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Abstract: The spinal substantia gelatinosa (SG) plays a pivotal role in modulating
nociceptivetransmission through dorsal root ganglion (DRG) neurons from the periphery.
TRP channe$ such as TRPV1 and TRPAIhannelsexpressed in the SG are involved in

the regulation of the nociceptive transmissiom the other hand, thERP channe$ located

in the peripheral terminals of the DRG neurcar® activated by nociceptive stimuli given

to the periphery and also by plaeérived chemicals, Wwich generatea membrane
depolarizationThe chemicals also activate the TRRanne$ in the SGIn this review,

we introduce how synaptic transmissions in the SG neurons are affected by various
plantderived chemicals and suggest that the peripheral and centralkchd&ihet may

differ in property from each other.

Keywords: TRPV1 channel; TRPALl channel; excitatory ngeiission; inhibitory
transmissionspinal dorsal horn; pain

1. Introduction

Nociceptive stimuli given to the periphegenerate a membrane depolarizatiorthe peripheral
terminals of primanafferent, particularly finemyelinated Ai and unmyelinated Cfibers, resulting in
the production of action potentials (AP3he APs conducthrough the primargafferent fiberso the
central terminals locatednithe superficial laminae of the dorsal horn, especially the substantia
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gelatinosa (SG; lamina Il of Redg[1,2]). As a result, excitatory neurotransmitterglutamate is

monc or polysynaptically released onto the SG neurons from the central terminalSUy&h.
nociceptive information is modulated by a neuronal circuitry composed of excitatory and iryhibitor
interneurons in the SG3,4]; see[5] for a role of inhibitory interneurons in nociceptive transmisysion

and by the descending antinociceptive pathvirafprmation as a result of the modulation flows to the
thalamus through a connection with projectim@urons in lamina | and deeper laminae of the spinal
dorsal horn, and then to the primary sensory area of the cerebral cortex, eliciting nociceptive sensatior
(for review see [6,7]).

SinceMelzack and Wall [8] proposkthe gate control theory of paia, great deal oevidence has
been demonstrated to support a role of the SG in the modulation of nociceptive transrfission.
instance, endogenous analgesics such as opioids, nociceptin, serotonin, norepinephrine, ,aa&hosine
galanin reduce the releaselLeflutamate from the central terminals of primaifferent fibers onto the
SG neurons through the activation of their receptors, resulting in diminishing the excitability of the
neurons (for example s¢@i 14]; for review see [15])Moreover, activation ofeceptors for serotonin,
norepinephrine and also another analgesic acetylcholine enhances the release of inhibitory
neurotransmitters, GABA and/or glycine, onto the SG neurons, leading to an inhibition of the
excitability of the neurond16i 19]; also seg20]).

There are not only neurotransmitter receptors but also transient receptor potential (TRP) channels
(which are permeable to cations) among proteins involved in the modulation of nociceptive
transmission (for review, see[21]). TRP channels, whichra synthesized in the cell body of dorsal
root ganglion (DRG) neuron, are transferred to the peripheral and central terminals of the neuron by
axonal transport (Figure 1J.here are TRP vanillold (TRPV1), TRP ankyr#l (TRPA1) and TRP
melastatin8 (TRPM§ channels among TRP channels involved in nociception in DRG neurons [22];
they respond to chemical substances and temperdtureeyiew sed23]). In the peripheral terminal
of the DRG neuron, the TRPV1 channel responds to capsacanat(ral pungentngredient in red
peppers), protonand noxious heat (>43C; [24]; for a review, see [25]; the TRPAL channel to
pungentcompounds in mustard oil, cinnamon oil, ginger and garlic, and to noxious cold temperature
(<17 €; [26129]); and the TRPM8 channel tanenthol @-isopropyt5-methylcyclohexanol
a secondary alcohol which is contained in peppermint or other mint oils) and mild temperature
(<25°C;[30,31]). With respect to the TRPA1 channel, its cold sensitivity remains controversial and its
involvementin cold hypersensitivitybut not nociceptionhas been demonstrated by del Canghal.

[32]. Many of the properties of the TRP channels have been examined in the cell body of DRG neuron
and in heterologous cells expressing the TRP channels. It isblgosisat there is a difference in
property between TRP channels in the peripheral and central terminals of DRG neuron, considering
their distinct roles in the terminals.

This review article will introduce our data about the actions of glentved chemida having an
ability to activate TRP channels on synaptic transmissions in the SG neurons of adult rat spinal cord slices.
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Figure 1. Schematic diagram illustrating what roles transient receptor potential (TRP)
channels in the peripheral and central teafts of dorsal root ganglion (DRG;
primary-afferent) neuron play in transmitting sensory informatibne TRP channels are
synthesized in the cell body of the DRG neuron and transferred to the terminals by axonal
transport.Stimuli (such as temperaturecanhemicals) given to the periphery activate the
peripheral TRP channel, resulting in membrane depolarizawbich in turn generates
action potential that transfers the stimulus information to the central terminal of the DRG
neuron.On the other hand, atral TRP activation enhances the spontaneous release of
L-glutamate onto spinal substantia gelatinosa (SG) neuwndnsh play a pivotal role in
modulating nociceptive transmission and is thus involved in this modulation.
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2. Spinal Cord Slice andElectrophysiology

The methods used for obtaining transverse slice preparations of the adult rat spinal cord have beel
mentioned previously indetail [33]. Briefly, male Spragu®awley rats (68 weekold) were
anesthetized with urethane, and then a lumbasaegment (L1S3) of the spinal cord was removed
and placed in oxygenated and cold Krebs solutisiter cutting all ventral and dorsal roots, the
pia-arachnoid membrane was removédhe spinal cord was placed in a shallow groove formed in an
agar blockand this was mounted on a stage in a microslicer, which was filled with preoxygenated cold
Krebs solution; then abo@50 pum-thick transverse slice was cuAdult rat spinal cord slice that
retained an attached dorsal root was also uBesl slice waglaced on a nylon ash in the recording
chamber 34], and was then completely submerged and superfused at a raté1&f d/min with
heated and oxygenated Krebs solutidie composition of Krebs solution used was (in mM):
NaCl, 117; KCl, 3.6; CaGJ 2.5 MgCl,, 1.2; NaHPQ,, 1.2; NaHCQ, 25; and glucose, 11.

SG neurons were identified by their location under a binocular microscope with light transmitted
from below.Blind whole-cell voltageclamp recordings were made from the SG neurons, asanedti
prevously [35]. The patckpipette solution used contained (in mM):dgkuconate, 135; KClI, 5; Cagl
0.5; MgCh, 2; EGTA, 5; HEPES, 5; and MATP, 5; or CsSQ,, 110; CaC}, 0.5; MgCl, 2; EGTA, 5;
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HEPES, 5; MgATP, 5; tetraethylammonium (TEATI, 5. The formerand latter solutions were used

to record excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively), respectively
A liguid junction potential between the gluconate (or’)@®ontaining patcipipette and Krebs
solutions was 12.4mV (or 10.7 mV). EPSCs were recorded at a holding potentia);) (\df

170 mV, where no IPSCs were observed, since the reversal pofenti@SCs was near70 mV.

On the other hand, IPSCs were observed af af\0 mV, where EPSCs were invisible owing to the
reversal potential for EPSCs to be close to 0 @Y. and TEA were added to inhibit’kchannels
located in the recorded SG neurons and thus to easily shitb\0 mV from resting membrane
potentials. A tfiber and Cfiber evoked EPSCs were elicited by stimulating the dorsal root, as
mentioned previously34]. Their evoked EPSCs were distinguished from each other, based on a
mi ni mal stimulus strength enough to -fdbériERSCs t h
were judged to be monosynaptic when the latency remained constant and there was no failgire duri
stimulation at 20 Hz for 1,svhile Gfiber ones were so when failures did not occur during repetitiv
stimulation at 1 Hz for 20 B84,36]. Signak were acquired using a patclamp amplifier. Drugs were
applied by perfusing a solution containing drugs of a known concentration without an alteration in the
perfusion rate and temperature. The solution in the recording chamber having a volume loi\&a8 m
completely replaced within 1§

3. Actions of PlantDerived TRP Agonists on Synaptic Transmissions in Substantia
Gelatinosa Neurons

3.1. Action of Capsaicin

Superfusing capsaicin8{methylN-vanillyl-6-nonenamide; Figure 2Aat 2 pM for 0.5 min
enhanced the frequency of spontaneous EPSC (SEPSC) in SG neurons, as seen in Figure 2E
This increase in SEPSC frequency was about 234%; this action was almost irreversible such that this
was not observed even 2 h after the capsareiatinent. A notN-methylD-aspartate (neGhNMDA)
receptor antagonist-6yanc7-nitroquinoxaline2,3-dione (CNQX) at 10 M blocked sEPSCs under
the action of capsaicin (see Figure 2C), indicating that these SEPSCs were glutamatergic [37]. Since &
voltagegaed Nd-channel blocker tetrodotoxin (TTX; 1 pM) did not affect the capsaicin activity,
this was due to a direct action of capsaicin (Figure 2D). As seen in Figure 2E, in the presence of a
TRPV1 antagonist capsazepine (10 U\88]), capsaicin (2 M) had neffect on SEPSC frequency,
indicating an involvement of TRPV1 channel [37,39,400is result is consistent with the existence of
TRPV1 channels in the central terminals of primafferent neuron$4l1i 43]. Uedaet al. [44] have
demonstrateé TTX-insensiive and capsazepirgensitive increase afglutamate release evoked by
capsaicin by using a fluorometric monitoring method in slices prepared from the dorsal horn of the rat
spinal cord.A similar action of capsaicin has been reported in ghperficial medullary dorsal
horn [45]. The SEPSC frequency increase would be due to the facts that capsaicin opens TRPV1
channels having a higher €apermeability and that the resulting depolarization activates
voltagegated C&" channels [24,46]. Meddevaet al.[47] have demonstrated tHBRPV1 activation
by capsaicin at synapses in DRG/spinal coretaltures prolongs the elevation of intraterminaf Ca
levels and increasesglutamate release.
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Figure 2. Capsaicin (Caps2 uM) increases the frequegcof spontaneous excitatory
postsynaptic current (EPSC) and produces an inward current in rat substantia gelatinosa
(SG) neurons by activatingRPV1 channels.(A) The chemical structure of Cagps

(B) Recordings of spontaneous EPSCs (SEPSCs) beforairatet the action of Caps.

In this and subsequent figures, the horizontal bar above the chart recording indicates the
period of time during which the drug was applied, and 8onsecutive traces of SEPSCs

for a period indicated by a short bar below theording are shown in an expanded time
scale (C) Action of a noANMDA receptor antagonist CNQX (10 pyM) on a barrage of
SEPSCs under the action of Ca(i3) The sEPSC frequency increase produced by Caps is
unaffected by a voltaggated Na-channel blocker teodotoxin (TTX; 1 pM); (E) Action

of Caps in the presence of a TRPV1 antagonist capsazepine (Capz; 18qM}that the
SEPSC frequency increase as well as inward current were markedly attenuated py Capz
(F) Caps action at 15 min after washout of Caphere sEPSC frequency was increased
and an inward current lasting for 3 min (shown partly) was induced; this was obtained from
the same neuron as that i) ( Holding potential (V) was1 70 mV. Modified from[37]

with permission of Elsevier Science.
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This research was originally published in Neurosci. Lett. [37].

On the other handBaccei et al. [39] have reported that capsaigimuced SEPSC frequency
increase persists in a nominally ‘Géree solution in neonate rat superficial dorsal horn neurons,
indicating that this increase does not requiré @atry from extracellular solutiodlthough this issue
needs further study, TRPV1 channels may alter in property with development.

Unlike glutamatergic transmission, spontaneous GABAergic and glycinergic transmissions, which
were examined in the preserafea glycinereceptor antagonist strychnine (1 M) and a GAR#ceptor
antagonist bicuculline (10 pM), respectively, were not affected by capsaicin (2 UM; [B8]a result,
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TRPV1 channels were suggested to be not located in the central terminals arfy-pfferent fibers
innervating onto spinal inhibitory interneurgmshich make synapses with SG neurons.

Different from spontaneous excitatory transmission, dorsal -eeoked monosynaptic
glutamatergic transmission in SG neurons was inhibited by capgaigM). This inhibition was seen
for primaryafferent Cfiber but not Al-fiber EPSCs (Figure 3). This action was thought to be
presynaptic in origin, becausaHfiber EPSC amplitude,e., AMPA-receptor response, were unaffected
by capsaicin. This presynaptic action would be due to edhernhibitory action of capsaicin on
voltagegatedCa?* channels in nerve terminals, a membrane depolarizationfidfe€ terminals by
capsaicin (such as presynaptic inhibition mediated by GAB#eptor activation; sept8]) or its
inhibitory action on nerve conduction (see below). Consistent with the firstBiieakmanet al.[49]
have reported a depression by capsaicin 6f-€aannel currents in cultured rat DRG neurdhshis
is the casgthen this mechanism may have overridden a potentiating action of evoked transmitter
release resulting from a capsai@iduced increase in intraterminal Ta&oncentration leading to an
enhancement of spontaneous transmitter releasé@nldnm Dray [50Rlso have reported an inhibitory
action of capsaicin on excitatory transmissions elicited in immature mouse dorsal horn neurons by
stimulating the dorsal rootAs with spontaneous inhibitory transmissions, dorsal -enaked
GABAergic and glycinergic IPS@mplitudes were not affected by capsaicin (1 M; [51]).

Figure 3. Caps ( pM) superfused for 0.5 min inhibited monosynapticayoked
primary-afferent Cfiber but not Al-fiber EPSCs in rat SG neurons.each of A) and 8),

left, middle and right tracegre ones before Caps treatment, 2 and 20 min after Caps wash,
respectively, where six superimposed traces are shdote. an increase in the frequency

of SEPSC, some of which are shown by arrows, in the middle traces)and 8).

Vy= 1 7 0Modifiedfrom [51] with permission of Elsevier Science.
A Caps 1 uM
Control ri Wash 2 min Wash 20 min
S R “,_\/W
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This research was originally published in Brain Res. [51].

The sEPSC frequency increase produced by capsaicin was accompanied by an averaged inwar
current of 33 pAThis inward current varied in duration and amplitude among the neurons examined
(compare chart recordings Fgure 2B,F). Since primary-afferent Gfibers were known to release a
variety of neuroactive peptides including stance P in the dorsal horj®2i 54]; for review see [7]),
it waslikely that the capsaictinduced inward current was mediated by substance P [50,55]. However,
CNQX (10 M) and TTX (1 M) but not an NMDAreceptor antagonistL-2-aminc-5-phosphonovaleric
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acid(APV; 50 pM) and an Nk1-receptor antagonidt-732,138 { M) inhibited the capsaicin current.
Moreover,this capsaicin current was not abolished by an intracellular dialysis withEE®RL mM),
which inhibited a baclofe(10 uM) response mediated [§proteincoupled GABAs receptorsThese
results indicate thatthe capsaicin activity is mediated through the activation of
C-fibers by noANMDA receptors and also by neurotransmitter receptors other than NK1 [56].
Whenthe effect of the synthetic oleic acid homolog of capsaicivanil (N-oleolylvanillylamine;
10 uM; Figure 4A, which activated TRPV1 channels in the cell body of prirafgrentneuron [57,
was examined, this drug superfused for 5 min hardly affected spontaneous excitatory transmission
SG neurons This ohanil concentration was maximal in activating TRPV1 channels in the cell
body [57]. In SG neurons insensitive to olvanil, capsaicin (2 gM) superfused for 1 min markedly
increased sEPSC frequenigure 4B [58]). Thisresult suggests that themeay be a difference in
property between the peripheral and central TRP channels.

Figure 4. Caps 2 M) but not olvanil (10 pM) enhances spontaneous excitatory
transmission in rat SG neuror{®) The chemical structure of olvan(iB) Recordings of
SEPSCsan the absence and presence of olvanil (superfused for 5 min) or Caps (1 min) in
the same neuroi.he right recording was obtained 20 min after the left dpe=170 mV.
Modified from [58] with permission of Elsevier Science.
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This research was originally published in Biochem. Biophys. Res. Commun. [58].

3.2. Action of Resiniferakin

Resiniferatoxin (RTX; Figure 5A) is an ultrapotent TRPV1 agonist, a capsaicin analog isolated
from the dried latex of the cactlie plant, Euphorbia resiniferg59i 61]. [*H]RTX is widely used to
examine the distribution of TRPV1 &hnels in the nervousystem [62,63]RTX is also useful in
treating disorderssuch as neuropathic pain and lower urinary tract dysfunction that involve excessive
TRPV1 activity p4].
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Figure 5. Resiniferatoxin (RTX; 0.5uM) superfused for 1 min increas¢he frequency of
SEPSC with a small increase in its amplitude in rat SG neufAhd.he chemicabtructure

of RTX; (B) Recordings of SEPSCs in the absence and presence offRproduces a
small peak inward current of 3.5 pAC) Changes in sEPS@equency and amplitude
(closed and open circles, respectively) were measured every 0.5 min (frequency and
amplitude before RTX application: 15.0 Hz and 12.1 pA, respectivfd)) Cumulative
histograms of the amplitude and intrent interval of SEPSC fage RTX application
(Control; dotted line) and under the action of RTX (continuous lifieg. histograms were
examined for 0.5 min in the control (435 SEPSC events) and 3 min after RTX washout
(947 sEPSC eventsRTX shifted the intefevent interval and raplitude distributions to
shorter and larger ones, respectivgly<( 0.01; KolmogorovSmirnov test) (Bi D) were
obtained from the same neurow, =170 mV. Modified from [65] with permission of
Elsevier Science.
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This research was originally published in Neuroscience [65].

BathappliedRTX (0.5uM) for 1 min enhanced spontaneous excitatory transmission ime8@ns,
as seen in Figure 5B. The sEPSC frequency increased gradually over time, peaking arouadtet min
RTX addition; this facilitation was accompanied by a small increase in SEPSC am@edFigure 5C)
The sEPSC frequency increase was about 138%s.increase in SEPSC frequency did not subside for
at least 10 min after RTX washoWith respect to cumulative histograms, RTX significantly increésed
proportion of SEPSCs with a shertinterevent interval and a larger amplitude (Figure B&%]). The
SEPSC amplitude increase would be dubighly synchronized multivesicular releaseLeflutamate,



Cells2014 3 339

as shown in ionotropic ATP receptor P2X activatioglatamatergic terminals in thedinstem [66] As
seenin capsaicin actions, a second RTX applicatam2lh later did not affect excitatory transmission.

Figure 6. RTX (05 pM) enhances spontaneous excitatory transmission by directly
activating TRPV1 channels in the rat S@i E) Recordings in the absence and presence
of RTX in Krebs solution containing Capz (L®/1; (A)), SB-366791 (30uM; (B)), TTX

(0.5 uM; (C)), CNQX (10 uM; (D)) or both CNQX (10uM) and an NMDAreceptor
antagonist APV (5QuM; (E)). V= 1T 70 mV. M §68]i with perdnissionr ad m
Elsevier Science.
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This research was originally published in Neuroscience [65]. 1 min

RTX concentratiordependently increased sEPSC frequency with ¢ffective concentration
producing haHmaximal response (k&g of 021 uM [65]. This value was less than the amount
(1 uM; [37]) needed for capsaicin to increase sEPSC frequency in SG neurons, being consistent with a
higher affinity (by three to four orders of magnitude) of RTX than capsaicin for TRPV1 cha6inéd.|
As seen in capsaicin activity, the ability of RTX to increa&#SC frequency and amplitude was
blocked by capsazepind0 |M; Figure 6A); a similar inhibition was also seen by another TRPV1
antagonist, SB66791 (30 M, [69]; Figure 6B), indicating TRPV1 involvement. This idea was
supported by the observation thapsaicin inhibited the effects of RTX on excitatory transmission and
vice versa i.e., crossdesensitization65]. A similar crossdesensitization of RTX and capsaicin
activity occurs for the release of substance P or calcitonin-igdated peptide fromhe central
terminals of primaryafferent neurons in the rat spinal cord [6%$ seen from Figure 6C, the SEPSC
frequency increase produced by RTX was resistant to TTX, a result similar to that of cafzaitie.
other hand, as different from capsaid®iTX induced inward currents in a manner resistant to TTX,



Cells2014 3 340

indicating that RTX may have activated TRP¥Hannels in postsynaptieeurons. TRPV1 channels

exist in both preand postsynaptic neurons in the superficial laminae of the rat spinal dorsal Horn [43
However, RTXinduced inward current was blocked by CNQX (M) and APV (50M ) treatment
(Figure 6D and 6E), indicating that the inward current resulted from activation oiNWDA and

NMDA receptors by -glutamate released from the primaafferent teminals after TRPV1 activation.
Consistent with this findingegardingNMDA receptors, several subtypes of NMDA receptors are
found in SG neurons [70]. The NMDA receptoediated postsynaptic current can be evoked by the
application of NMDA and by focalat o r s a | root sti mulEeenif RTXbimgto1 70
the same TRPV1 site as capsaicin (see [63,73]), their activities on excitatory transmission may be
different from each other. RTX but not capsaicin mobilized*@@m inositol 1,4,5trisphogphate
(IPy)-sensitive C& stores in TRPViransfectedhuman embryonic kidneyHEK) 293 cells [74].
Understanding the differences in inward currents produced by RTX and capsaicin in SG neurons
requires further work.

3.3. Action of Piperine

Piperine (peperoylpiperidine; Figure 7A; [75]) is the pungent component of black pepper and has
an ability to activate TRPV1 channels in the cell body of priradfgrent neuron [76]As seen from
Figure 7B piperine (70 M) superfused for 2 min enhanced spontanercisatory transmission in SG
neurons. The sEPSC frequency increased gradually over time, peaking around 3 min after piperine
addition; this facilitation was accompanied by a minimal increase in SsEPSC ampHigtee(7Q.

The sEPSC frequency increaseguced by piperine was repeated and concentraiémendent with
the ECsg valueof 52.3 M [58]. This value was similar to that (35 pM) for activating TRPV1 channels
in rat trigeminal ganglion neurohg6] or that (37.9 M) of human cloned TRPV1 channekpressed

in HEK 293 cells[77]. Under the pretreatment with capsazepine (10 pM@aofRPAL1 antagonist
HC-030031 (50 uM;[78]), the facilitatory effect of piperine (100 M) on SEPSC frequeneas
reduced in extent (FiguréD and 7E). The inhibitory actioof HC-030031 on piperine response was
suggested to be due to a nonspecific blockade of TRPV1 channel, beca08®®81 was reported to
also act as a TRPV1 antagonist [79]. Consistent with this idea, Okwehuwaha[80] have reported
that piperine activas not only human cloned TRPYIDut also TRPA1 channels expressed in
HEK 293 cells, albeit the TRPV1 channel hassg@lue (0.6 M) smaller by 5dold than that
(29.7 M) of the TRPAL channel.

Although both piperine and capsaicin activated TRRWannels, the former but not latter action
was repeatedlhe difference in recovery from desensitization between piperine and capsaicin actions
may be attributed to a distinction in their binding to TRPV1 chanfidis. idea is supported by the
observatiorthat there is a difference in the rate of the onset of desensitization and its degree between
TRPV1 channel activationsroduced by capsaicin and piperine in rat trigeminal ganglion neurons [76]
or human HEK 293 cells [77].
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Figure 7. Effect of piperineon spontaneous excitatory transmission in rat SG neurons.

(A) The chemicalstructure of piperine(B) Recordings of sEPSCs in the absence and
presence of piperine (7QM); (C) seEPSC frequency and amplitude (closed and open
circles, respectively) under ttection of piperine, relative to those before its superfusion
(frequency and amplitude: 3.6 Hz and 13.4 pA, respectively). They were measured every

0.5 min (B) and C) were obtained from the same neyr@E) Chart recordings showing

the action of pipene (100uM) on excitatory transmission in the absenagegnd presence

(b) of a TRPA1l antagonist HG30031 (50 puM; D) or Capz (10 pM; E).

Vy= 170 mV. Modi fied from [58] with per mi ssi

3.4. Action of Allyl Isothiocyanate

Bathapplied allyl isothiocyanate (AITC, Figure 8A; the pungent principal in mustard oil or
wasabi ; 100 €M) for 2 min resulted in an incr
neurons; this action was often accompanied by a slow inward current, asnséegure 8B.

The sEPSC frequency increase averaged to be 202%n AITC (100uM) was applied repeatedly
at 20 min intervals, it induced a similar increase in SEPSC frequency and amplitude (Figure 8C),
an observation different from those of capsaiaml RTX. A similar action was seen by pungent
natural compounds having an ability to activate TRPALl chancelsn na mal de hyde ( CA;
allicin (100 ¢ M; Fi g ursee[81832),whitheare containad ih @gnnamoibh s e r v



