3.1 in HEK293 cells, the
effects of the drugs were reas-
sessed with either 0.3 mm GTP or
1.2 mMm GDPfS, a blocker of G protein activation, included in
the internal pipette solution. The inhibition of Ca,3.1 by
both THC (1 uMm, 24 * 2% with GDPBS compared with 23 =
2% with GTP) and CBD (55 *= 4% with GDPBS compared
with 54 = 3% with GTP) was unchanged by inhibiting G
protein activation. In parallel experiments we reported pre-
viously that 1.2 mm GDPfS largely blocked w-opioid recep-
tor-mediated inhibition of high voltage-activated I, in sen-
sory neurons (41).

Control

Activation

-100 -75 -50 -25
Test Voltage (mV)

0O O 3uMTHC

DISCUSSION

This study investigated the effect of the phytocannabinoids
THC and CBD on T-type calcium channels and found that both
the CB receptor agonist THC and CB receptor-inactive CBD
inhibit recombinant human Ca, 3 channels and native mouse
T-type currents. Both THC and CBD shift steady state inacti-
vation of the channels to more negative potentials, which has
the effect of reducing the number of channels that can open
when the cell is depolarized. These effects on steady state inac-
tivation most likely represent a major mechanism by which
THC and CBD inhibit Ca, 3 channels, as neither drug slowed
channel activation or accelerated the decay of the currents after
opening, which might be indicative of an open channel block.
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FIGURE 7. CBD affects the inactivation but not activation of Ca,3 chan-
nels. The effects of CBD on activation and steady state inactivation of Ca,3
currents are illustrated: i, Ca,3.1; B, Ca,3.2; C, Ca,3.3. Cells were voltage-
clamped at —106 mV. For steady state inactivation, cells were voltage-
clamped at the test potential for 2 s before currents were evoked by a step to
—26 mV. For steady state inactivation, data are presented as conductance
normalized to conductance at —26 mV,; for activation curves data are normal-
ized to the maximum conductance. The data are fitted with a Boltzmann
equation; the effects of CBD on activation and inactivation parameters are
reported in Table 2. Each data point represents the mean = S.E. of 6 cells.

The effects of CBD and THC on steady state channel inactiva-
tion are similar to those of many other pharmacological inhib-
itors of Ca,3 channels (42) including the endocannabinoid
anandamide, although anandamide also accelerates open chan-
nelinactivation (33), which is something neither phytocannabi-
noid did.

Although both CBD and THC caused a hyperpolarizing shift
in Cay3 channel activation, several aspects of the acute inhibi-
tion by the drugs differed. In particular, the inhibitory effect of
THC on Ca3.1 was completely use-dependent and also
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FIGURE 8. THC and CBD slow the recovery of Ca, 3.1 channels from inac-
tivation. This effect is illustrated for THC (A) and CBD (B). Cells were voltage-
clamped at —86 mV, stepped to —26 mV for 70 ms, and then retested with
10-ms stepsto —26 mV at 10, 20,40, 80, 160, 320, 640, 1280, and 2560 ms later.
Each point represents the mean * S.E. of 6 cells. Data were fitted with a single
exponential function, and the half-time for recovery is shown. The half-time
was significantly slowed (p < 0.01) by both CBD and THC.

TABLE 3

Effects of phytocannabinoids on recovery from open channel
inactivation of Ca, 3 channels

Cells expressing recombinant Ca,3 channels were voltage-clamped at —86 mV,
stepped to —26 mV for 70 ms (Ca,,3.1 and Ca,3.2) or 350 ms (Ca,,3.3) to inactivate
the channels, and then retested with steps to =26 mV at 20, 40, 80, 160, 320, 640,
1280, and 2560 ms after the end of the initial depolarization. Recovery curves for
Ca, 3.1 in the presence of THC and CBD are illustrated in Fig. 6. %, p < 0.05; **, p <
0.001 from control.

Recovery from

Drug CaV inactivation
Control In drug
ms

1 um THC 3.1 63+3 121 = 10**

1 uMm THC 3.2 224 *+ 10 430 + 7%

3 um THC 3.3 211 *5 410 * 20**

1 um CBD 3.1 69 +2 167 + 20**

1 uMm CBD 3.2 230 = 10 384 * 58**

3 um CBD 3.3 184 *+ 4 436 + 27*

strongly dependent on the voltage at which the cells were held,
with inhibition at a minimum when currents were evoked from
strongly hyperpolarized membrane potentials. By contrast
CBD still strongly inhibited Ca, 3.1 evoked by steps from hold-
ing potentials of —126 mV, and channel inhibition developed
fully during superfusion of CBD onto cells held continuously at
—106 mV. These data indicate that CBD, but not THC, inter-
acts significantly with closed states of Ca,;3.1 channels.

THC had two effects on T-type I, that we believe are unique
for an organic modulator of these channels. The most dramatic
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FIGURE 9. THC slows the inactivation from an open state of both Ca,3.1
and Ca, 3.2. The effect of 1 um THC on Ca, 3.1 inactivation is illustrated in A.
the cell was voltage-clamped at —106 mV and stepped to 4 mV. The ampli-
tude of the trace in the presence of THC was normalized to the control trace to
allow ready comparison of the inactivation kinetics. The time constants of
inactivation for Ca,3.1 channels at holding potentials of —86 mV (B) and
—106 mV (C) are also illustrated. The effect of T um THC on Ca, 3.2 inactivation
isillustrated in B. The cell was voltage-clamped at —106 mV and stepped to 4
mV. The amplitude of the trace in the presence of THC was normalized to the
control trace to allow a ready comparison of the inactivation kinetics. The
time constants of inactivation for Ca, 3.2 channels at holding potentials of
—86 mV (C) and —106 mV (D) are also illustrated. Each point represents the
mean = S.E. of 6 cells. In the presence of THC the time constants for inactiva-
tion were significantly different from control for both channels at either hold-
ing potential (ANOVA, p < 0.05).

of these is a substantial slowing of Ca, 3.1 and Ca,,3.2 (but not
Ca,3.3) channel deactivation following repolarization, which
was readily evident at concentrations of THC below those that
substantially inhibited the peak channel current. THC also
strongly slowed the decline of Ca, 3.1 currents after activation,
presumably by inhibiting the channel transition from an open
to an inactivated state. This apparent stabilization of open
channels was not seen with CBD and has only been observed
previously for Hg>* modulation of Ca,3.1 (43) and Zn*" mod-
ulation of Ca, 3.3 (44). The overall effects of Zn>" on Ca,,3.3 are
very similar to those of THC on Ca,,3.1 and Ca,,3.2. Zn>* inhib-
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FIGURE 10. THC slows the deactivation of Ca,3.1. A, the time course of 3 um
THC slowing of channel deactivation is compared with the THC inhibition of
the peak current. Cells were stepped repetitively from —86 to —26 mV at 1,
0.1, and 0.05 Hz. The beginning of THC perfusion is indicated by the arrow-
head. The time constant for channel deactivation following repolarization is
compared with peak current amplitude, and the onset of the effect on chan-
nel deactivation is uncoupled from inhibition of the peak current and hap-
pens much more quickly. Each point represents the mean *+ S.E. of 6 cells.
Example traces illustrate the identical effect of 3 um THC on tail currentsat 5 s
after application during 1-Hz stimulation (B) and 20 s after application during
0.05-Hz stimulation (C).

its open channel inactivation and channel deactivation without
affecting channel activation kinetics, and this is accompanied
by a hyperpolarizing shift in steady state activation and inacti-
vation. In contrast, Zn>" potently inhibits Ca, 3.2 without dra-
matically changing macroscopic channel kinetics, similar to the
effects of CBD on all Ca,,3 channels and THC on Ca, 3.3 (44).
Zn>" inhibition of Ca, 3.1 is associated with changes in activa-
tion and inactivation but not deactivation (44). Thus, it seems
that common regulatory mechanisms exist for all 3 Ca,,3 chan-
nels, but they are differently accessed by THC and Zn>" in
different Ca,,3 subtypes. Zn>"is likely to act at no less than two
different sites on Ca,,3 channels, and our data suggest a similar
situation for THC. THC and CBD share a very similar structure
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FIGURE 11. THC slows deactivation of Ca, 3 channels at all test potentials.
The effect of 1 um THC on Ca, 3.1 deactivation is illustrated in A. The cell was
voltage-clamped at —106 mV and stepped to +34 mV. The trace in the pres-
ence of THC was normalized to amplitude of the tail current of the control
trace to allow ready comparison of the inactivation kinetics. B, the constant of
deactivation of Ca,3.1 channels at various potentials from a holding potential
of —106 mV. The effect of 1 um THC on Ca, 3.2 deactivation is illustrated in C.
The cell was voltage-clamped at —106 mV and stepped to +34 mV. The trace
in the presence of THC was normalized to the amplitude of the tail current of
the control trace to allow ready comparison of the inactivation kinetics. D, the
constant of deactivation of Ca, 3.2 channels at various potentials from a hold-
ing potential of —106 mV. Each point represents the mean = S.E. of 6 cells. In
the presence of THC, the time constants for deactivation were significantly
different from the control for both channels (ANOVA, p < 0.05).

but have quite distinct effects on Ca, 3 channels, making them
intriguing candidates for lead molecules in probing the func-
tional domains of these channels.

THC and CBD both inhibited native mouse T-type I, in
acutely isolated trigeminal ganglion sensory neurons. The inhi-
bition of the current was not associated with any obvious
change in current inactivation from an open state or deactiva-
tion. The Ca,3 subunits that are responsible for the T-type
calcium currents in small trigeminal ganglion sensory neurons
from mouse are unknown, although mRNA for all three genes is
found in the ganglion.” If mouse Ca,,3 channels are affected in a
manner similar to human Ca, 3 channels, then our data suggest
that Ca,3.3 may be the main contributor to these currents,
consistent with the previously reported nickel and cadmium
sensitivity of the currents (38).

Our data with THC are consistent with the findings of Caul-
field and Brown(34), who showed that a single high concentra-
tion of THC inhibits native T-type calcium channels in NG-108
cells, but is different from the findings of Chemin et al. (33),
who reported that THC does not inhibit recombinant Ca, 3.2
channels expressed in HEK293 cells. There is no obvious expla-
nation for the differences between the latter study and ours, but
we note that THC is readily oxidized and relatively insoluble.
We used THC from two different commercial batches and con-

firmed its activity at CB1 receptors in an assay of GABAergic
(where GABA is y-aminobutyric acid) synaptic transmission®
(45).

THC and CBD were unlikely to be exerting their effects via
G proteins or G protein-coupled receptors. Most of our
experiments were conducted without GTP in the internal
solution, and inclusion of either the inhibitor of G protein
activation, GDPSS, or GTP itself failed to affect the inhibi-
tion of Ca,,3.1 by submaximally effective concentrations of
THC or CBD. Although G protein-independent signaling is
well recognized for many G protein-coupled receptors,
HEK293 cells are not thought to express CB1 or CB2 recep-
tors (46), and although other G protein-coupled receptor
targets of CBD have been proposed, none of them have been
directly identified. The inhibition of native T-type I, was
not sensitive to the CB1 antagonist AM251, which like its
structural analog SR141716A, also inhibited the T-type cur-
rents (33). The recently described cannabinoid receptor
GPR55 is also expressed in sensory neurons (47). However,
THC and AM251 are agonists at this receptor, and CBD is an
antagonist (16), so the observation that all three drugs had
similar effects on the native T-type currents suggests that
these receptors were also not involved in the cannabinoid
inhibition of T-type I, seen in this study.

T-type calcium channels are involved in a range of physio-
logical processes that THC and CBD are also known to affect.
These include the peripheral transduction and central process-
ing of noxious stimuli, sleep regulation, and epilepsy (27-32).
Although any effects of CBD on these processes are likely to be
independent of CB receptor activation, and thus potentially to
involve inhibition of Ca,,3 channels, THC may act through sev-
eral independent mechanisms to modulate the one physiologi-
cal process. These mechanisms may be difficult to dissect, as
the commonly used CB1 receptor antagonist SR141716A is also
a T-type calcium channel blocker at CB receptor-relevant con-
centrations (33).

It is likely that concentrations of THC and CBD sufficient to
affect T-type calcium channels significantly are reached follow-
ing Cannabis ingestion in humans. When HEK293 cells were
held at a typical physiological membrane potential of =70 mV,
THC and CBD inhibited Ca, 3.1 channels by more than 50% at
a concentration of 100 nm (~30 ng/ml). There is limited infor-
mation available on THC and CBD pharmacokinetics in
humans, but smoking a 3.55% THC marijuana cigarette pro-
duces peak blood levels of about 750 nm (49). Most unregulated
preparations of cannabis have higher concentrations of THC
(50), and medical Cannabis preparations prescribed in Holland
have standardized THC contents of up to 18% (3, 51). Post-
mortem THC concentrations in the human brain have been
reported up to 20-30 ng/g, which is higher than in matched
blood samples (52). In pigs, an animal model chosen for its
similarity to humans, THC concentrations in the brain 30 min
after administration of a typical human dose of THC were 50
ng/g (53). This evidence strongly suggests that T-type /-, chan-
nels are a likely to be affected by THC in many social and self-
medicating users.

5 E. Johnson and M. Connor, unpublished observations.
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6 C. Vaughan, personal communication.
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A dose of THC (0.3 mg/kg) that is close to the EC, for pro-
ducing the classic tetrad of behavioral signs in mice produces
blood and brain levels of 100 -300 nm (54), sufficient to affect
native T-type calcium channels strongly. Commonly used
doses of CBD (3-10 mg/kg) produce brain levels of about 200
nm and 3 M, respectively (54). Even though there is no evi-
dence that the cannabinoid behavioral tetrad is mediated by
anything other than interactions at CB1 receptors, it has been
pointed out that non-CB receptor-mediated effects of THC
may have been missed because most investigators focus on pro-
cesses known to be CB receptor-mediated (48). The lack of
selective blockers of T-type I, has made it difficult to study the
role of these channels in vivo, and it is perhaps not surprising
that there are no behavioral assays for T-type channel activity.
The concentrations of THC required to inhibit T-type channels
are similar to those required for inhibition of recombinant 5-HT3
receptors (16) and much lower than those required to activate
other non-CB receptor effectors such as TRPA1 (EC, > 10 um
(18)) or TRPV2 (EC., 43 M (19)).

In summary, we have shown that the phytocannabinoids
THC and CBD inhibit all three Ca, 3 subtypes as well as native
T-type I,. The CB1 agonist THC additionally causes slowing
of both inactivation and deactivation of Ca,3.1 and Ca,3.2,
unique actions that may have the effect of increasing calcium
entry into neurons at moderate concentrations of THC.
Actions on Ca,,3 channels may explain some of the pharmaco-
logical effects of THC and CBD that cannot be explained by CB
receptor activation, and the two compounds are likely to be
valuable tools for dissecting the structural features of these
channels responsible for their unique electrophysiological
signatures.

Acknowledgment—We thank Ed Perez-Reyes for his kind gift of
Ca3.1, Ca3.2, and Ca3.3 cDNA and for ongoing comments on
these studies.
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