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BACKGROUND AND PURPOSE

Capsaicin, an agonist of transient receptor potential vanilloid 1 (TRPV1) channels, is pro-nociceptive in the periphery but
is anti-nociceptive when administered into the ventrolateral periaqueductal gray (vIPAG), a midbrain region for initiating
descending pain inhibition. Here, we investigated how activation of TRPV1 channels in the vIPAG leads to anti-nociception.

EXPERIMENTAL APPROACH
We examined synaptic transmission and neuronal activity using whole-cell recordings in VIPAG slices in vitro and hot-plate
nociceptive responses in rats after drug microinjection into the vIPAG in vivo.

KEY RESULTS

Capsaicin (1-10 uM) depressed evoked GABAergic inhibitory postsynaptic currents (elPSCs) in VIPAG slices presynaptically,
while increasing miniature excitatory PSC frequency. Capsaicin-induced elPSC depression was antagonized by cannabinoid
CB, and metabotropic glutamate (mGlus) receptor antagonists, and prevented by inhibiting diacylglycerol lipase (DAGL),
which converts DAG into 2-arachidonoylglycerol (2-AG), an endocannabinoid. Capsaicin induced membrane depolarization
in 2/3 neurons recorded but, overall, increased neuronal firings by increasing evoked postsynaptic potentials. Intra-vIPAG
capsaicin reduced hot-plate responses in rats, effects blocked by CB; and mGlu receptor antagonists. Effects of capsaicin were
antagonized by SB 366791, a TRPV1 channel antagonist.

CONCLUSIONS AND IMPLICATIONS

Capsaicin activated TRPV1s on glutamatergic terminals to release glutamate which activated postsynaptic mGlus receptors,
yielding 2-AG from DAG by DAGL hydrolysis. 2-AG induces retrograde inhibition (disinhibition) of GABA release via
presynaptic CB; receptors. This disinhibition in the vIPAG leads to anti-nociception by activating the descending pain
inhibitory pathway. This is a novel TRPV1 channel-mediated anti-nociceptive mechanism in the brain and a new interaction
between vanilloid and endocannabinoid systems.

Abbreviations

12-(S)-HPETE, 12-(S) hydroperoxy-eicosatetraenoic acid; 2-AG, 2-arachidonoylglycerol; AM251,
1-(2,4-dichlorophenyl)-5-(4-iodophenyl) -4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide; CB receptor,
cannabinoid receptor; CPCCOEt, 7-(hydroxyimino)cyclopropa[b]chromen-1a -carboxylate ethyl ester; DAG,
diacylglycerol; DAGL, diacylglycerol lipase; eEPSC, evoked excitatory postsynaptic current; eIPSC, evoked inhibitory
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postsynaptic currents; ePSP, evoked postsynaptic potential; GQPCR, Gqg-protein coupled receptor; mEPSC, miniature
EPSC; mGlu receptor, metabotropic glutamate receptor; mIPSC, miniature IPSC; MPE, maximal possible effect; MPEP,
2-methyl-6-(phenylethynyl)pyridine hydrochloride; PLC, phospholipase C; PPR, paired-pulse ratio; RVM, rostroventral
medulla; SB 366791, 4’-chloro-3-methoxycinnamanilide; THL (-)-tetrahydrolipstatin; TRPV1, transient receptor potential
vanilloid 1; TTX, tetrodotoxin; VIPAG, ventrolateral periaqueductal gray

Introduction

The transient receptor potential vanilloid 1 channel (TRPV1),
also known as the vanilloid receptor (channel and receptor
nomenclature follows Alexander etal., 2009), is a non-
selective cation channel, originally described in peripheral
sensory neurons (Caterina et al., 1997). These channels can
be activated by capsaicin, resiniferatoxin and several endog-
enous compounds (‘endovanilloids’), such as anandamide
(Zygmunt etal., 1999), N-arachidonyldopamine (Huang
et al., 2002), 12-(S) hydroperoxy-eicosatetraenoic acid (12-(S)-
HPETE) (Hwang et al., 2000) and octadecadienoids (Flores
and Vasko, 2010). Immunohistochemical and autoradio-
graphic studies have confirmed TRPV1 channel expression in
several brain regions including the substantia nigra, ventral
medulla, locus coeruleus, hypothalamus, ventral tegmental
area (Mezey etal., 2000) and periaqueductal gray (PAG)
(Roberts et al., 2004; Cristino et al., 2006), suggesting that
TRPV1 channels are involved in thermal, motor, anxiety,
cardiovascular and pain regulation (Steenland et al., 2006;
Starowicz et al., 2008; Kauer and Gibson, 2009).

Capsaicin is pro-nociceptive in the periphery through
peripheral TRPV1 channels, but it is anti-nociceptive when
given by microinjection into the ventrolateral (Maione et al.,
2006; Starowicz et al., 2007) or dorsolateral (Palazzo et al.,
2001) area of the PAG, a midbrain region involved in
supraspinal pain regulation. Activation of the PAG produces
analgesia (Reynolds, 1969) through activating the down-
stream rostroventral medulla (RVM), which sends inhibitory
projections to the spinal dorsal horn (Millan, 2002). This
PAG-RVM-spinal dorsal horn circuit constitutes an endog-
enous descending pain inhibitory pathway. Depending on
the changes (increase, decrease or no change) in neuronal
activity upon nociceptive stimulation, the neurons in the
RVM can be divided into ON, OFF and neutral cells (Hein-
richer et al., 2009). Starowicz et al. (2007) found that capsai-
cin, when injected into the ventrolateral PAG (VIPAG),
increased the glutamate level and OFF cell activity in the
RVM, suggesting that capsaicin excites the PAG to activate
the descending pain inhibition.

How capsaicin excites the PAG to produce anti-
nociception remains unclear, although several studies have
been reported (Palazzo etal., 2002; Maione etal.,, 2006;
Starowicz et al., 2007; Xing and Li, 2007). Capsaicin facilitates
glutamate release in the PAG (Xing and Li, 2007), and its
anti-nociceptive effect in the PAG was blocked by group I
metabotropic glutamate (mGlu) receptor antagonists (Palazzo
etal., 2001). Activation of postsynaptic Gg-protein coupled
receptors (GqPCRs), including group I mGlu receptors,
has been reported to induce phospholipid hydrolysis by
phospholipase C (PLC) to vyield diacylglycerol (DAG),
which can be converted by DAG lipase (DAGL) into
2-arachidonolyglycerol (2-AG), an endocannabinoid. 2-AG

diffuses retrogradely to activate presynaptic cannabinoid CB;
receptors and inhibit transmitter release in several brain
regions, including the PAG (Drew et al., 2008; Drew etal.,
2009; Kano et al., 2009; Mitchell et al., 2009) and the spinal
cord (Nyilas et al., 2009). The PAG activity is largely regulated
by intrinsic GABAergic tone (Behbehani et al., 1990); there-
fore, inhibition of this GABAergic tone (disinhibition) in the
PAG can lead to analgesia. In this study, we used both elec-
trophysiological and behavioural approaches to validate a
hypothesis that activation of TRPV1 channels by capsaicin
can excite the vIPAG to produce anti-nociception via facili-
tating presynaptic release of glutamate, which then activates
postsynaptic mGlu receptor-mediated 2-AG retrograde disin-
hibition via the PLC-DAGL enzymic cascade.

Methods

All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
College of Medicine, National Taiwan University.

Electrophysiological study

Dissection of PAG slices

Coronal midbrain slices (300 um) containing the PAG were
dissected from Wistar rats (P9-P18), as described previously
(Liao et al., 2009). Isolated slices were equilibrated in artificial
cerebral spinal fluid (aCSF) at room temperature for at least
1 h before recording. The aCSF solution consisted of (mM):
NaCl 117, KCl 4.5, CaCl, 2.5, MgCl, 1.2, NaH,PO,; 1.2,
NaHCOs; 25 and dextrose 11.4, and were oxygenated with
95% O, and 5% CO, (pH 7.4; osmolarity: 290-295 mOsm).
After equilibrium, one slice was placed in a submerged record-
ing chamber and perfused with aCSF at 3.0 mL-min™.

Visualized patch-clamp recordings

Visualized whole cell patch-clamp recordings were performed
under a stage-fixed upright IR-DIC microscope (BX51WI,
Olympus, Tokyo, Japan) equipped with a 40x water-
immersion objective. The microelectrode resistance was
4-8 MQ when filled with the internal solution. The internal
solution consisting of (mM): Cs* gluconate 110, CaCl, 0.5,
TEA-C1 5, BAPTA 5, HEPES 5, MgATP 5, GTP Tris 0.33 and
QX314Br 5 (pH = 7.3, liquid junction potential: -14.6 mV)
was used in the voltage clamp mode for recording evoked
inhibitory postsynaptic currents (eIPSCs), evoked excitatory
postsynaptic currents (eEPSCs), miniature IPSCs (mIPSCs)
and miniature EPSCs (mEPSCs), and the solution containing
(mM): K* gluconate 125, KC1 5, CaCl, 0.5, BAPTA 5, HEPES 10,
MgATP 5 and GTP Tris 0.33 (pH = 7.3, liquid junction poten-
tial: —-11.4 mV) was used in the current clamp mode for
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Figure 1

Capsaicin depressed evoked inhibitory postsynaptic currents (elPSCs) and increased the paired-pulse ratio (PPR) of elPSCs through TRPV1 channels
in ventrolateral periaqueductal gray (vIPAG) slices. IPSCs evoked at 0.05 Hz were recorded at 0 mV in the presence of 2 mM kynurenic acid, an
ionotropic glutamate receptor antagonist. A. The time course of the effect of capsaicin (3 uM) on elPSC amplitude and its reversal by 20 uM SB
366791. The representative elPSC trace shown is the average of 12 elPSCs taken before (a) or after treatment with capsaicin (b) or with capsaicin
+ SB 366791 (c). B. The time course of 3 uM capsaicin effect on elPSC amplitude in a slice pretreated with 20 uM SB 366791. The upper panel
shows a representative elPSC recorded before (a) or after treatment with SB 366791 (b) or with SB 366791 + capsaicin (c). C. Averaged elPSC
amplitude, expressed as % of control, in the presence of 1, 3 and 10 uM capsaicin. D. Averaged elPSC amplitude in the presence of 3 uM capsaicin
(Cap) with 20 uM SB 366791 post-treated (Cap + SB) or pretreated (SB + Cap) and SB 366791 alone (SB). The numbers in the parentheses are
the numbers of recorded neurons. E. Representative paired elPSCs evoked by 70 ms-separated paired-pulses before (Control) and after (Capsaicin)
treatment with 3 uM capsaicin. F. The paired pulse ratio (PPR) in control (Con) and capsaicin-treated (Cap) slices. PPR was the ratio of the averaged
amplitude of elPSC2s to the averaged amplitude of elPSCTs. G. A diagram illustrating the positions of the stimulating (a) and recording (b)
electrodes, respectively, in the VIPAG of a slice. A single bar represents an individual group with the treatment indicated (Student’s t-test). Grouped
bars represent different treatments within the same group (paired t-test). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control, #P < 0.05, ##P < 0.01,
###P < 0.001 vs. capsaicin. The same statistical analysis was applied to Figures 1-6.

recording evoked postsynaptic potentials (ePSPs) and mem-
brane potentials. Liquid junction potentials have been
corrected.

recording electrode (Figure 1G). Evoked IPSCs were recorded
at 0 mV in the presence of 2 mM kynurenic acid, a blocker
of ionotropic glutamate receptors, including AMPA, kainate
and NMDA receptors (Stone, 1993). Evoked EPSCs were

Evoked IPSCs, EPSCs and PSPs

IPSCs, EPSCs and PSPs were evoked at 0.05 Hz by square
pulses (10-30V, 150 ps) from a Grass stimulator (Grass Tele-
factor, West Warwick, RI, USA) through a 50 um bipolar
concentric electrode (Frederick Haer & Co, Bowdoinham,
ME, USA), which was placed 50-250 um away from the
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recorded at —70 mV in the presence of 10 uM bicuculline, a
GABA, receptor blocker. When the paired-pulse ratio (PPR)
was examined, paired-pulses with 70 ms interval were given
every 20 s. The PPR was the ratio of averaged amplitude of
the second eIPSCs (eIPSC2s) to that of the first eIPSCs
(eIPSC1s).
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Evoked PSPs were recorded in the current clamp mode in
the absence of receptor blockers in the aCSF solution or a Na*
channel blocker (QX314) in the internal solution. With these
conditions, either depolarized or hyperpolarized PSPs could
be evoked, depending on the weighting of the stimulated
excitatory or inhibitory input, and action potentials could be
triggered if the depolarized ePSPs reached threshold (Chiou
and Huang, 1999).

mIPSCs and mEPSCs

Miniature IPSCs were recorded at O mV in the presence of
2 mM kynurenic acid and 1 uM tetrodotoxin (TTX), a Na*
channel blocker that blocks the action potential-driven spon-
taneous IPSCs. Miniature EPSCs were recorded at =70 mV in
the presence of TTX and 10 uM bicuculline.

Data acquisition and analysis

Signals were acquired at 5-10 kHz with an Axopatch 200A
amplifier (Axon Instruments, Foster City, CA, USA), and digi-
tized at 10 kHz using an AD-converter (Digidata 1322A, Axon
Instruments). Clampfit 8.2 (Axon Instruments) was used for
off-line data analysis of eIPSCs, eEPSCs and ePSPs. After
reaching the whole-cell configuration, the eIPSCs/eEPSCs
were monitored for at least 15 min until they reached a
steady state. Then, the tested drug was applied. The ampli-
tudes of 12 eIPSCs or eEPSCs were averaged before and after
drug treatment, ensuring that steady state had been reached;
typically 6-12 min. Miniature EPSCs and IPSCs were recorded
for 5 min before and at steady state after drug treatment. Mini
Analysis 6.0 (Synaptosoft Inc, Leonia, NJ, USA) was used to
analyse the frequency and amplitude of mIPSCs and mEPSCs.

Behavioural study

Intra-PAG injection

Male Wistar rats (6-8 weeks of age) were anesthetized with
sodium pentobarbital (i.p. 40 mg-kg') and implanted with a
15 mm-long guide cannula 1 mm above the right vIPAG (AP:
-7.8 mm from bregma, LM: -0.5 mm from midline, DV:
—4.5 mm), according to the stereotaxic coordinates of the rat.
After cannulation, rats were returned to their home cages in
an animal room with 12 h light-dark cycle and food and
water accessible ad libitum. The recovery time from the
surgery was at least 7 days. On the day of nociceptive behav-
ioural experiments, a 30 gauge injection cannula, connected
to a 1 uL Hamilton syringe with 60 cm of PE-20 tube, was
extended 1 mm beyond the tip of guide cannula for injecting
the tested drug solution into the vIPAG area. A microinfusion
pump (KDS311, KD Scientific Inc., Holliston, MA, USA)
was used to deliver the drug solution of 0.2 uL over 2 min.
When receptor antagonists were co-injected with capsaicin,
twofold-concentrated drug solutions were injected to keep
the injection volume at 0.2 pL. Antagonist solution, 0.1 pL,
was injected followed by 0.1 uL of capsaicin solution. The
injection cannula was left at the injection site for an addi-
tional 4 min to allow complete diffusion of the tested drug.
To confirm the site of microinjection, 0.4% Trypan blue solu-
tion was injected through the cannula, and the rat was killed
after the hot-plate test. The midbrain block was dissected,

fixed with 4% paraformaldehyde and cut into 30 um-thick
slices by a cryostat microtome (Leica CM3050 S, Leica Micro-
systems, Nussloch, Germany). Data from rats with an injec-
tion site outside of the vIPAG were discarded; fewer than 7%
of the rats were in this category.

Hot-plate test

The paw withdrawal latency to thermal stimulation on a
hot plate of 50°C was recorded before and 5 min after intra-
vIPAG drug administration, and was then further monitored
every 10 min for 60 min. The withdrawal cut-off time
was 60 s. The anti-nociceptive effect of the test drug was
expressed as percentage of maximal possible effect (%MPE):
%MPE = 100 x (withdrawal latencyaser treatment — Withdrawal
latencyuefore treatment)/60 s — withdrawal latencyupefore treatment)-

Data analysis

Data are expressed as the mean = SEM and n indicates the
number of the neurons recorded (in vitro) or the animals
tested (in vivo). In the in vitro study, one neuron was recorded
from one slice, and three to four slices were dissected from
each rat. Student’s t-test was used for statistical comparisons
between groups, and paired t-test for those within group.
Komogorov-Smirnov test was used to compare the distribu-
tion of the frequency and amplitude of mIPSCs and mEPSCs
between control and capsaicin-treated conditions. In the in
vivo study, two-way repeated measures analysis of variance
with post hoc Bonferroni test was used for statistical compari-
sons between groups. Differences were considered significant
if P < 0.05.

Materials

Capsaicin, kynurenic  acid, 1-(2,4-dichlorophenyl)-
5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide (AM251) and (-)-tetrahydrolipstatin (THL) were
purchased from Sigma-Aldrich (St. Louis, MO). 4’-Chloro-
3-methoxycinnamanilide (SB 366791), 7-(hydroxyimino)
cyclopropalb]chromen-1a-carboxylate ethyl ester
(CPCCOEt), 2-methyl-6-(phenylethynyl)pyridine hydrochlo-
ride (MPEP) (-)-bicuculline methiodide and TTX were pur-
chased from Tocris Bioscience (Bristol, UK). Hydrophobic
drugs were dissolved in dimethylsulfoxide (DMSO), and
hydrophilic drugs were dissolved in deionized water as 1000-
fold concentrated stock solutions (in vitro) or in 0.9% normal
saline as the concentrations needed (in vivo). Kynurenic acid
was dissolved in aCSF directly before use. The final concen-
tration of DMSO was less than 0.1%, which had no effect
per se.

Results

Capsaicin depressed GABAergic eIPSCs

through activation of TRPV1 channels

IPSCs can be easily evoked in a vIPAG slice in the presence of
kynurenic acid, a blocker of ionotropic glutamate receptors,
by placing the stimulation electrode 50-250 um away from
the recording electrode (Figure 1G). These eIPSCs are
GABAergic since they were blocked by bicuculline, a GABA,
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Capsaicin increased the frequency, but not amplitude, of miniature inhibitory postsynaptic currents (mIPSCs). mIPSCs were recorded at 0 mV
in the presence of 2 mM kynurenic acid and 1 uM tetrodotoxin (TTX). Shown are the representative traces (A), time course of the effect of
capsaicin on mIPSC frequency (B), cumulative probability of inter-mIPSC interval (C) and that of mIPSC amplitude (D) during 5 min of control
and capsaicin treatment, and the mean values of the frequency (C, inset) and amplitude (D, inset) of mIPSCs before and after treatment with 3 pM
capsaicin. The Komogorov-Smirnov test shows a significant difference (P < 0.001) in the cumulative probability of inter-mIPSC interval (C), but
not that of amplitude (D) of mIPSCs between capsaicin-treated and control groups.

receptor blocker (Chiou and Chou, 2000). Capsaicin, at
1-10 uM, decreased the amplitude of eIPSCs (Figure 1). The
depressant effect of capsaicin was concentration-dependent
and saturated at 3-10 uM (P < 0.05, n = 7, one-way ANOVA
analysis, Figure 1C). Therefore, 3 uM capsaicin was used in all
the following experiments. This eIPSC depressant effect of
capsaicin reached a steady state at 6-12 min, and was mini-
mally reversed, even after 40 min washout (data not shown).
Although capsaicin is well-known as a TRPV1 agonist, it may
exert off-target effects, especially at higher concentrations
(Kauer and Gibson, 2009). Therefore, we used a selective
TRPV1 channel antagonist, SB 366791 (Gunthorpe et al.,
2004), to confirm the involvement of TRPV1 channels. SB
366791 (20 uM) significantly reversed (n = 4, Figure 1A,D)
and completely prevented (n = 5, Figure 1B,D) the eIPSC
depressant effect of capsaicin (3 uM). SB 366791, at 20 uM,
did not significantly affect eI[PSCs amplitude per se (n = 4,
Figure 1D).

Capsaicin depressed eIPSCs through a
presynaptic mechanism

To decide if pre- or post-synaptic mechanism(s) contribute to
capsaicin-induced eIPSC depression, we examined the effect

334 British Journal of Pharmacology (2011) 163 330-345

of capsaicin on the PPR of paired eIPSCs evoked by 70 ms-
separated pulses. An altered PPR is believed to be of presyn-
aptic origin (Zucker and Regehr, 2002). Capsaicin (3 uM)
decreased the amplitude of eIPSC1 in a pair of eIPSCs, and
significantly increased the PPR (n = 5, Figure 1E,F). This sug-
gests that capsaicin inhibits GABAergic transmission via a
presynaptic mechanism; that is, decreasing evoked GABA
release.

Capsaicin increased both mIPSC and

mEPSC frequency

We further investigated if capsaicin affected postsynaptic
receptor responses by examining its effect on mIPSCs. Cap-
saicin, at 3 uM, did not affect mIPSC amplitude (Figure 2A,D),
but significantly increased the frequency of mIPSCs in each of
six recorded neurons (Figure 2A-C). In addition, capsaicin
(3 uM) also markedly increased the frequency of mEPSCs in
each of five recorded neurons (Figure 3A-C) without affecting
their amplitude (Figure 3A,D). The frequencies of both
mIPSCs (Figure 2B) and mEPSCs (Figure 3B) were maintained
at a higher level during a 10 min treatment with capsaicin,
suggesting that no desensitization of TRPV1 channels
occurred during capsaicin treatment.
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Capsaicin markedly increased the frequency of miniature excitatory postsynaptic currents (mEPSCs), but did not affect their amplitude. mEPSCs
were recorded at —70 mV in the presence of 10 uM bicuculline and 1 uM TTX. Shown are the representative traces (A), time course of the effect
of capsaicin on mEPSC frequency (B), cumulative probability of inter-mEPSC interval (C) and that of mEPSC amplitude (D) during 5 min of control
and capsaicin treatment, and the mean values of the frequency (C, inset) and amplitude (D, inset) of mEPSCs before and after treatment with 3 uM
capsaicin. The Komogorov-Smirnov test shows a significant difference (P < 0.001) in the cumulative probability of inter-mEPSC intervals (C), but
not that of amplitudes (D) of mEPSCs between capsaicin-treated and control groups.

Capsaicin-induced eIPSC depression was
reversed by a mGluS but not by a mGlul
receptor antagonist

The anti-nociceptive effect induced by intra-PAG injection of
capsaicin was completely blocked by group I mGlu receptor
antagonists (Palazzo et al., 2002). Since group I mGlu recep-
tors are located mainly perisynaptically (Nusser et al., 1994),
to activate them, a large amount of glutamate is expected to
diffuse from the synapse. The finding that capsaicin markedly
increased mEPSC frequency (Figure 3) suggests that capsaicin
may release large amounts of glutamate to activate perisyn-
aptic group I mGlu receptors, followed by inhibition of
eIPSCs in the vIPAG, leading to anti-nociception. Therefore,
we examined if group I mGlu receptors were involved in
capsaicin-induced eIPSC depression. MPEP (10 uM), an
mGlus receptor antagonist, significantly reversed capsaicin
(3 uM)-depressed eIPSCs (Figure 4A), to levels slightly, but
significantly, smaller than the control levels (n = 6, P < 0.05;
Figure 4C). Conversely, CPCCOEt (10 uM), an mGlu, receptor
antagonist, did not significantly affect the eIPSC depressant
effect of capsaicin (n = 6, Figure 4B,C). Both antagonists had
no effect on eIPSCs per se (n = 4, Figure 4C). When MPEP and

CPCCOEt were co-applied, the eIPSCs were reversed to
control levels (Figure 4C).

Capsaicin-induced eIPSC depression was
blocked by AM251, a CB; receptor antagonist
and prevented by THL, a DAGL inhibitor
Activation of mGlus receptors resulted in biosynthesis of
2-AG, but not anandamide, via Gg-protein-coupled PLC acti-
vation and subsequent DAG hydrolysis by DAGL in several
brain regions (Kano et al., 2009), including the PAG (Drew
etal.,, 2009). This 2-AG subsequently produced retrograde
inhibition of neurotransmitter release via presynaptic CB,
receptors (Drew et al., 2008, 2009; Mitchell etal., 2009).
Therefore, we examined if this mGlus receptor-mediated PLC-
DAGL-2AG retrograde inhibition pathway was involved in
capsaicin-induced eIPSC depression.

First, we examined if AM251, a selective CB,; receptor
antagonist, reversed the effect of capsaicin. AM251, at 3 uM,
had no effect on eIPSC amplitude per se (n = 4, P > 0.05;
Figure 5B), but reversed the mean amplitude of eIPSCs
depressed by capsaicin (3 uM) to control values (Figures 5, n=
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6, P > 0.05). At the same concentration, AM251 completely
reversed the eIPSC depressant effect induced by
WINSS5,212-2, a CB; receptor agonist (Figure S1). Further-
more, the capsaicin-induced PPR elevation was not observed
when AM251 (3 uM) was given as a pretreatment (n = 5,
Figure 5C), suggesting that capsaicin indirectly inhibited
GABA release, through CB;, receptors, by affecting the presyn-
aptic release machinery.

Second, we confirmed that 2-AG is the endocannabinoid
that was synthesized after mGlus receptor activation by
testing the effects of THL, a DAGL inhibitor, on the responses
to capsaicin. In contrast to depressing eIPSCs, capsaicin
(3 uM) did not affect eIPSCs in slices pretreated with 10 uM
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THL (Figure 5D,E). THL (10 uM) had no effect on eIPSCs per se
(n =5, Figure SE).

Capsaicin also depressed glutamatergic
eEPSCs via CB; receptors

We further examined if the endocannabinoid generated after
capsaicin treatment might also depress glutamatergic eEPCSs
in VIPAG slices. Indeed, the amplitude of eEPSCs was signifi-
cantly decreased by capsaicin (3 uM) and reversed by 3 uM
AM251 (n = 5, Figure 6). AM251 (3 uM) had no effect on
eEPSC amplitude per se (n = 4, P > 0.05; Figure 6B). Neverthe-
less, the eEPSCs, compared with eIPSCs, were significantly
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Capsaicin-induced evoked inhibitory postsynaptic current (elPSC) depression was reversed by AM251, a CB; receptor antagonist, and prevented
by a DAGL inhibitor (-)-tetrahydrolipstatin (THL). A. The time course of the effect of capsaicin on elPSC amplitude in a slice treated with capsaicin
(3 uM) followed by AM251 (3 uM). The representative elPSC trace shown is the average of 12 elPSCs taken before (a) or after treatment with
capsaicin (b) or with capsaicin + AM251 (c). B. The mean values of elPSC amplitude in the presence of capsaicin (Cap), capsaicin + AM251 and
AM251 alone. C. The paired pulse ratio (PPR) in control (Con) and capsaicin + AM251-treated (Cap + AM251) slices. PPR was the ratio of the
averaged amplitude of elPSC2s to the averaged amplitude of elPSCT1s. D. The time course of the effect of capsaicin on elPSC amplitude in a slice
pretreated with 10 uM THL followed by capsaicin (3 pM). The representative elPSC trace shown is the average of 12 elPSCs taken before (a) or
after treatment with THL (b), or with capsaicin + THL (c). E. The mean values of elPSC amplitude in the presence of capsaicin, THL + capsaicin

and THL alone.

less depressed by capsaicin (3 uM) (n =5, 77.9% = 2.0% vs.
n==6,67.1% = 3.2% of the controls, P < 0.05) (Figure 6B vs.
Figure 5B).

Capsaicin exhibited an overall excitatory
effect on the vVIPAG neuronal activity
Anatomically, both glutamatergic (Beitz and Williams, 1990)
and GABAergic terminals (Reichling and Basbaum, 1990)
form axodendritic synapses on PAG neurons. Electrophysi-
ological recordings also demonstrated that glutamatergic

eEPSCs/eEPSPs and GABAergic e[PSCs/eIPSPs can be recorded
in the same vIPAG neuron (Chieng and Christie, 1994; Chiou
and Chou, 2000). These suggest that vIPAG neurons receive
both glutamtergic and GABAergic inputs.

Given that capsaicin depressed both eIPSCs and eEPSCs,
we further examined the overall effect of capsaicin on the
neuronal activity of vIPAG slices under the current clamp
recording mode. Local stimulation in rat vIPAG slices can
induce either hyperpolarized or depolarized ePSPs, depending
on the weighting of the excitatory (glutamatergic) or inhibi-
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tory (GABAergic) input on the recorded neuron (Chiou and
Huang, 1999). Among nine recorded neurons, depolarized
ePSPs were recorded in eight neurons and hyperpolarized
PSPs were obtained in one neuron. Capsaicin caused mem-
brane depolarization in 7/9 of the recorded neurons (from
-64.7 £ 2.0t0 -60.3 = 2.2 mV; n=7, P <0.05, paired t-test).
In four neurons, capsaicin increased the amplitude of depo-
larized ePSPs (Figure 7A) from 4.3 to 4.7, 5.2t0 5.6, 3.0 to 3.5,
and 2.4 to 3.6 mV, respectively, giving the mean change from
3.7*+0.6t04.3 £ 0.5 mV (n=4, P<0.0S, paired t-test). In two
of these four neurons, membrane potentials were depolar-
ized. After correcting membrane potentials back to the
control values, the increment of ePSPs was further enhanced
(right column in Figure 7A). In another four neurons, capsai-
cin apparently decreased depolarized ePSPs (Figure 7B).
However, in two neurons with membrane potentials depolar-
ized by capsaicin, correcting the membrane potentials con-
verted the changes in ePSP amplitude from depression to
enhancement; the ePSP amplitudes were changed in these
two neurons from 2.2 to 1.9, and then to 3.0 mV and from
5.4 to 4.6, and then to 5.6 mV respectively. In four neurons,
the ePSPs were so enhanced that triggered action potentials
after capsaicin treatment (Figure 7C,D). In the neuron with
hyperpolarized ePSPs, capsaicin decreased the amplitude of
these hyperpolarized ePSPs, even after membrane potential
correction (Figure 7E). Note that capsaicin increased the fre-
quency of spontaneous excitatory PSPs (glutamatergic)
(arrows in Figure 7) in all the recorded neurons even at the
neuron receiving stronger GABAergic input (with hyperpolar-
ized ePSPs) (Figure 7E). Overall, in most of the neurons
treated with capsaicin, more depolarized ePSPs were recorded,
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which ultimately reached threshold and triggered action
potentials in some neurons.

Intra-vIPAG microinjection of capsaicin
induced anti-nociception via mGlu
receptor-mediated 2-AG retrograde signalling
To verify if the actions of capsaicin observed in PAG slices can
contribute to its anti-nociceptive action, we further per-
formed an in vivo study using the hot-plate pain model in the
rat. Microinjections of capsaicin (6 nmol) into the vIPAG
increased the withdrawal latency in the rat hot-plate test
(Figure 8). The anti-nociceptive effect of capsaicin was up to
50% MPE at 5 min after injection and then decreased within
10 min to around 20%, lasting for 40 min (n = 7, Figure 8A).
Intra-vIPAG microinjection of SB 366791 (50 nmol) did not
change the withdrawal latency per se but completely abol-
ished the anti-nociceptive effect of capsaicin (n = 6,
Figure 8A). MPEP (50 nmol), an mGlus receptor antagonist
(n = 6, Figure 8B) and AM251 (30 nmol), a CB, receptor
antagonist (n = 6, Figure 8C) significantly attenuated, though
not completely abolished, the anti-nociceptive effect of cap-
saicin. Both antagonists and vehicle did not change the with-
drawal latency per se (n = 6, Figure 8A-C).

Discussion

In this study, we demonstrated that capsaicin facilitated
glutamate release via activating TRPV1 channels on
glutamatergic terminals, followed by activation of postsynap-
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at both depolarized and corrected membrane potentials (E). Note that capsaicin increased spontaneous EPSPs (arrows) whether depolarized PSPs

(A-C) or hyperpolarized PSPs (E) were evoked.

tic mGlus receptors to generate 2-AG through the Gg-protein-
coupled PLCB-DAGLo. pathway. 2-AG then retrogradely
inhibited GABA release via presynaptic CB; receptors
(Figure 9). This disinhibition mechanism in the vIPAG leads
to activation of the descending pain inhibitory pathway
and contributes to intra-vIPAG capsaicin-induced anti-
nociception. This study not only revealed a novel TRPV1
channel-mediated anti-nociceptive mechanism in the vIPAG,
but also disclosed a positive interaction with endocannab-
inoids downstream to vanilloids.

Capsaicin inhibits GABAergic transmission
indirectly by releasing glutamate via

TRPV1 channels, followed by mGlus
receptor-mediated 2-AG retrograde signalling
in VIPAG slices

Capsaicin-induced eIPSC depression and PPR facilitation
were both blocked by AM251, suggesting capsaicin inhibits
GABA release through endocannabinoids acting on CB,;
receptors, which are located presynaptically (Tsou etal.,
1998). This effect was antagonized by SB 366791, a selective
TRPV1 channel antagonist (Gunthorpe et al., 2004), suggest-
ing it is TRPV1-mediated. Its resistance to washout may be
due to the lipophilicity and intracellular binding of capsaicin
(Jordt and Julius, 2002).

Endocannabinoid retrograde inhibition can be initiated
by activation of several GqQPCRs in the vIPAG, including
mGlus receptors (Drew etal., 2008, 2009; Mitchell etal.,
2009), M;/M; muscarinic (Lau and Vaughan, 2008) and
orexin 1 (Chiou and Ho, 2009) receptors. Among these, the
mGlus receptors are the most likely GqPCRs activated after
capsaicin treatment since MPEP (a mGlus receptor antago-
nist) markedly attenuated capsaicin-induced eIPSC depres-
sion. mGlu,; receptors might also have a small contribution
since co-application of mGlu; and mGlus receptor antago-
nists completely reversed the depression.

2-AG is believed to be the endocannabinoid generated
after GqPCR activation (Kano et al., 2009). GqPCR activation
leads to PLCP activation and yields DAG, which is then
de-acylated by DAGLa to 2-AG. Our finding that a DAGL
inhibitor, THL, prevented capsaicin-depressed eIPSCs sug-
gests that 2-AG, but not anandamide, is the endocannabinoid
involved the effect of capsaicin.

In addition to the GQqPCR-PLCB-DAGLo pathway,
endocannabinoids could be synthesized by elevated intracel-
lular Ca*, which entered through postsynaptic TRPV1 chan-
nels (Di Marzo etal., 2001; Ahluwalia et al., 2003). This,
however, can be ruled out since a combination of group I
mGlu receptor antagonists completely reversed capsaicin-
depressed eIPSCs. Endocannabinoids could also be generated
by membrane depolarization (Ohno-Shosaku et al., 2001;
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Intra-vIPAG microinjection of capsaicin induced anti-nociception via TRPV1 channels and mGlus receptor-mediated retrograde inhibition by 2-AG
in the rat hot-plate test. All drugs were given by intra-vIPAG microinjection. The withdrawal cut-off time was 60 sec. Data shown are the mean
anti-nociceptive effect in each treatment group at the same time point. The anti-nociceptive effect was expressed as percentage of maximal
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Time courses of the MPE in rats treated with vehicle, capsaicin (6 nmol), capsaicin + SB 366791 (50 nmol) and SB 366791 alone. (B) Time courses
of the MPE in rats treated with vehicle, capsaicin (6 nmol), capsaicin + MPEP (50 nmol) and MPEP alone. (C) Time courses of the MPE in rats
treated with vehicle, capsaicin (6 nmol), capsaicin + AM251 (30 nmol) and AM251 alone. The numbers in the parentheses are the numbers of
rats used. *P < 0.05, ***P < 0.001 vs. control, ##P < 0.01, ###P < 0.001 vs. capsaicin (two-way repeated measures ANOVA with post hoc Bonferroni

test).

Wilson and Nicoll, 2001). Since AM251 alone did not affect
eIPSCs, it is unlikely that endocannabinoids were generated
by the depolarized potential held for recording eIPSCs and
thus contributed to eIPSC inhibition.

The finding that capsaicin dramatically increased mEPSC
frequency suggests that capsaicin activates presynaptic
TRPV1 channels to release a large amount of glutamate,
which then activates mGlus receptors, which are located
mainly in the perisynaptic region (Nusser et al., 1994), and
subsequent 2-AG retrograde inhibition of eIPSCs in VIPAG
slices (Figure 9).

This capsaicin-activated mGlus receptor-
endocannabinoid retrograde signalling is comparable to
mGlus receptor activation indirectly via neurotensin (Mitch-
ell et al., 2009) or neurokinin (Drew et al., 2009) receptors or
directly via glutamate spillover induced by blocking
glutamate transporters (Drew et al., 2008) in vIPAG slices.
Interestingly, endocannabinoids inhibited eIPSCs by ~30% in
all the experiments mentioned above. We demonstrated here
this 30% depression of GABAergic transmission is sufficient
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to produce anti-nociception (Figure 8), by exciting the vIPAG
(Figure 7).

Gibson et al. (2008) found another interesting retrograde
signalling mediated by a lipid endovanilloid, 12-(S)-HPETE,
after activation of postsynaptic mGlus and mGlu, receptors
in the hippocampus. In our study, mGlu receptor and CB,
receptor antagonists markedly and comparatively reversed
capsaicin-depressed eIPSCs. Therefore, it is unlikely that this
depression is mediated by an mGlu receptor-dependent and
CB, receptor-independent endovanilloid retrograde signal-
ling. Nevertheless, our data cannot exclude the possibility
that 12-(S)-HPETE might act as a positive feedback endova-
nilloid to further activate the TRPV1 channel-mediated
mGlu receptor-2-AG retrograde disinhibition in the vIPAG,
although anandamide has been proposed to be an endova-
nilloid in the vIPAG (Maione et al., 2006). Several endova-
nilloids have been identified (Flores and Vasko, 2010). It
remains to be further elucidated which endovanilloid(s)
can be generated under noxious stimulation to produce an
anti-nociceptive protective tone through this TRPV1
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A proposed model for capsaicin-induced depression of GABAergic transmission in the vIPAG ultimately leads to activation of the descending pain
inhibitory pathway and anti-nociception. The diagram shows the GABAergic (right) and glutamatergic (left) synapses in a vIPAG neuron before
(A) and after (B) capsaicin treatment. Capsaicin activates TRPV1 channels located on glutamatergic terminals to facilitate glutamate release, which
subsequently activates postsynaptic mGlus receptors (mGIuR5) and then, coupled by Gq protein, stimulates phospholipase C (PLC) to yield
diacylglycerol (DAG) which is then de-acylated by DAG lipase (DAGL) to 2-arachidonolyglycerol (2-AG), an endocannabinoid. 2-AG acts as a
retrograde messenger to activate presynaptic CB, receptors (CB1) located on the GABAergic terminals to inhibit GABA release. Inhibition of the
GABAergic transmission (disinhibition) in the vIPAG will activate the descending pain inhibitory pathway and reduce nociceptive responses.

channel-mGlu receptor-2-AG retrograde signalling in the
VvIPAG.

Capsaicin excites the vVIPAG mainly via

2-AG retrograde disinhibition but not
postsynaptic depolarization

The finding that capsaicin induced more depolarized ePSPs
suggests that it produced an overall excitatory effect on
vIPAG neurons after summating its effects on excitatory and
inhibitory transmissions. Indeed, capsaicin depressed eIPSCs
to a greater extent than eEPSCs, while AM251 reversed both
effects of capsaicin. This suggests that 2-AG retrograde dis-
inhibition, induced indirectly through presynaptic TRPV1
channel activation, plays a dominant role in capsaicin-
induced ePSP facilitation and subsequent neuronal
excitation. This preferential inhibitory effect of endocan-
nabinoids on GABA, rather than glutamate, transmission
could be due to: (i) a greater density of CB, receptors on

inhibitory terminals (i-CB; receptors) than on excitatory
terminals (e-CB; receptors) (Kano et al., 2009); (ii) degrada-
tion and uptake of endocannabinoids selectively prevent
them from reaching excitatory terminals (Hentges
et al.,, 2005); and (iii) e-CB; receptors are less sensitive to
cannabinoids than i-CB; receptors (Ohno-Shosaku et al.,
2002).

Capsaicin induced postsynaptic membrane depolariza-
tion in 2/3 of the recorded neurons, which could be
attributed to activation of postsynaptic TRPV1 channels
Immunocytochemical studies have shown that, in addition
to presynaptic terminals, TRPV1 channels are also located
postsynaptically in vIPAG neurons (Cristino etal., 2006;
Maione et al., 2006). This postsynaptic depolarizing effect of
capsaicin, while it might directly enhance neuronal activity,
did not contribute to capsaicin-enhanced ePSPs since ePSPs
were increased, rather than decreased, after correcting mem-
brane depolarization (Figure 7A,B).
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Anti-nociception results from excitation

of the VIPAG

Anti-nociception can be induced via inhibiting intrinsic
GABAergic tone (disinhibition) in the vIPAG (Behbehani
etal., 1990) to activate the descending pain inhibitory
pathway. Our in vivo study demonstrated that intra-vIPAG
injection of capsaicin produced anti-nociception, which cor-
responds to the increased neuronal activity observed in
VvIPAG slices after capsaicin treatment. The anti-nociceptive
effect of capsaicin was completely abolished by a TRPV1
channel antagonist, and was markedly attenuated by mGlus
receptor and CB, receptor antagonists (Figure 8). This sug-
gests that the mGlus receptor-2-AG retrograde disinhibition,
induced by activation of presynaptic TRPV1 channels, plays
an important role in capsaicin-induced anti-nociception in
the vIPAG. Palazzo et al. (2002) also reported an mGlus recep-
tor antagonist blocked capsaicin-induced anti-nociception in
the dIPAG. The residual anti-nociceptive effect after blocking
mGlus receptors or CB, receptors may be the result of a TRPV1
channel-mediated and endocannabinoid-independent effect,
such as a direct postsynaptic depolarization of the PAG pro-
jection neurons (Starowicz et al., 2007).

Activation of TRPV1 channels in the VIPAG
leads to opposing effects on spontaneous and
evoked transmitter release

In this study, capsaicin decreased evoked transmitter release
(eEPSCs/eIPSCs) indirectly through presynaptic CB; recep-
tors, but increased spontaneous release (mEPSC/mIPSC fre-
quency) directly via presynaptic TRPV1 channels. This could
occur concurrently at the presynaptic site of a recorded
neuron (Figure 7E). However, the overall neuronal excitabil-
ity is decided by a summation of evoked release, but not by
spontaneous release, of excitatory (glutamate) and inhibitory
(GABA) neurotransmitters. Capsaicin inhibited evoked
release, although it increased spontaneous release. Its greater
inhibition of evoked GABA release than of evoked glutamate
release ultimately leads to PAG excitation. Similar opposing
effects of capsaicin on evoked and spontaneous releases were
also reported (Marinelli et al., 2002; Marinelli ef al., 2003;
Derbenev et al., 2006).

Capsaicin-inhibited evoked neurotransmitter release has
been attributed to depolarization block (Katz and Miledi,
1969; Yang et al., 1999; Baccei et al., 2003; Marinelli et al.,
2003), calcium channel internalization (Docherty et al., 1991;
Wau et al., 2005; Gibson et al., 2008) and/or neurotransmitter
depletion (Derbenev etal., 2006). Here, we have demon-
strated that mGlus receptor-2-AG retrograde inhibition is a
novel, and the main, mechanism for inhibition by capsaicin.

Capsaicin increased mEPSC/mIPSC frequencies, but not
their amplitudes, suggesting it facilitated action potential-
independent spontaneous release of glutamate or GABA as
reported previously (Li efal.,, 2004; Derbenev et al., 2006;
Steenland et al., 2006; Xing and Li, 2007; Musella et al.,
2009), and had no effect on postsynaptic glutamate or GABA
receptors. This facilitatory effect was attributed to a TRPV1
channel-mediated presynaptic terminal depolarization.
Marinelli efal. (2002) showed this effect of capsaicin at
higher concentrations desensitized rapidly. However, our
study showed capsaicin at 3 uM increased mEPSC/mIPSC
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frequencies without loss of effect at least for 10 min
(Figures 2B,3B).

Interplay between TRPV1 channels

and CB1 receptors

Interplay between TRPV1 channels and CB,; receptors have
been actively studied. Some focused on the dualistic nature
(activating both CB; receptors and TRPV1 channels) of can-
nabinoids and vanilloids (Di Marzo etal., 2002), such as
anandamide, the first identified endocannabinoid, which
also acts as an endovanilloid (Zygmunt ef al., 1999; Smart
et al., 2000). Crosstalk between these two receptors was also
addressed. Activating CB, receptors can lead to either poten-
tiation, inhibition or desensitization of TRPV1 channels
in cells co-expressing CB; receptors and TRPV1 channels
(Hermann et al., 2003; Jeske et al., 2006; Evans et al., 2007;
Kim et al., 2008). Recently, Maccarrone et al. (2008) demon-
strated that anandamide, via TRPV1 channels, can counteract
2-AG-induced retrograde disinhibition (via CB, receptors) in
the striatum. Here, we demonstrated that, in marked con-
trast, CB; receptor-mediated retrograde inhibition was posi-
tively modulated by TRPV1 channel activation. These results
highlight the diversity of endocannabinoid signalling (Di
Marzo and Cristino, 2008).

The sequential activation of TRPV1 channels followed by
CB; receptors observed in this study not only contributes to
capsaicin-induced anti-nociception in the vIPAG, but also
might explain the finding that peripheral TRPV1 channel-
mediated nociception is CB,; receptor-dependent (Fioravanti
et al., 2008). It remains to be elucidated if this sequential
interaction might also contribute to the hypokinesia (Lee
etal.,, 2006) and anti-emetic (Sharkey etal., 2007) actions
induced by agonists affecting both cannabinoid and vanilloid
receptors.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 WIN 55212-2 depressed eIPSCs in a manner
reversed by AM251. The time course of the effect of WIN
55212-2 (3 uM), a CB1 receptor agonist, on eIPSC amplitude

in the slice treated with WIN 55212-2 (3 uM) followed by AM
251 (3 uM). The representative eIPSC trace shown is the
average of 12 eIPSCs taken before (a) or after treatment with
WIN 55212-2 (b), or with WIN 55212-2 + AM 251 ().
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