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Capsaicin (CAP), a neurotoxin, has been reported to activate a
nonselective cation current in dorsal root ganglion (DRG) neurons. In this paper, we identify and describe the properties of
CAP-activated
single channels in cultured neonatal rat DRG
neurons. We first identified CAP-sensitive
whole-cell
currents
that reversed near 0 mV in physiological
solution. In solution
containing
140 mM Naf, extracellular
application
of CAP to
outside-out
patches caused activation of an ion channel in a
concentration-dependent
manner (EC,, = 1 .l PM). The channel
was blocked by the CAP antagonist capsazepine
(IO PM). The
channel was also activated by 2-10 nM resiniferatoxin,
a potent
analog of CAP. In symmetrical 140 mM Na’, the single-channel
slope conductances
were 45.3 2 1 .O and 80.0 5 4.2 pS at -60
and +60 mV, respectively, showing outward rectification
(n =

9). The reversal potential did not shift significantly when Na+
was replaced by K+, Cs+, Rb’, or Li+, showing
that the
channel discriminated
poorly among cations. The channel was
also permeable to Ca’+. Although acid (pH < 6.2) was suggested to be an endogenous
activator of the CAP receptor, an
acid solution (pH 5.9-6.0) failed to activate the channels in
outside-out
patches. This is the first clear demonstration
of the
presence of the CAP-activated
ion channel in DRG neuron.
Opening of these ligand-gated,
cation-selective
channels gives
rise to the whole-cell
CAP-activated
current in DRG neurons
and may underlie the neurotoxic effects of CAP.

Capsaicin(CAP) is a pungent ingredient in hot peppersof the
genusCapsicum and is eaten daily by many people worldwide.
After application on the skin, CAP causesan immediate and
intenseburning pain aswell asneurogenichyperalgesia(Simone
et al., 1987,1989,1991).In addition, CAP causesdesensitization
to various noxious stimuli (Maggi et al., 1988, 1989;Dray et al.,
1989),thus producinga long-lastinganalgesia(Hayeset al., 1981)
(for review, seeHoltzer, 1991).CAP alsocausesa morphological
change, leading to permanent damage in the sensory nerves
(Jancs6et al., 1977;Nagy and Hunt, 1983;Nagy et al., 1983).The
neurotoxic actionsof CAP are restrictedmainly to small-diameter
sensoryfibers (Szolcsanyi,1987;LaMotte et al., 1988;Lang et al.,
1990).Theseactionsof CAP on smallsensorynerve fibersprovide
a good experimentaltool in neurobiologicalstudies,and alsodraw
clinical interest as potentially useful analgesics(for review, see
Holtzer, 1991;Szallasiand Blumberg, 1993).
In dorsal root ganglion (DRG) neurons,high-affinity binding
sitesspecific for CAP have been identified (Szallasi and Blumberg, 1990, 1991;Winter et al., 1993). Strict structural requirementsfor CAP action and the presenceof the competitive antagonist capsazepine(CZP) have demonstratedfurther the presence
of specificbinding sitesor receptors for CAP in DRG neurons
(Szolcsanyiand Jancs&Gabor, 197.5,1976;Dickensonand Dray,
1991; Bevan et al., 1992; Walpole et al., 1993). Earlier studies
showedthat depolarization of the sensorynerve by CAP was

associatedwith an increasein ion conductance (Marsh et al.,
1987), suggestingthat the CAP receptor may be coupled to ion
channels.In cultured DRG neurons, CAP increasedfluxes of
various cationsin a dose-dependentmanner(Wood et al., 1988).
More recently, CAP wasshownto produce an inward current in
cultured DRG and trigeminal ganglion neurons (Bevan et al.,
1992;Liu and Simon, 1994).The inward current elicited by CAP
was blocked by CZP, and the reversal potential of the CAPinduced current was near 0 mV (Bevan et al., 1992; Liu and
Simon, 1994).Thus, thesestudiessuggestthat a nonselectiveion
channelis gated by CAP binding to its receptor.
Although a few studies have characterized ionic fluxes and
whole-cell currents evoked by CAP, singlechannelsresponsible
for the macroscopicCAP-induced currents have not yet been
identified clearly. In this paper, we identified both the whole-cell
and single-channelcurrents activated by CAP and its potent
analog,resiniferatoxin (RTX), in cell-attachedand excisedmembranepatchesof DRG neurons.Activation of the channelby CAP
was antagonizedby CZP. Interestingly, acid (pH < 6.2), which
wasconsideredas an endogenousactivator of the CAP-sensitive
current (Bevan and Yeats, 1991;Bevan and Geppetti, 1994;Liu
and Simon, 1994),failed to activate the nonselectivecation channel in our study.
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MATERIALS AND METHODS
Cell culture. DRG neurons from all levels of thoracic and lumbar spinal
cord of l-d-old neonatal rats were dissected and collected in cold culture
medium (4°C). The culture medium was a mixture of DMEM
and F-12
solution
(Sigma, St Louis, MO) that contained
10% fetal bovine serum
(Gibco, Grand Island, NY), 1 mM sodium pyruvate,
50-100 rig/ml nerve
growth
factor (Sigma),
and 100 U/ml pe&illinlstreptomy&
(Sigma).
Ganglia were washed with a mixture
of DMEM
and F-12 solution
and
then-incubated
for 30 min in warm (37°C) DMEM
and F-12 mixture
containing
1 mg/ml collagenase
(Worthington,
Freehold,
NJ). The gan-
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Figure 1. Whole-cell
currents
evoked
by CAP. A, A
DRG neuron was perfused with CAP (3 pM) for -1 min
and washed out at a rate of 10 mlimin. After the first CAP
application,
CZP + CAP (10 and 3 pM, respectively)
solution was perfused.
Pipette solution contained
(in mM):
140 Kt and 4 ATP. Control
bath solution contained
(in
1 Ca’+,
10
mM): 140 Na+, 140 Cl-, 5 K+, 2 Mg’+,
HEPES,
and 10 glucose. During
perfusion,
membrane
potential was briefly changed to - 140 to +20 mV (a, b) to
observe
changes in inward
and outward
currents.
B,
Whole-cell
currents elicited by voltage steps ranging from
-140
to +20 mV in 20 mV steps. Square pulses of
different
potentials
in 400 msec duration
(inset) were
delivered
to the whole cell in every second. The voltage
steps were repeated
twice, and the currents
were averaged. a, Control currents; b, currents elicited during CAP
perfusion.
C, Steady-state
current-voltage
relationships.
Current
elicited in control bath solution
(open circles),
current during CAP application
(open triangles), and difference current (solid circles). Each point represents
the
mean of four determinations
from four DRG neurons.
The holding potential
was -60 mV.
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glia were then washed three times with Mg’+and Ca’+-free
HBSS
(Sigma). The ganglia were incubated
in the warm HBSS (37°C) containing 2.5 mg/ml trypsin
(Boehringer
Mannheim,
Indianapolis,
IN) and
shaken gently for 30 min. The trypsin-containing
solution was centrifuged
at 1000 rpm for 10 min. The pellet was washed gently two to three times
with the culture medium to inhibit the enzyme activity. The pellet was
resuspended
in the culture medium, gently triturated
with a fire-polished
Pasteur pipette,
filtered
through
Nytex-40
nylon mesh, and plated on
round glass coverslips
in small Petri dishes (35 X 12 mm”). The glass
coverslips
were treated
previously
with poly+lysine
(0.5 mgiml)
and
dried. Cells were placed in a 37°C incubator
and gassed with 95% 0,/S%
CO, atmosphere.
Cells were used 2-4 d after plating.
Electrophysiology.
Gigaseals
were formed
with borosilicate
glass pipettes (Kimble,
Toledo,
OH) coated with SYLGARD
(Dow Corning,
Midland,
MI). Tip resistance of the pipettes was 2.5-5 Ma. To make a
whole cell, a cell-attached
patch was formed,
and the cell membrane
under the patch pipette was ruptured
by gentle suction. After forming the
whole cell, the capacitive
transients
were canceled at the beginning
of
each recording.
For single-channel
studies,
cell-attached,
outside-out,
and inside-out
patches were formed
as described by Hamill et al. (1981).
Single-channel
and whole-cell
currents were recorded
with a patch-clamp
amplifier
(Axopatch
lD, Axon Instruments,
Foster City, CA), filtered at
2.5 kHz with an &pole, low-pass Bessel filter (Frequency
Device, Haverhill, MA), digitized
at 37 kHz with a digital data recorder
(Instrutech,
Great Neck, NY), and stored on videotapes.
The digitized
data were
imported
to a personal computer
(IBM PC/AT-486
compatible)
to measure channel open probability
(PO), amplitude,
and mean open time. P, of
single channels was obtained
from the ratio of the area under the curve
representing
open events divided by the sum of the areas under the curves
representing
open and closed events. Channel activity was calculated
as
maximum
number
of channel
in the patch (N) times P,. Maximum
number
of channels was determined
after full activation
by CAP (in a
condition
in which channels in the patch were maximally
activated).
The

amplitude
histograms
and open time histogram
were analyzed for patches
containing
only one channel.
The threshold
amplitude
for taking
an
opening event was set at 50% (half-amplitude
algorithm
in FETCHAN,
Axon Instruments),
and the minimum
duration
was set at 100 Fsec.
Voltage-clamp
pulse protocol
was set by Clampex
(Axon Instruments),
and the voltage-clamped
pulses were generated
using a digital-to-analog
converter
(Warner
Instruments,
Hamden,
CT).
Solutions.
For whole-cell
studies, the bath solution
contained
(in mM):
140 NaCl, 5 KCl, 1 CaCl,, 2 MgCl,,
10 HEPES, and 10 glucose, pH 7.4.
The pipette solution contained
(in mM): 140 KCl, 5 EGTA, 2 MgCl,, and
10 HEPES,
pH 7.2. In single-channel
experiments,
control
bath and
pipette solutions contained
(in mM): 140 NaCl, 2 MgCl,, 5 EGTA, and 10
HEPES, pH 7.4, unless specified otherwise.
CAP, CZP, and RTX were
dissolved and stored as stock solutions in 100% ethanol (10, 10, and 1 mM,
respectively).
The control and CAP solutions were delivered to the whole
cell via a continuous
flow system. All basic reagents were purchased
from
Sigma. ATP was obtained from Boehringer
Mannheim.
CAP, CZP, and
RTX were purchased
from Research
Biochemical
(Natick,
MA).
All
values are expressed as mean i- SE.

RESULTS
Whole-cell

currents

activated

by CAP

DRG neurons

were used 2-4 d after culture.
DRG neurons were
easily detected
because
of their round
soma and long processes.
Because
CAP
affected
primarily
the small-diameter
neurons
(Wood
et al., 1988),
medium-to-small
DRG
neurons
were
selected
and examined
for the CAP
effect.
We first examined
whether
CAP could
activate
whole-cell
currents
in neonatal
rat
DRG
neurons.
Under the whole-cell configuration, the cell mem-
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Figure 2. Activation of single-channel currents by CAP and block by CZP
in an outside-out excised membrane patch. A, An outside-out membrane
patch was held at -60 mV. Both pipette and control bath solution
contained (in mM): 140 Nat, 140 Cl-; i Mgf, 5 EGTA, and 10 HEPES.
CAP (1 EM)- or CZP + CAP (10 and 1 LLM. resnectivelvj-containing
solutidn
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were averaged after two trials of the pulse paradigm. In the
absenceof CAP, very little sustainedinward current, except a
brief period at the beginningof eachpulse,but a large sustained
outward current was observed. CAP treatment increasedthe
amount of inward current at all voltagesbelow -40 mV. CAPinduced current wasobtained by subtraction (Fig. lC, filled circles).As shownin Figure lC, the CAP-sensitivecurrent did not
change markedly between -140 and -60 mV. After further
depolarization,however,the current becamesmallerandreversed
closeto 0 mV (n = 4). Thus, the difference current showedan
outward rectification. These results showedthat CAP-sensitive
ion currents were presentin neonatal rat DRG neurons.

CAP

CZP + CAP

March

membrane.

B:

Channel openings in an expanded time scale. .Sfruight lines represent
closed state of the channel. C, An amplitude histogram of channel openings recorded during CAP perfusion. 0, A summary of CAP responses
expressed in channel activity (N*P,) in five different isolated patches.

solutioncontained (in mM): 140NaCI, 5 KCl, 1 CaCl,, 2 MgCl,,
10 HEPES, and 10 glucose, pH 7.4. Pipette solution contained (in
mM): 140 KCl, 5 EGTA, 2 MgCl,, and 10 HEPES, pH 7.2. ATP (4

mM) was added to the pipette solution to prevent opening of
ATP-sensitive K+ channels. After the holding current stabilized,
the DRG neuron wasperfusedwith 3 PM CAP for -1 min and

thenwashedout. As shownin Figure L4, CAP (3 PM) activated an
inward current that was reversible after washout. The inward
current wasblockedwhen 10 FM CZP wasperfusedtogether with
CAP (3 PM). The current activated by the secondapplication to
CAP wasusuallysmallerthan that producedby first application,
presumablybecauseof desensitization(Fig. 1A). Such inward
currentswere activated by CAP in 33 of 43 (77%) DRG neurons.
Whole-cell current-voltage relationshipswere obtained during
CAP applicationby applying squarepulsesof 400 msecduration
from - 140to +20 mV in 20mV increments.Figure 1B showsthe
whole-cellcurrents before and during CAP application. Currents

Activation of single-channel current by CAP
The presenceof single-channelcurrents activated by CAP was
first examined using isolated membranepatchesin outside-out
configuration. We initially usedNa+ asthe chargecarrier. Thus,
pipette and bath solution contained(in mM): 140NaCl, 2 MgCl,,
10 HEPES, and 5 EGTA. Membrane potential washeld at -60
mV. No channel openingswere present in outside-out patches
under these experimental conditions.After perfusion of the extracellular membranewith 1 PM CAP, however, ion channels
becameactive and remainedopen in the presenceof CAP (Fig.
U). Perfusionwith control solution causedthe channelsto close
within -30 sec.The samechannelsdid not open when the patch
was perfused with 10 PM CZP and 1 PM CAP together. After
washout of both agents,reapplication of CAP causeda similar
activation of the single-channelcurrents in the samepatch. Identical results were obtained in four other outside-out patches.
Current tracingsat an expandedtime scaleshowmultiple channel
openingsin the presenceof CAP (Fig. 2B). In these patches,
channelcurrent amplitudeswere multiplesof the single-channel
amplitude, showingthat one type of channelwasactivated (Fig.
2&C). These results are summarizedin Figure 20, which also
showscompleteinhibition of the CAP-induced current by CZP.
BecauseRTX hasCAP-like actionson sensoryneurons(Szallasi and Blumberg, 1989; Dray et al., 1990),we tested whether
RTX could also activate the samechannel activated by CAP.
Extracellular applicationof CAP (0.5 PM) to an outside-outpatch
causedthe reversible opening of channels.In the samepatch,
application of 2 nM RTX causedgreater activation of channels
with identical single-channelconductance(Fig. 3A) (42.3 -C1.3vs
42.6 +- 1.1 pS; 12= 4). RTX, therefore, was much more potent
than CAP in activating the channel,in keepingwith the greater
potency of the toxin on its effectson sensoryneurons(Dray et al.,
1990;Winter et al., 1990).Similar resultswere observedin three
additional patches,showingthat RTX at nanomolarconcentrations (2-10 nM) wasable to activate the samechannelopenedby
CAP.
The activation of ion channels was also observed in cellattached patcheswith CAP added to the pipette. As shownin
Figure 3B, openingsof several channelswere usually present
when the cell membranepotential was held at -60 mV in symmetrical 140mM Na+. These channelswere not present in cellattachedpatcheswithout CAP or RTX in the pipette in any of the
60 patchestested. After formation of an inside-out patch, the
channelsremainedopen for the duration of the experiment(-20
min), although the activity changedslightly. Becausesolution in
the bath did not contain any of cytosolic signal transduction
mediators such as ATP, GTP, Ca’+, or phospholipids,it was
unlikely that opening of the channelswasmediatedby the cytosolicfactors. Theseresultsshowthat activation of singlechannels
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A, Activation of a CAP-activated channel by RTX
(2 no) in an outside-out membrane patch held at -60 mV. B,
Single-channel openings in a cell-attached and inside-out
patch. Pipette contained 0.5 PM CAP. Bath contained
symmetrical 140 mM NaCl solution. The patch was held at
-60 mV.

Figure

3.

by CAP does not require intracellular second messengers, and is
likely to be via a direct, membrane-delimited
pathway.
To determine whether the effect of CAP was dose-dependent,
the extracellular side of an outside-out patch was perfused with
CAP starting at 0.03 FM, and the concentration
progressively
increased to 10 PM, allowing a relatively steady-state level of
channel activity to be achieved at each concentration
of CAP. As
shown in Figure 4, CAP activated the channel starting at 0.3 PM,
and maximal activation was present at 10 PM. The relative channel
activity (N*P,) was plotted as a function of CAP concentration in
the bath (Fig. 4B). The channel activity observed at 10 PM CAP
was taken as 1.0 for each patch. The normalized
data points
obtained from five patches were fitted by linear regression to the
Hill equation:
1
N*Po = 1 + (K,/[CAP])”

3 PA
5 Ins

the mean amplitude values were plotted as a function of membrane potential to obtain the current-voltage
relationship
(Fig.
5s). The single-channel slope conductances were 45.3 ? 1.0 pS at
-60 mV and 80.0 i 4.2 pS at +60 mV (n = 9), showing that the
current was outwardly rectifying (Fig. 5B).
P, was significantly greater at depolarized
than at hyperpolarized potentials in all patches studied. In inside-out patches with 1
FM CAP in the pipette, P, values of the channels were 0.04 ? 0.01
and 0.1 ? 0.03 at -80 and -60 mV, respectively, but the P, values
increased greatly to 0.63 ? 0.14 and 0.64 + 0.13 when membrane
potentials were held at +60 and +80 mV, respectively (n = 5).
The relative P, as a function of membrane potential is shown in
Figure 6. The mean values from five different patches were plotted
as a function of voltage and fitted by linear regression to the
Boltzmann distribution given by:

’

of CAP in activating
where K,, is the half-maximal concentration
the channel, [CAP] is the concentration of CAP, and II is the Hill
coefficient. The KD value obtained from the regression was 1.1
PM, and the Hill coefficient was 1.8. The Hill coefficient of -2
suggests that two sites for CAP may be present in the receptor or
channel and that binding occurs in a positive, cooperative manner.

Single-channel properties
Channel openings at different membrane potentials in symmetrical 140 mM Nat are shown in Figure 5A. Amplitude
histograms
were obtained from openings at each membrane potential, and

1
P, = 1 + &V-

VII2)K)

where V,,, (-8.8 mV) is the half-maximal voltage and K is the
slope. An e-fold change in P, ratio occurred every 28.8 mV for the
CAP-activated channel.
Ion selectivity of the channel was determined
by ionsubstitution experiments in inside-out patches. In these experiments, pipette solution (extracellular
side) contained 140 mM
NaCl and 1 PM CAP. To study whether the channel was permeable to Nat or Cl-, shifts in the reversal potential were examined
at different concentrations of NaCl in the bath (intracellular
side).
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Figure 4. Dose-dependent
activation
of the CAPactivated channel. A, CAP at different
concentrations
ranging from 0.03 to 10 pM was perfused to the outer
surface of an outside-out
membrane
patch in symmetrical 140 mM NaCl solution.
The tracing shown was
the one in which channel activity at 3 PM CAP was 59%
of that at 10 WM. B, A summary
of dose-response
relationship
expressed
in relative
channel
activity
(N*P,)
versus CAP concentration.
Data points (n = 5)
were fitted to Hill’s equation.
KD = 1.1 p.~. Bars
represent
SE.

Concentration

Changingthe bath NaCl concentrationfrom 140to 57 mM shifted
the reversalpotential from 0 to +2.5.2 ? 1.1 mV (n = 6) which is
closeto the expectedNernstpotential for a Naf-selective channel
(22.6 mV) (Fig. 7A,B). Similar experimentswere conducted in
bath solution containing 300, 92, 57, and 36 mM NaCl, and
reversalpotentialswere plotted asa function of bath NaCl concentration in a semilogarithmicscale.The slopeof the fitted line
was -58.4 mV/decade,suggestingthat the channelwasselective
for Na+ (Fig. 7B). We further tested ion selectivity by using
nonpermeablecation and anion. When NaCl in the bath was
replacedwith Nat-glutamate, inward and outward currents similar to those presentwith 140 mM NaCl were observed(n = 5).
When N-methyl-p-glucaminereplacedNa+ in the bath in insideout patches,no detectableoutward current waspresent (n = 5).
Therefore, the channelwasclearly permeableto Naf but not to
cl-.
Replacingbath NaCl with an equimolaramountof KC1(n = 3),
CsCl(n = 3), RbCl (n = 2), or LiCl (n = 3) did not significantly
shift the reversalpotentials (-4.3 2 1.1 mV; n = 4), indicating
that the channeldiscriminatedpoorly amongmonovalentcations.
Small differences,however, in single-channelconductanceswere
noted with different cations(Fig. &1). For example,with Lit and
Rb+ aschargecarriers,the conductanceswere 43.3 +- 3.9 and69.9
5 6.1 pS at +60 mV, respectively.To determinethe permeability
of the CAP-activated channelto Ca’+, pipette NaCl in inside-out
patcheswasreplacedwith 100mM CaCl,. As shownin Figure 8B,

CAP alsoactivated inward single-channelcurrents,indicatingthat
the channelwaspermeableto Cazf. The conductanceof inward
currents carried by Ca2+at -60 mV was24.2 k 0.01 pS (n = 7).
To get an accurate reversal potential, the current-voltage relationship in the single-channelcurrents in this preparation was
fitted by an exponential equation:I = JZ@*~+~)
+ c. The reversal
potential with 100mM CaCl, thus calculatedwas -4.1 mV, and
the permeability ratio, PCa/PNa, calculated from the modified
constant-fieldequation was0.24 (Fatt and Ginsborg, 1958).
Effect of acid

on the channel

An acidic medium (pH < 6.2) has been reported to activate a
CAP-sensitive current and, therefore, extracellular Ht ion has
been consideredto be one of the endogenousactivators of the
CAP channel(Bevan and Geppetti, 1994;Liu and Simon, 1994).
Therefore, we tested whether acid could activate the CAPactivated channel in DRG neuronsusedin this study. An acidic
solution identical in compositionto that of control bath solution,
except pH (pH 5.8-6.0), wasapplied to the extracellular surface
of DRG neuronsin whole-cell or outside-out patches.In all six
cells, CAP (0.5-l PM) activated large, slowly desensitizingcurrents.Acidic solution (pH 5.8-6.0), however,failed to activate the
same type of whole-cell currents (Fig. 9A). Activation of the
inward currentsby CAP wasobservedafter washoutof the acidic
solution. In two cells, we observed activation of a small and
rapidly inactivating whole-cell current by acidic solution (pH
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Figure 6. Voltage
dependence
of the CAP-activated
channel. Channel
openings
at different
membrane
potentials
were recorded
from five separate inside-out
patches containing
1 PM CAP in the pipette, and P, at
each potential
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mean P, was plotted as a
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and fitted to the Boltzmann
equation
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described in the text.
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Figure 5. Kinetic properties
of CAP-activated
channel. A, Tracings
of
single-channel
currents
held at different
membrane
potentials
ranging
from -80 to +60 mV in an outside-out
patch. The channel was activated
by 10 PM CAP in the bath solution under the symmetrical
140 mM NaCl
condition.
B, Current-voltage
relationship
of single-channel
currents.
Each data point was averaged
from nine patches of either inside-out
or
outside-out
configuration.
Bars represent
SE. The error bars are small,
and some are inside circles. C, An amplitude
histogram
of channel openings (7009 openings)
recorded
from the patch held at -60 mV as illustrated in A. D, Open time histogram
of the channel obtained
from the
same patch. Time bins were 0.1 msec. The histogram
of 2499 openings was
fitted to a biexponential
function with time constants 0.47 (65%) and 1.84
(35%) msec.

5.8-6.0), similar to that reported previously (Bevan and Yeats,
1991; Liu and Simone, 1994). Failure of acidic medium to activate
the CAP-sensitive current was also confirmed in excised patches.
In outside-out patches, acidic bath solution (pH 6.0) failed to
activate
the CAP-activated channels in all patches studied (n = 8;
Fig. 9B). In the same patches, however, application of 0.5-l pM
CAP produced a clear activation of single channels. The results
from four outside-out patches are shown in Figure 9C. These
results show that acid is not an endogenous activator of the
CAP-activated channel that we observe in this study.
DISCUSSION
CAP causes intense burning pain because of its excitatory action
on sensory neurons (Geppetti et al., 1988; Simone et al., 1989).
The excitation of sensory fibers is attributable to an increase in ion
conductance and subsequent depolarization (Marsh et al., 1987).
Although whole-cell currents activated by CAP have been described recently (Bevan et al., 1992; Liu and Simon, 1994), single
channels that give rise to the whole-cell current have not been
clearly identified or characterized. In this study, we found a
nonselective cation channel that was activated by CAP in a
concentration-dependent manner. RTX, a more potent structural

analog of CAP, also activated the same channel at much lower
concentrations. Activation of the channel by CAP was antagonized by CZP, a putative CAP-receptor blocker (Dickenson and
Dray, 1991; Bevan et al., 1992). The CAP-activated channel was
permeable to cations, including Ca2+. These findings indicate that
the CAP-induced depolarization of the sensory neuron is attributable to opening of this nonselective cation channel present in
DRG neurons.
The results that the channel was activated by application of
CAP directly to the extracellular side of inside-out patches
suggest that it may belong to the family of ligand-gated ion
channels. No intracellular second messengers such as GTP,
ATP, or Ca2+ were found to be necessary for activation by
CAP. RTX as a phorbol ester analog is known as a weak
activator of protein kinase C (Ellis et al., 1987). Protein kinase
C, however, is unlikely to be involved in channel activation by
CAP or RTX, because the toxins activated the channels in
excised patches in the absence of any necessary cofactors such
as Ca2+ or phospholipids. Recently, a protein in DRG neurons
that specifically bound to RTX was cloned and sequenced
(Ninkina et al., 1994). Unlike other ligand-gated ion channels
such as nicotinic acid, GABA,, glycine, or glutamate receptor,
which have four transmembrane domains in their subunit proteins (Betz, 1990), the RTX-binding protein was described as
having only a single transmembrane domain and as lacking
sequence homology with other channel proteins. Furthermore,
when expressed in oocytes, the protein showed no channel-like
activity (Ninkina et al., 1994). Therefore, the RTX-binding
protein could be a transducer that is coupled to the ion channel. Thus, CAP receptor itself may not be the channel protein;
it could be an associated regulatory protein that gates the
channel directly.
The

activation

of an ionic

current

by an exogenous

substance

like CAP has raised a question of whether there is an endogenous
activator of such a current. Because acid and CAP have similar
actions in causing pain, it has been suggested that acid may be an
endogenous activator (for review, see Bevan and Geppetti, 1994).
Acidic condition occurs with concomitant painful sensation when
tissues become ischemic or inflammatory (Peer, 1955; Jacobus et
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7. Ion selectivity of the CAPactivated channels. A, Current recordings
from an inside-out patch at different potentials. The patch contained 140 mM NaCl or 1
pM CAP in the pipette and was exposed to
140 or 57 ?nM Na’ in the bath. B, Currentvoltage relationships under the two Na+
concentration gradient conditions. As the
bath Naf concentration was changed from
140 (0) to 57 (0) mM, the reversal potential
shifted from 0 to +25.2 t 1.l mV, indicating
that the channel is permeable to Nat but
not Cl-. Bottom right, Reversal potentials in
a different NaCl gradient between pipette
and bath solution. The data points were
fitted to a regression line. The slope of the
line was -58.4 mV/decade. Numbers in parentheses
represent number of patches
recorded.
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al., 1977).Direct application of acid to the receptive field excites
sensorynerve fibers, and the excitation is comparablewith that
evoked by CAP (Steen et al., 1992). Both CAP and acid were
found to produce similar whole-cell currents in trigeminal neurons(Liu andSimon,1994).Moreover, releaseof peptidessuchas
CGRP from bronchialsmoothmuscleby acidwasblocked by CZP
(Santicioli et al., 1993).The CGRP releaseevoked by acid is not
found when CAP-sensitiveneurons are lost after pretreatment
with CAP (Geppetti et al., 1991).Thus, thesefindingssuggestthat
acid may be an endogenousCAP. However, there are other
studiesthat do not support the view that acid and CAP have
similar mechanismof action. For example, “Rb+ efflux from
DRG culturesinducedby acidwasnot blocked by CZP (Bevan et
al., 1992).Also, there wasno cross-correlationbetweenacid and
CAP in activating primary afferents in a rat saphenousnerve,
althoughboth werecapableof activatingthe nerve fibers(Steenet

activate the CAP-activated

channel,

indicating

that Ht

did not

work via the samepathway asthat usedby CAP in activating the
sensoryneurons.Our resultsalsosuggestthat the putative CAP
receptor protein, whether it is the channelitself or an associated
regulatory protein, is not sensitiveto acidic pH.
In summary,we report the presenceof a nonselectivecation
channel that is activated by CAP in neonatal rat DRG neurons.
The channelwasactivated by CAP andblockedby CZP in excised
membranepatches in the absenceof any intracellular second
messenger,suggestingthat the channel could be a ligand-gated
ion channel. The channel was also activated by RTX in the
nanomolarrange, but not by acidic solution. When activated by
CAP, the channel may increase cation conductance, allowing
influx of cations which, in turn, leads to depolarization of the
sensoryneurons.The channelthat we identified is likely to pro-

B
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9
.
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o
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al., 1992). In our study using outside-out patches,acid failed to
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Figure 8. Cation selectivity of the CAPactivated channel. A, Inside-out patches
were formed with pipettes containing
140 mM NaCI. Current-voltage relationships were obtained after bath solutions
were changed from 140 mM NaCl to 140
IIIM KCI, CsCI, RbCI, or LiCl. The current-voltage curve for Naf is the same
as illustrated in Figure 5. B, The channel
was permeable to Ca’+. In this experiment, pipette solutions were filled with
100 mM CaCl, and 1 p.M CAP. Currentvoltage relationships were obtained after
inside-out patches were formed (n = 7).
The bath solution contained 140 mM
NaCI. To obtain reversal potentials, currents at each potential were fitted by an
exponential equation described in the
text. P&P,,
= 0.24.
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Figure 9. Effect of acidic solution on the CAP-activated
channel. A, CAP
an inward whole-cell
current.
(0.5 PM) applied to a DRG cell evoked
Acidic bath solution (ACID;
pH 5.8), however,
failed to evoke the inward
current.
Small deflections
were artifacts
caused by small air bubbles
generated in the perfusion
system. B, Acidic bath solution (ACID; pH 6.0,
symmetrical
140 mM NaCl) was perfused to the extracellular
surface of an
outside-out
patch held at -60 mV. Single-channel
openings
were not
observed
during acid application.
Unitary
channel
openings,
however,
were seen when 0.5 pM CAP (pH 7.4) was applied. C, Summary
of effects
of CAP and ACID (pH 6.0) on the CAP-activated
channel (n = 4).

duce

the macroscopic

cation

current

that underlies

sensory trans-

duction in pain transmission.
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