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Background and purpose: Although both natural and synthetic cannabinoid compounds have been shown to exert an
antinociceptive effect on acute and persistent pain, the anatomical locus of the target of cannabinoid-induced analgesia has
not been fully elucidated. Here, we investigated the effects of the cannabinoid agonist WIN 55,212-2 on GABA-activated
currents (lgaga) in rat primary sensory neurones.

Experimental approach: In the present study, experiments were performed on neurones freshly isolated from rat trigeminal
ganglion (TG) by using whole-cell patch clamp and repatch techniques.

Key results: GABA-evoked inward currents were potentiated by pretreatment with WIN 55,212-2 in a concentration-
dependent manner (1077°-108 M). WIN 55,212-2 shifted the GABA concentration-response curve upwards, with an increase
of 30.3 = 3.7% in the maximal current response but with no significant change in the ECs, (agonist concentration producing
a half-maximal response) value. WIN 55,212-2 potentiated the responses to GABA in a manner independent of holding
potential and in the absence of any change in the reversal potential of the current. This potentiation of Icaga induced by WIN
55,212-2 was almost completely blocked by AM 251 (3 x 108 M), a CB; receptor antagonist, and, using the repatch technique,
was found to be abolished after intracellular dialysis with the protein kinase A (PKA) activator cAMP or the PKA inhibitor H89.
Conclusions and implications: The potentiation by WIN 55,212-2 of Igaga in primary sensory neurones may help to elucidate
the mechanism underlying the modulation of analgesia by cannabinoids in the spinal dorsal horn.
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Introduction

It is known that cannabis has been used for pain relief for
many centuries (Walker and Huang, 2002). A growing body of
evidence has suggested that cannabinoids are involved in the
modulation of nociception and analgesia (Fox et al., 2001;
Walker and Huang, 2002; Agarwal et al., 2007). The biological
effects of cannabinoids are mediated via binding to type 1 and
type 2 G-protein—coupled cannabinoid receptors (CB; and CB,
respectively), which activate inhibitory G, proteins (Freund
et al., 2003; Piomelli, 2005). CB, receptors are constitutionally
active and abundantly expressed in peripheral and central
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terminals of primary sensory neurones including trigeminal
ganglion (TG) neurones, second-order spinal dorsal-horn neu-
rones, and brain regions involved in pain-modulating path-
ways (Tsou et al., 1998; Ahluwalia et al., 2000; Bridges et al.,
2003; Price et al., 2003; Rea et al., 2007). Thus, the CB; recep-
tor has been implicated in cannabinoid-induced analgesia.
Recently, Agarwal et al., by using specific deletion of CB; in
nociceptive neurones of primary sensory ganglia (the expres-
sion of CB; in CNS remained unchanged), concluded that the
contribution of CB; type receptors expressed on the periph-
eral, rather than the central, terminals of nociceptors is para-
mount to cannabinoid-induced analgesia. In contrast, a
number of other studies have indicated that CB, receptors
expressed on central terminals of primary sensory neurones
are involved in cannabinergic modulation of pain. Cannab-
inoids are antihyperalgesic when administered to the spinal
cord as well as when administered peripherally at the site of



tissue injury (Calignano et al., 1998; Martin et al., 1999; Fox
et al., 2001; Johanek et al., 2001). It has been reported that
cannabinoids activate CB; receptors at the nerve terminals
of small-diameter primary afferent fibres and induce pre-
synaptic inhibition (Liang et al., 2004). Moreover, cannab-
inoids have been shown to decrease the release of transmitters
from terminals of dorsal root ganglion neurones in the spinal
cord and skin by inhibiting the N-type voltage-gated calcium
channels (Morisset and Urban, 2001; Khasabova et al., 2004).

In the present study, to further explore whether the anal-
gesic effect of cannabinoids occurs in the central terminals of
primary sensory neurones, the effects of cannabinoids on the
GABA, receptor were investigated in rat TG neurones. We
found that WIN 55,212-2 (a synthetic cannabinoid agonist of
CB, and CB; receptors), when applied at nanomolar concen-
trations (10"'-10®* M), enhanced the GABA-activated cur-
rents in the TG neurones. Our findings may throw light on
the understanding of the mechanism underlying the modu-
lation of analgesia by cannabinoids (Li et al., 2008).

Methods

Isolation of TG neurones

Two- to three-week old Sprague-Dawley rats were anaesthe-
tized with ether and then decapitated. The TGs were taken out
and transferred immediately into Dulbecco’s modified Eagle’s
medium (DMEM) at pH 7.4. After the removal of the sur-
rounding connective tissues, the TGs were minced with fine
scissors, and the ganglion fragments were placed in a flask
containing 5 mL of DMEM in which trypsin (type II-S)
0.5 mg-mL™, collagenase (type I-A) 1.0 mg-mL™" and DNase
(type IV) 0.1 mg-mL™" had been dissolved, and incubated at
35°C in a shaking water bath for 30-35 min. Soybean trypsin
inhibitor (type II-S) 1.25 mg-mL™" was then added to stop
trypsin digestion. Dissociated neurones were placed into a
35 mm Petri dish and kept for at least another 30 min before
electrophysiological recording. The neurones selected for
patch clamp experiments were 15-45 um in diameter.

Electrophysiological recordings

Whole-cell patch clamp recordings were carried out at room
temperature (22-24°C) by using a whole-cell patch clamp
amplifier (CEZ-2400, Nihkon Kohden, Japan). The micropi-
pettes were filled with internal solution containing (mM): KCl
140, MgCl, 2.5, HEPES 10, EGTA 11 and ATP 5. pH was
adjusted to 7.2 with KOH, and osmolarity was adjusted to
310 mOsm-L™ with sucrose. Cells were bathed in an external
solution containing (mM): NaCl 150, KC1 5, CaCl, 2.5, MgCl,
2, HEPES 10, d-glucose 10. osmolarity was adjusted to
330 mOsm-L™" with sucrose, and pH was adjusted to 7.4 with
NaOH. The resistance of the recording pipette was in the
range of 2-5 MQ. A small patch of membrane underneath the
tip of the pipette was aspirated to form a gigaseal, and then a
negative pressure was applied to rupture it, thus establishing
a whole-cell configuration. The adjustment of capacitance
compensation and series resistance compensation was carried
out before the membrane currents were recorded. The
holding potential was set at —60 mV, except when indicated
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otherwise. Membrane currents were filtered at 10 kHz (-3 dB),
and the data were registered by a pen recorder (Nihon
Kohden).

Intracellular dialysis using the repatch technique

For the repatch experiment, the first patch is used as the
control, with the pipette filled with normal internal solution.
After the current had been recorded, the pipette was dis-
carded. On the same neuronee, the second patch was per-
formed by using another pipette that was filled with internal
solution containing guanosine 5 = —O-(2-thiodiphosphate)
(GDP)-B-S, cAMP or another test substance. After 30 min, the
membrane current is recorded again and compared with that
of the control.

Drug application

Drugs used in the experiments were purchased from Sigma
Chemical Co. and include GABA, WIN 55,212-2, AM 251,
DMEM, trypsin, collagenase, Dnase and soybean trypsin
inhibitor. All drugs were dissolved daily in the external solu-
tion just before use and held in a linear array of fused silica
tubes (o.d./i.d. = 500 um/200 um) connected to a series of
independent reservoirs. The distance from the tube mouth to
the cell examined was around 100 pm. The application of
each drug was driven by gravity and controlled by the corre-
sponding valve, and rapid solution exchange could be
achieved within about 100 ms by shifting the tubes horizon-
tally with a micromanipulator. Cells were constantly bathed
in normal external solution flowing from one tube connected
to a larger reservoir between drug applications. In the experi-
ments where GDP-B-S and cAMP were applied intracellularly,
they were dissolved in the internal solution before use.

Data analysis

Data were statistically compared by using Student’s t-test or
ANOVA. Statistical analysis of concentration-response data was
performed by using the non-linear, curve-fitting program
ALLFIT. The values for current are expressed as mean = SEM.

Results

Effects of WIN 55,212-2 on the GABA-activated current

in rat TG neurones

Freshly isolated neurones from rat TG in the range of
15-45 pm were used in the present study. In the majority of
the neurones examined (95.2%, 79/83), GABA induced a
concentration-dependent (10°-10° M) inward current. This
GABA-activated current (Igaza, 10™* M) could be blocked revers-
ibly by bicuculline (3 x 10° M), a selective antagonist of
GABA, receptors, indicating this current was mediated by the
GABA, receptor (Figure 1A). When GABA was applied regu-
larly for durations of 3 s with 4 min intervals, the Igxsa was
stable for at least 90 min, and the change in amplitude was
within 7.0% (data not shown). Thus, we used this pattern of
GABA applications in the following experiments.

British Journal of Pharmacology (2009) 158 1904-1910



WIN 55,212-2 potentiates Igaga in TG neurones

1906 Z-W Li et al
A Bicuculline B win 552122
(3x10-5M) (10-°m)

GABA - &
{3x1075M) —v ‘.f 1 {i —i/_
G WIN 55,212-2 WIN 55,212-2

GABA (10-8m) (10w
(3x1075M)

T T

AM251 (3210~8M) —_
WIN 55,212-2 (1078M) —  —
GABA (3%107°M) =

VTTT s

F
< 160+ *
o
S 140-
'S 1204
% 100 I
2
?E’_ 80+
© 601
E 20
Q
x o
GABA WIN55,212-2  AM251
+ GABA + WIN 55,212-2
+ GABA
Figure T Modulatory effects of WIN 55,212-2 on GABA-activated

currents in rat trigeminal ganglion (TG) neurones. (A) The inward
current evoked by 3 x 10~ M GABA could be blocked by the GABA,
receptor antagonist bicuculline. Pre-application of WIN 55,212-2
(1078 M) exerts an enhancing (B), inhibitory (C) and no effect (D) on
GABA-activated currents in rat TG neurones. (E) Current traces dem-
onstrating that the CB; receptor antagonist AM 251 blocked the
potentiation by WIN 55,212-2 of GABA-activated currents. (F) Shows
the inhibitory effect of AM 251 (3 x 10®M) on WIN 55,212-2
(1078 M)-induced potentiation of GABA (3 x 10~° M)-activated cur-
rents. *P < 0.05, one way analysis of variance followed by Bonferroni’s
post hoc test, n=7.

Of the 79 TG neurones sensitive to GABA, 73 cells were
pretreated for 30s with the CB; receptor agonist WIN
55,212-2. We observed that the majority (69.9%, 51 out of 73)
of Isasa (3 x 107 M) recorded were obviously potentiated by
the pre-application of WIN 55,212-2 (10°® M); Iasa increased
by 36.3 = 2.6% in 51 neurones (P < 0.01, paired t-test); the
amplitude of Igasa decreased by 56.2 = 7.9% in 3 neurones
examined (4.1%, 3/73); while, in the remainder (26.0%,
19/73), WIN 55,212-2 had no effect on the Igapa (3.9 = 1.2%,
P > 0.05, paired t-test) (Figure 1B-D). In the present study, we
established a cut-off value for the effect of WIN 55,212-2,
which was a change in the amplitude of the Isaps exceeding
12.0%. After pooling all the data from the 73 neurones exam-
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Figure 2 Concentration-dependent potentiation of GABA-activated
currents by WIN 55,212-2. (A) Sequential current-traces illustrating
the potentiation of Icaga induced by different concentrations of WIN
55,212-2(107'°-3 x 108 M) on a single TG neurone. (B) Shows that
lcaea increased step by step on increasing the concentration of WIN
55,212-2 from 107" to 10® M; at the higher concentration, the
increase of Igaea reached its peak value; beyond that, Icaga gradually
decreased. The pretreatment time for WIN 55,212-2 was 60 s. Each
point represents the mean = SEM of 7-9 neurones.

ined, pre-application of WIN 55,212-2 was found to increase
the Igaa by 22.0 = 3.9% (P < 0.05, paired t-test). The
potentiating effect of WIN 55,212-2 on Isa disappeared after
a 4-8 min washout and was reproducible in the same TG
neurone. WIN 55,212-2 itself did not induce a current in any
of the neurones examined, with the exception of three neu-
rones where it had an inhibitory effect on I induced by an
apparent inward current (Figure 1C).

Blockade of WIN 55,212-2-induced potentiation of Ioasa

by AM 251

To verify whether the potentiation of Igasa by WIN 55,212-2
was mediated by the CB receptor, we examined the effect of
the pre-application of WIN 55,212-2 (10®* M) with AM 251(3
x 10°® M), a selective CB, receptor antagonist, on Iga. The
potentiation of Igasa (3 X 10° M) by pretreatment with WIN
55,212-2 was almost completely reversed by the addition of
AM 251 (Figure 1E,F P < 0.01, one-way ANOVA following by
Bonferroni’s post hoc test, n = 7). Moreover, AM 251(3 X
10® M) itself had no effect on IGaa (data not shown).

Concentration-dependent potentiation of Igaga by WIN 55,212-2
The Igaa was potentiated by the pre-application of WIN
55,212-2 (10'°-10®M) in a concentration-dependent
manner. Figure 2 shows that increasing the concentration of
WIN 55,212-2 used to pretreat the TG from 10 to 10®* M
potentiated the amplitudes of Isasa (3 x 10° M) in a stepwise,
concentration-dependent manner. This effect peaked with
10®* M WIN 55,212-2, and with doses higher than this, the
potentiation of Igasa gradually decreased (Figure 2A,B).
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Figure 3 Effect of the duration of the pre-application of WIN
55,212-2 on its potentiation of GABA-activated currents. (A) Current
traces demonstrating that the increase of lgaga induced by WIN
55,212-2 (108 M) is related to the duration of its pre-application
from 15 to 90 s. (B) Shows that the potentiation of Icaga (3 X 107> M)
by WIN 55,212-2 (10® M) was enhanced when the duration of the
pre-application was increased from 15 to 90 s. Note that, at a pre-
application duration of between 75 and 90 s, the potentiation of the
GABA-activated current reached its maximum value. Each point
represents the mean = SEM of 6-9 neurones.

Effect of pretreatment time of WIN 55,212-2 on its

potentiation of Iapa

It can be seen from Figure 3 that, when WIN 55,212-2 was
applied to the TG with GABA (i.e. no pretreatment), it did not
potentiate the GABA-activated currents. However, after a pre-
application of WIN 55,512-2 of at least 15 s, the potentiation
of Isapa by WIN 55,212-2 emerged. This suggests that the
potentiation by WIN 55,212-2 of Iaps is a time-dependent
process and that an intracellular signal transduction pathway
may be involved. Hence, an experiment was designed to
explore the effect of the duration of WIN 55,512-2 pre-
application on its potentiation of GABA-activated currents.
The results depicted in Figure 3 demonstrate that increasing
the pre-application time of WIN 55,212-2 from 15 s increased
its potentiation of the amplitute of Igsa, Step by step, until a
peak value was reached at 75 s, thereafter, the Igasa Was not
increased anymore.

Concentration-response and current-voltage relationships for
GABA with and without pretreatment with WIN 55,212-2
Figure 4A shows the concentration-response curves for GABA
in the absence and presence of WIN 55,212-2. From the graph
in Figure 44, it can be seen that (i) the dose-response curve
for GABA after pretreatment with WIN 55,212-2 is shifted
upwards compared with the control; (ii) the ECs, value in
both curves are very close (41.4 + 2.4 x 10° M after WIN
55,212-2 pretreatment vs. 43.3 = 2.6 x 10° M without WIN
55,212-2 pretreatment); (iii) the maximum amplitude of IGaga
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Figure 4 Concentration-response and current-voltage (I-V) rela-
tionships for GABA with or without the pre-application of WIN
55,212-2. (A) The concentration-response curves for GABA with or
without WIN 55,212-2 (10°® M) pre-application. Each point repre-
sents the mean * SEM of 8-10 neurones. All GABA-induced currents
were normalized to the response induced by 10> M GABA applied
alone (marked with asterisk). (B) The I-V curves for GABA (3 x
107> M)-activated current with and without WIN 55,212-2 (108 M)
pre-appplication. All current values from the same cell were normal-
ized to the current response induced by 103 M GABA applied alone
(marked with asterisk). Each point represents the mean = SEM of 6-8
neurones. The experiment was carried out by using recording
pipettes filled with CsCl containing internal solution. (C) Increase of
lcaea (%) evoked by WIN 55,212-2 (10® M) at different holding
potentials. Each point represents the mean *= SEM of 6-8 neurones.

after pretreatment with WIN 55,212-2 increased by 30.3 =
3.7% as compared with the control; and (iv) the threshold
values of both the curves are basically the same. The current—
voltage (I-V) curves for GABA with and without pretreatment
with WIN 55,212-2 are demonstrated in Figure 4B. WIN
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55,212-2 enhanced Isap4 at all holding potentials between —80
and 40 mV as shown by the increase in the slope of the I-V
curve, and the reversal potentials of two curves are the same
at 0 mV. Figure 4C shows that the WIN 55,212-2-induced
enhancement of Igass did not differ significantly at membrane
holding potentials between —80 and 40 mV (n =7, P > 0.1,
ANOVA).

Analysis of the intracellular signal transduction route involved in
the potentiation of Igapa by WIN 55,212-2
As identified in Figure 1E,F, the WIN §§5,212-2-induced
potentiation of Igsa was blocked by the CB; receptor
antagonist AM 251. CB, receptors belong to Gy, protein-
coupled receptor family, and the activation of the receptors
leads to a cascade of events that decrease the intracellular
cAMP level and inhibit the PKA system. To further explore
whether the WIN 55,212-2-induced potentiation of Igasa is
mediated through the G-protein-cAMP-PKA signalling
pathway, GDP-B8-S (a non-hydrolysable GDP analogue),
cAMP (an activator of PKA) and H89 (a PKA inhibitor) were
included in the recording pipette for intracellular dialysis
using the repatch technique. As seen in Figure 5A, the Igasa
relative to control (before repatch) was 98.2 = 5.1% (n = 7)
30 min after repatch when the pipette was filled with
normal internal solution, but this decreased to 68.4 + 6.3%
(n =7, P<0.05, post hoc Bonferroni’s test) when the pipette
was filled with internal solution containing 107 M cAMDP,
and increased to 141.9 = 14.5% (n = 7, P < 0.05, post hoc
Bonferroni’s test) when the pipette was filled with internal
solution containing H89 (10® M). However, the Isasa did not
significantly change 30 min after intracellular dialysis with 2
x 107 M GDP-B-S (86.9 = 9.0%, n = 7, P > 0.05, post hoc
Bonferroni’s test). In the control experiment with a pipette
filled with normal internal solution, WIN 55,212-2-induced
potentiation of Igagy was 35.2 + 2.2% (n = 7). In contrast,
the potentiation of Igapa induced by WIN 55,212-2 was
almost completely abolished 30 min after intracellular dialy-
sis with 107 M cAMP (4.1 = 1.5%, n = 7, P < 0.01, post hoc
Bonferroni’s test), 10® M H89 (6.3 + 2.5%, n=7, P < 0.01,
post hoc Bonferroni’s test) and 2 x 107 M GDP-B-S (7.7 =
1.8%, n =7, P < 0.01, post hoc Bonferroni’s test) (Figure 5B).
Taken together, these results suggest that binding of WIN
55,212-2 to the CB; receptor reduces the activity of adenylyl
cyclase via the intermediacy of the G;,, protein. The resulting
fall in the intracellular concentration of cAMP may decrease
the stimulation of PKA that exerts an inhibitory effect upon
the GABA, receptor. Hence, the potentiation by WIN 55,212-2
of Igxsa may be due to a reduction of cAMP inhibition of
GABA-activated currents.

Discussion

The most striking finding of this work is that WIN 55,212-2
potentiated GABA-activated currents via the activation of the
CB, receptor in primary sensory neurones.

Both CB; and CB, receptors belong to the G-protein
coupled receptor family (Gy/,), which negatively couples to the
effector enzyme, adenylyl cyclase, the later in turn catalyses
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Figure 5 G-protein coupling and intracellular phosphorylation are
shown to be involved in the potentiation of GABA-activated currents
by WIN 55,212-2. (A) Intracellular dialysis of cCAMP, an activator of
PKA, significantly decreased Icasa. H89, a PKA inhibitor, signifi-
cantly increased Icasa, While dialysis of guanosine 5=-O-(2-
thiodiphosphate)(GDP)-B-S, a non-hydrolysable GDP analogue, had
no effect on Igaga. *P < 0.05, post hoc Bonferroni’s test, compared with
normal internal solution, n = 7/each column. (B) Intracellular dialysis
of cAMP, H89 and GDP--S abolished the enhancing effect of WIN
55,212-2 (108 M) on Igaga. The duration of the pre-application of
WIN 55,512-2 was 30 s. **P < 0.01, post hoc Bonferroni’s test, com-
pared with normal internal solution, n = 7/each column.

ATP to produce cAMP and thus leads to less activation of PKA,
a protein kinase that phosphorylates numerous intracellular
proteins (Howlett, 2005). In addition, Gy, protein can act on
voltage-gated N and P/Q type calcium channels (VACC) nega-
tively and on voltage-gated potassium channels positively
(Morisset and Urban, 2001; Khasabova et al., 2004; Lovinger,
2008). In the present study, we found that the potentiation of
GABA-activated currents by WIN 55,212-2 was blocked by AM
251, GDP-B-S, cAMP and H89. These results suggest that WIN
55,212-2 activates the signal pathway of CB; receptors-Gi,
protein-cAMP in TG neurones.



It has been suggested that phosphorylation and dephos-
phorylation of the GABA, receptor-chloride channel complex
are involved in the modulation of the GABA response (Chen
et al., 1990). Biochemical studies have suggested that phos-
phorylation of the GABA, receptor by various protein kinases
inhibits GABA, receptor function (Gyenes etfal., 1994). In
agreement with the present results, many studies have also
shown that cyclic AMP-dependent protein kinase directly
phosphorylates GABA, receptor and decreases GABA-
activated currents in dorsal root ganglion and spinal neurones
(Porter et al., 1990; Moss et al., 1992; Huang et al., 1996). We
think that the function of the GABA, receptor may be toni-
cally inhibited by cAMP-dependent protein kinase in primary
sensory neurones. Thus, the GABA, receptor-mediated
current increases when these kinases are inhibited by the
activation of the CB; receptor.

Although Agarwal et al. (2007) concluded that CB; receptors
expressed on the peripheral rather than the central terminals
of nociceptors are mainly responsible for cannabinoid-
induced analgesia, a number of studies have demonstrated that
CB, receptors expressed on central terminals of primary
sensory neurones are involved in cannabinergic modulation
on pain. Several reports have provided evidence for the pres-
ence of GABA, receptors in the primary sensory neurones of
adult rats. For example, Toulmé et al. (2007) and Kondo et al.
(1994) have used immunocytochemistry to demonstrate the
expression of GABA, receptors in the soma and central pro-
cesses of nociceptive DRG and TG neurones in the adult rat.
Our results revealed that the function of the GABA, receptor is
potentiated by the activation of CB; receptors in primary
sensory neurones, indicating that the analgesic effect of can-
nabinoids may originate in the central terminals of primary
sensory neurones via the activation of GABA, receptors
expressed on the central terminals of the TG neurones.

GABA is an established inhibitory neurotransmitter that acts
through the GABA, receptor. It opens the Cl” channel and is
involved in primary afferent depolarization, an effect known as
‘pre-synaptic inhibition’ (Eccles, 1964). This action of GABA
results in a decrease in the amount of neurotransmitter, includ-
ing substance P and glutamate, released from primary afferent
terminals. Under normal conditions, GABA exerts tonic modu-
lation of nociceptive neurotransmission between primary
afferents and second-order, spino-thalamic tract neurones
(Malcangio and Bowery, 1996). In the present study, we used
the cell body of TG neurones as a simple and accessible model
to examine the characteristics of the membrane of central
terminals. If WIN 55,212-2 enhances the GABA response at the
central terminal of primary afferent neurones by activating the
CB; receptor, as it does at the soma membrane, potentiation of
the ‘pre-synaptic inhibition” would directly result in the inhi-
bition of nociception in the spinal cord. Therefore, WIN
55,212-2 might be directly associated with the modulation of
primary sensory information (including pain) at the central
terminals of primary afferent neurones. This provides a reason-
able explanation of cannabinoid-induced antinociception in
the spinal dorsal horn.
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