
The e�ects of pH on the interaction between capsaicin and the
vanilloid receptor in rat dorsal root ganglia neurons

*,1,2L.M. McLatchie & 1S. Bevan

1Novartis Institute for Medical Sciences, 5 Gower Place, London, WC1E 6BN

1 The vanilloid receptor of sensory neurons is a polymodal nociceptor sensitive to capsaicin,
protons, heat and anandamide. Although it is known that interaction occurs between these di�erent
mediators the mechanism by which this occurs is poorly understood. In this study capsaicin elicited
currents were recorded from vanilloid receptors found in adult rat isolated dorsal root ganglia
(DRG) neurons under conditions of varying pH and the mechanism whereby protons can modulate
this capsaicin response investigated.

2 Under whole-cell voltage clamp, modulating extracellular pH shifted the position of the capsaicin
log(concentration)-response curve. Acidi®cation from pH 9.0 to pH 5.5 lowered the EC50 values
from 1150+250 nM to 5+2 nM with coincident change in the mean apparent slope factor from
2.3+0.3 to 0.9+0.2 and no change in maximal response.

3 The magnitude of the potentiation seen on reducing extracellular pH was not signi®cantly
a�ected by changes in extracellular calcium and magnesium concentration.

4 The response to capsaicin was not potentiated by a reduction in intracellular pH suggesting a site
of action more accessible from the extracellular than the intracellular side of the membrane.

5 Potentiation by low pH was voltage independent indicating a site of action outside the
membrane electric ®eld.

6 At the single channel level, reducing extracellular pH increased channel open probability but had
no signi®cant e�ect on single channel conductance or open time.

7 These results are consistent with a model in which, on reducing extracellular pH, the vanilloid
receptor in rat DRG neurons, changes from a state with low a�nity for capsaicin to one with high
a�nity, coincident with a loss of cooperativity. This e�ect, presumed to be proton mediated, appears
to involve one or more sites with pKa value 7.4 ± 7.9, outside the membrane electrical ®eld on an
extracellularly exposed region of the receptor protein.
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Introduction

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), the pungent
component of hot chilli peppers excites a subset of primary
a�erent neurons. This excitation is thought to be mediated by

the activation of a ligand-gated non-selective cation channel
with subsequent membrane depolarization and action
potential generation (reviewed by Bevan & Docherty, 1993).

Indeed, such a channel, VR1, has been cloned (Caterina et
al., 1997) and found to be expressed in sensory neurons
(Caterina et al., 1997; Helliwell et al., 1998; Tominaga et al.,

1998). When heterologously expressed in mammalian cells or
Xenopus oocytes, VR1 also confers sensitivity to heat
(Caterina et al., 1997) and to the endogenous lipid,
anandamide (Zygmunt et al., 1999; Smart et al., 2000). The

vanilloid receptor is therefore clearly polymodal and

interactions between the di�erent mediators are likely to be
an important part of its function.
Changes in extracellular pH from the usual value of about

7.4 can be caused by a variety of physiological and
pathophysiological conditions including, tissue in¯ammation
and ischaemia (Uchida & Murao, 1975; Jacobus et al., 1977;

Steen et al., 1995). Although these changes are usually only
fairly small, values below pH 6.0 have been measured
(Jacobus et al., 1977). In psychophysical studies intradermal

injection or infusion of solution at pH 6.2 is su�cient to
cause pain (Lindahl, 1962; Steen & Reeh, 1993). These e�ects
are thought to be mediated via activation and sensitization of
nociceptive and some visceral a�erent ®bres (Steen et al.,

1992). In a sub-population of isolated DRG neurons
acidi®cation activates at least two di�erent types of cation
channel, resulting in a fast rapidly-inactivating current, which

may be followed by a slower more slowly-inactivating one
(Bevan & Yeats, 1991). Recently, several proton activated
channels (e.g. ASIC 1a and 3) with a variety of properties
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and kinetics have been cloned and their mRNA shown by in
situ hybridization to be present in sensory ganglia (Wald-
mann et al., 1997a,b; Linguelis et al., 1997). In addition to

these speci®c proton activated channels there is evidence that
some of the e�ects seen on acidi®cation of DRG neurons are
mediated via the capsaicin receptor itself (Bevan et al., 1993;
Tominaga et al., 1998). Indeed, studies in transgenic mice

lacking the VR1 receptor demonstrate a loss of the more
slowly-inactivating, sustained, pH-induced current in DRG
neurons, coincident with a loss of capsaicin sensitivity

(Caterina et al., 2000; Davies et al., 2000).
In addition to a direct e�ect on sensory neurons, protons

also exert a modulatory role on the capsaicin response

whereby low pH substantially potentiates the amplitude of
responses to sub-maximal concentrations of capsaicin in
DRG and Trigeminal neurons (Petersen & LaMotte, 1993;

Martenson et al., 1994; Kress et al., 1996), and in cells
expressing cloned VR1 (Caterina et al., 1997; Tominaga et
al., 1998; Smart et al., 2000). Studies on the cloned VR1
receptor have demonstrated a shift in the capsaicin

log(concentration)-response curve corresponding to a 2 ± 6
fold increase in capsaicin a�nity on decreasing pH from 7.4
to pH 6.4. A detailed, quantitative analysis of pH

modulations of the capsaicin responses of native receptors
in DRG neurons is, however, lacking. Protons interact with
sites on extracellular regions of the protein (Tominaga et al.,

1998; Jung et al., 1999) and site directed mutagenesis studies
have identi®ed residues in the region linking the extracellular
aspect of the ®fth transmembrane domain to the putative

pore forming region that are important for VR1 activation by
acid solutions and for potentiation of heat responses by
protons (Jordt et al., 2000). The mechanisms underlying the
potentiation are, however, unclear. It has yet to be resolved

whether acid-induced potentiation is identical for the native
receptor and for cloned VR1 and whether potentiation is
similar for chemical and thermal stimuli.

In this study we have addressed these issues by studying
the native vanilloid receptor in DRG neurons isolated from
adult rats under whole cell voltage clamp and at the single

channel level to look at a�ects on single channel conduc-
tance. The results represent the ®rst comprehensive study of
the mechanism of potentiation of the capsaicin response by
protons and provide evidence that this e�ect represents an

allosteric modulation a�ecting the transition between open
and closed states of the receptor. A model is proposed based
on these observations.

A preliminary account of some of this work has been
reported (McLatchie & Bevan, 1998a,b).

Methods

Preparation of cells

Dorsal root ganglion (DRG) neurons were isolated from
adult male Sprague-Dawley rats by methods similar to those

described previously (Bevan & Winter, 1995). Brie¯y, ganglia
from all levels of the spinal cord were dissected from rats of
*180 g killed by over exposure to CO2 (according to a

Home O�ce approved procedure). Ganglia were placed in
Ham's Nutrient mix F14 (GIBCO) to which was added
Ultraser-G arti®cial serum (4%), L-glutamine (1 mM),

penicillin (50 IUml71) and streptomycin (50 mgml71). They
were digested in collagenase (Worthington type IV 0.125%)
for 2 ± 3 h before mechanical dissociation, ®ltering (90 mm
pore) and spinning through 15% BSA to remove debris and
myelin. Neurons were then resuspended in F14 media as
above, with addition of nerve growth factor (NGF,
50 ngml71), and plated on polyornithine coated culture

dishes (35 mm). They were incubated at 378C in a humidi®ed
incubator with 3% CO2 in air, for 16 h ± 4 days before use,
usually being replated 1 ± 8 h before recording, to remove

neurites, which may compromise the space clamp of the
neurons.

Electrophysiological recording

Whole cell recordings were made from small to medium sized

neurons (capacitance 42+1 pF, diameter 29.6+0.8 mm
(n=217)) without obvious neurites. Borosilicate glass patch
pipettes (2 ± 6 MO) were ®lled with (mM): KCl 140, CaCl2 1,
EGTA/2 10, MgATP 1 (or MgCl2/10 1,2-bis(2-Aminophen-

oxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA)), HEPES 10,
pH 7.4 (KOH). One hundred mM CsCl and 30 mM N-methyl
glucamine replaced KCl in experiments in which responses

were studied at positive membrane potentials (shown in
Figures 2, 3, 6, 7, 8). For the experiments in Figure 5 where
internal pH was modi®ed, N-methyl glucamine was sub-

stituted with bu�er to give a ®nal bu�er concentration of
40 mM whilst maintaining osmolarity. For these experiments
neurons were left for at least 5 min after reaching the whole-

cell con®guration before recordings were made to allow time
for exchange of internal solution and neurons were only used
if the series resistance was 8 MO or under. The culture dishes
were continually perfused (3 ml min71) with either standard

bath solution (mM): NaCl 140, KCl 5, glucose 10, bu�er 10
(MES (2-[N-Morpholino]ethanesulphonic acid); pH 5.5 ± 6.6,
HEPES, pH 7.0 ± 7.8, AMPSO (3-[(1,1-Dimethyl-2-hydro-

xyethyl0amino]-2-hydroxypropanesulphonic acid); pH 8.2 ±
9.0), CaCl2 2, MgCl2 1, pH 7.4 (NaOH)), or for experiments
studying the current-voltage relation (Figure 6), with a

modi®ed solution to minimize potassium currents (mM):
NaCl 130, glucose 10, HEPES 10, CsCl 1, CdCl2 200 mM,
TEA 10 mM, MgCl2 3, pH 7.4 (NaOH). Capsaicin (Sigma)
was applied rapidly by means of a U-tube (Fenwick et al.,

1982). CaCl2 and MgCl2 were replaced by NaCl in some
experiments. Experiments were carried out at room tempera-
ture (17 ± 258C). To avoid the introduction of any tempera-

ture related e�ects, pH comparisons were either made on
individual neurons (Figures 1, 3b,c, 6, 7, 8), between
comparable numbers of neurons recorded on the same day

(Figures 4, 5) or, using a randomized pH order and repeated
measurements (Figures 2, 3a). Only one neuron was used
from each dish to minimize desensitization. In experiments in

which a neuron was exposed to more than one pH value
experiments were bracketed (i.e. 1st pH, 2nd pH, 1st pH
again) and/or the order of pH presentation was reversed
between experiments.

With the exception of Figure 1 where the response to low
pH alone is shown, the current elicited by pH change alone
was either subtracted or in the case of capsaicin log(concen-

tration)-response curves at a constant pH the neuron was
equilibrated at that pH value prior to capsaicin exposure.
This means that all currents described are capsaicin rather
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than pH activated. Responses to pH alone required for
subtraction were always obtained prior to any capsaicin
exposure to avoid problems associated with persistence of

capsaicin in the membrane. Capsaicin log(concentration)-
response curves responses were obtained by increasing rather
than decreasing capsaicin concentration for the same reason.
All solutions contained 0.1% dimethyl sulphoxide (DMSO)

as a solvent for capsaicin; 10 and 30 mM capsaicin solutions
contained 1 and 3% DMSO respectively.

Data analysis

Recordings were made with an Axoclamp 200A ampli®er,

®ltered at 5 kHz (unless otherwise stated) and analysed using
pClamp6 software (Axon instruments). Statistical tests:
ANOVA with post hoc Bonferroni and paired t-tests were

used. All errors are standard errors of the mean.

Results

Figure 1 shows the e�ect of reducing the extracellular pH on
the capsaicin-elicited current recorded from a DRG neuron

held at 760 mV. Low pH solution was initially applied in
the absence of capsaicin to measure the small response to low
pH alone (Figure 1a). The neuron was then exposed to either

a low (10 nM) or high (10 mM) concentration of capsaicin, as
indicated, ®rst at physiological pH 7.4 and then at pH 6.0. In
the presence of the lower capsaicin concentration (Figure 1b),

there was a large increase in current on reducing the pH, this
increase being much greater than the current elicited by the
low pH alone, indicating a potentiation of the capsaicin
evoked current (Petersen & Lamotte, 1993; Martensen et al.,

1994; Kress et al., 1996; Caterina et al., 1997). A smaller
degree of potentiation was seen at the higher concentration of
capsaicin (Figure 1c). This di�erence was not simply the

result of some reduction in potentiation with time as a larger
degree of potentiation was again seen on reapplication of the
lower capsaicin concentration (Figure 1d).

To examine this phenomenon of potentiation further, full
log(concentration)-response curves to capsaicin were con-
structed. A potential of +60 mV was used to minimize the
e�ects of desensitization (Yeats et al., 1992; Bevan &

Docherty, 1993; Liu & Simon, 1996) and each neuron was
equilibrated for several minutes at the test extracellular pH
before application of capsaicin at that pH. The results for

three pH values are shown in Figure 2a. Data from
individual neurons were normalized to the current elicited
by 10 mM capsaicin, at that pH, to allow for comparison of

the curves. A comparison of response amplitude was made
later (see below). The e�ect of reducing pH was to shift the
position of the log(concentration)-response curve to the left
corresponding to an increase in the apparent a�nity for

capsaicin. The pH dependence of the concentration of
capsaicin required for a half maximal e�ect is plotted in
Figure 2b. The curve ®tted, which gives a good description of

these data, assumes a shift on reducing pH, from a low
a�nity state (EC50 value 1270+160 nM) to a high a�nity
state of the receptor (EC50 4.5+1.7 nM) with a pKa value of

7.9+0.2 determining the relative ratios of the two forms. In
addition, as seen in Figure 2a, reducing extracellular pH
caused a reduction in the mean apparent slope factors of the

individual log(concentration)-response curves to capsaicin
from 2.3+0.3 (at pH 9.0) to 0.9+0.2 (at pH 5.5). The
apparent slope factors, were plotted as a function of pH, in
Figure 2c. These pooled data were ®tted with a curve

assuming the same type of model as that in Figure 2b
yielding maximum and minimum values of 2.3+0.2 and
1.1+0.2 respectively and pKa value of 7.4+0.4. The

reduction in slope factor from a value close to 2 at high
pH to one close to 1 at lower extracellular pH suggests that
the capsaicin interaction with its receptor shifts from being

cooperative (whereby binding of the ®rst capsaicin molecule
facilitates the binding of subsequent molecules) to non-
cooperative (independent binding) on reducing extracellular

pH. These e�ects of pH are unlikely to be due to changes in
the degree of protonation of the capsaicin molecule itself,
because with a pKa value of 10.10+0.05 (Sirius PCA101
pKa-log P analyser) the change in the ratio of charged to

uncharged capsaicin will be small over the pH range used
here.
To determine whether modulation of extracellular pH had

any e�ect on maximal response, the currents elicited by
10 mM capsaicin, from the cumulative log(concentration)-
response curves in Figure 2 were compared (Figure 3a).

Although these data showed no signi®cant overall trend in
maximal current magnitude as a function of pH there was
some suggestion of larger responses at the lower pH values,
such as pH 6.5, than at very high pH values. This possible

trend could represent a real di�erence, but masked by
variable desensitization between neurons or, simply sampling
error when studying a population with very variable

Figure 1 Potentiation of the response to capsaicin by low pH. DRG neuron was voltage clamped at 760 mV and capsaicin
applied at pH 7.4 (single line) or pH 6.0 (double line) at either 10 nM (b, d) or 10 mM (c) as indicated. (a) shows response to pH 6.0
solution without capsaicin. Inward current downwards, responses to low pH alone not subtracted.
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sensitivities to capsaicin (see Bevan & Winter, 1995). To
di�erentiate between these possibilities a comparison was
made between the potentiation seen at pH 6.5 and 9.0, with a
very high concentration of capsaicin (100 mM) in individual

neurons not previously exposed to capsaicin. Figure 3b shows
a sample trace illustrating the type of protocol used, in which
a neuron held at +60 mV in solution at pH 7.4 was exposed
to solutions of pH 6.5 and 9.0, ®rst in the absence of

Figure 2 E�ect of extracellular pH on the capsaicin log(concentration)-response curve. (a) Log(concentration)-response curves for
capsaicin recorded at +60 mV with extracellular pH of 5.5 (circles), 7.4 (open diamonds) and 9.0 (triangles). Curve ®tted of form
[Imin7Imax/(1+(x/x0)

p]+Imax (where; Imin is the minimum current, Imax the maximum, x0 the x value for half maximal response and
p the apparent slope factor). Current was normalized to that elicited by 10 mM capsaicin for each neuron. (b) Concentration of
capsaicin for half maximal response at each of these pH values with additional such curves as a function of the extracellular pH.
Curve ®tted based on model described in text constrained to a lower limit of 4.5+1.7 nM calculated from the mean data at pH 5.5
and pH 6.0 (n=18). Upper limit of 1270+160 nM and pKa value of 7.9+0.2 determined from best ®t (n=75). (c) Slope factors
from the curves in (a) and additional such curves as a function of extracellular pH. Curve of same form as in (b) with limits of
1.1+0.2 and 2.3+0.2 and pKa value of 7.4+0.4, determined from best ®t (n=75).

Figure 3 E�ect of extracellular pH on the maximal capsaicin current. (a) Mean peak currents elicited by 10 mM capsaicin from the
data in Figure 2 as a function of pH. (b) E�ect of extracellular pH on the current elicited by 100 mM capsaicin in a single neuron at
+40 mV. One hundred mM capsaicin was applied at pH 6.5 then in the maintained presence of capsaicin extracellular pH increased
to pH 9, then returned to pH 6.5 as shown. (pH order was reversed in half the neurons tested). Only one set of recordings was used
from each neuron corresponding to the ®rst application of capsaicin to that dish and only one neuron was used from each dish.
Decreasing the extracellular pH had very little e�ect on the capsaicin elicited current. (c) Mean data from experiments such as that
in (b) with any current elicited by the pH change alone subtracted, showing the relative size of the current at pH 6.5 if that at pH
9.0 is 1 (n=8).
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capsaicin, and then in the maintained presence of 100 mM
capsaicin. In this neuron, selected for its small current and
small degree of desensitization (see below), there was virtually

no e�ect of this change in pH in the absence of capsaicin and
only a very small decrease in current on increasing the pH in
the presence of capsaicin. Figure 3c shows the mean data
from eight experiments of this type with variable order of pH

presentation, where the average ratio of the current at pH 6.5
as compared to that at pH 9.0 was 1.09+0.04. This value is
not signi®cantly di�erent from 1 (paired t-test, P=0.2

(n=8)), indicating that the maximal response was not
modi®ed by changes in extracellular pH but that instead,
the potentiation seen could be explained entirely by a shift in

the position of the log(concentration)-response curve. Inter-
estingly, following desensitization seen with subsequent
applications of capsaicin to the same neuron, responses were

more susceptible to the e�ects of pH change even at high
capsaicin concentrations. This suggests that in this aspect at
least, desensitization was equivalent to reducing the e�ective
concentration of capsaicin.

In the next series of experiments the mechanism whereby
the position of the capsaicin log(concentration)-response
curves may be shifted by modi®cations in extracellular pH

was addressed. To establish whether any changes in divalent
cation permeability were involved, the magnitude of
potentiation was compared in standard extracellular solution

and in solution without added calcium or magnesium. As
shown in Figure 4a there was an increase in the magnitude of
the currents evoked by 10 nM capsaicin at both pH 7.4 and

pH 6.0 on removing divalent cations (Docherty et al., 1996),
but no signi®cant e�ect on the actual degree of potentiation
of the response (Figure 4b). This ®nding indicates that no
part of the potentiation described above can be explained by

a change in divalent cation permeability or by displacement
of ®xed charge contributed by divalent cations.
To investigate more closely the site of action of protons the

e�ects of modifying internal pH were compared with those
seen with changes in extracellular pH. Figure 5 shows the
current obtained on extracellular application of a low

concentration (10 nM) of capsaicin at pH 7.4 (dark bars) or
pH 6.0 (open bars), to neurons with one of three di�erent
internal solutions, standard internal solution at pH 7.4
bu�ered with 10 mM HEPES (left), solution at pH 7.4 with

40 mM HEPES (middle) or reduced pH solution, pH 6.0 with
40 mM MES (right). Although there was a small decrease in
the current elicited with extracellular pH 7.4 on decreasing

intracellular pH, the large potentiated current seen at
extracellular pH 6.0 was not signi®cantly di�erent between
the three groups (P40.9, ANOVA). If the site responsible for
potentiation were intracellular or close to the intracellular

face of the membrane, then changing intracellular pH would
be expected to have a greater e�ect than changing the
extracellular pH. In contrast, these results suggest that the

site responsible for capsaicin potentiation is more accessible
from the extracellular than the intracellular side of the
membrane.

To investigate whether the site could be within the
membrane electrical ®eld the dependence of potentiation on
voltage was examined. Figure 6a shows the outwardly

rectifying current voltage relationships elicited at pH 7.4
and pH 7.0 by a concentration of capsaicin chosen to be sub
maximal at both pH values for each neuron, (either 50 or
100 nM in each case). Current was potentiated at all voltages.

Figure 4 E�ect of divalent cations on the potentiation of the capsaicin response. (a) Mean current elicited at 760 mV on
application of 10 nM capsaicin at pH 7.4 (®lled bars) or pH 6.0 (open bars) in standard or divalent solution as indicated. Currents
elicited by pH alone were subtracted. (b) Current at pH 6.0/current at pH 7.4 for each neuron in the two solutions (n=11 and 8
respectively).

Figure 5 E�ect of intracellular pH on the response to capsaicin.
Current elicited by neurons held at 760 mV with internal pH 7.4
(bu�ered with either 10 or 40 mM HEPES) or pH 6.0 (bu�ered with
40 mM MES) to external application of 10 nM capsaicin at pH 7.4
(®lled bars) or pH 6.0 (open bars) (n=8,9,9). Series resistance
48 MO, 55 min equilibration period after reaching whole-cell
con®guration before recording.
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In Figure 6b the relative potentiation, i.e. the current evoked
at pH 7.0 as a function of that at pH 7.4 normalized to the
ratio at 7100 mV for each neuron is plotted as a function of

voltage. There was no signi®cant di�erence in this ratio as a
function of voltage indicating that potentiation was not
voltage dependent. This implies that the site of action is not
within the membrane electrical ®eld and therefore more likely

to be on some extracellular region of the protein. This ®nding
also implies that this site is likely to be remote from the
capsaicin binding site which has recently been reported to be

intracellular (Jung et al., 1999).
The absence of e�ect of reducing extracellular pH on the

maximal response to capsaicin (Figure 3) suggests that the

reduction in pH may a�ect open channel probability rather
than to increase single channel conductance. This question
was addressed directly by making recordings at the single

channel level. In excised outside-out membrane patches,
application of capsaicin to the extracellular side of the
membrane elicited channel activity (Forbes & Bevan, 1987;
Oh et al., 1996). At a constant concentration of capsaicin,

reducing pH from 8.5 to 5.5 led to a dramatic increase in the
channel activity elicited and the number of open channels
(Figure 7a), corresponding to an increase in channel open

probability, assuming a constant total channel population in
the patch, of over 20 times. No channel activity was elicited
by the pH change alone in this experiment (data not shown)

and recordings where `background' channel activity was
apparent at the pH value under study were not included in
the analysis. The increase in channel activity was particularly

marked (15 fold) with the decrease in pH from 8.5 to 7.4
which corresponds to the region of maximum pH dependence
of the EC50 and apparent slope factors seen with whole-cell
recordings (Figure 2). Figure 7b shows current recordings

with capsaicin elicited channel activity at a range of
membrane potentials at extracellular pH 7.4 and pH 5.5
respectively. It is apparent that this ®gure and the single

channel current-voltage relationship shown in Figure 7c
containing data from ®ve patches that the single channel
conductance was not signi®cantly modi®ed by changes in

extracellular pH. Although there was no signi®cant di�erence
in single channel conductance which was, 91+11 pS and

35+2 pS at +60 mV and 760 mV respectively at physiolo-
gical pH and 81+11 pS and 32+1 pS at reduced pH, there
was a trend towards reduced conductance at low pH as

recently reported by Baumann & Martenson (2000).
Open time distributions were constructed from excised

outside-out patches held at +60 to +80 mV with an external
pH of either 8.5, 7.4 or low pH (pH 5.5 ± 6.5). In cases where

multi-channel patches were used data were only included
from periods of openings from baseline to the single open
channel level. Figure 8a shows typical open time distributions

for pH 8.5 and 7.4, which were best ®tted by two
exponentials with a faster and a slower time constant
respectively. Double exponential ®ts to open time distribu-

tions have been reported previously for the vanilloid receptor
in rat DRG neurons (Oh et al., 1996) although a single
exponential was found to best ®t the open time distribution

for the cloned VR1 receptor (Tominaga et al., 1998). In some
of the single channel experiments data were ®ltered at 2 KHz
which limited the resolution of the brief events. For this
reason analysis of measurements has been restricted to the

second, slower component of the open time distributions.
Mean values for the constant as a function of pH (Figure 8b)
revealed no signi®cant change with pH (ANOVA, P40.2),

with values of 3.1+0.8 ms (n=6, pH 8.5), 4.2+1.2 ms (n=9,
pH 7.4) and 3.8+0.7 ms (pH 5.5 ± 6.5).

Discussion

Mechanism of action

The data presented here demonstrate a modulatory role for
protons in setting the a�nity of the native vanilloid receptor

in adult rat DRG neurons for capsaicin without changing the
maximal response or single channel conductance. This is
clearly an important mechanism from the scale of the shifts

seen, 200 ± 300 fold over the full pH range studied here (pH
5.5 ± pH 9) and some 8 ± 9 fold over the more physiological
range of pH 7.4 to pH 6.5. This latter shift compares with

values of 2 ± 6 fold seen for the cloned rat and human VR1
receptors over this pH range (Tominaga et al., 1998; Smart et

Figure 6 Voltage dependency of the potentiation of the capsaicin response by extracellular protons. (a) Current-voltage
relationships at extracellular pH 7.4 (diamonds) and 7.0 (triangles) with subthreshold concentration of capsaicin, either 50 or
100 nM for each neuron. Current normalized to that at +80 mV and pH 7.4 for each neuron. Responses to application of pH in the
absence of capsaicin subtracted (n=7). (b) Relative potentiation (current pH 7.0/current pH 7.4) as a function of voltage,
normalized to that at 7100 mV for each neuron (n=7).

British Journal of Pharmacology vol 132 (4)

pH potentiation of capsaicin responsesL.M. McLatchie & S. Bevan904



al., 2000). Our analysis of the dependence of EC50 values and
slope factors on pH indicates that the relationships can be

®tted by a sigmoidal curve with a mid-point at pH 7.4 ± 7.9.
These values are similar to the mid-point of *pH 7 recently
reported for the low pH-induced potentiation of noxious heat

responses of the rat cloned wild-type VR1 (Jordt et al., 2000).

In contrast low pH solutions have been reported to have no
e�ect on the response of rat cloned VR1 to another activator,
anandamide (Smart et al., 2000). This ®nding suggests that
pH modulation of VR1 activity may depend on the type of

agonist.
Jordt et al. (2000) identi®ed a glutamate residue (E600)

thought to be located in the region that links the extracellular

domain of the ®fth transmembrane spanning region to the
putative pore forming loop. Site directed mutagenesis showed
that this residue is particularly important for potentiation of

the heat responses. Replacement of glutamate with neutral or
positively charged residues potentiated the current responses
to heat and resulted in a reduction or loss of pH modulation

of the evoked heat responses. Such amino acid changes also
shifted the log(concentration)-response curves for capsaicin to
lower concentrations, although the authors did not report
whether the shifts were associated with any change in pH

modulation of the capsaicin-evoked responses.
In the current study potentiation of the capsaicin response

at low pH was not associated with any increase in the

amplitude of the maximum response. This ®nding contrasts
with a recent report that acidi®cation from pH 8.0 to pH 6.0
is associated with a greater than 3 fold increase in the

maximal capsaicin-evoked current response of human cloned
VR1 expressed in Xenopus oocytes (Hayes et al., 2000). The
reasons for this di�erence are unclear although they may be

associated with either a species di�erence or the cellular
environments of the native and cloned receptors.
A shift in the log(concentration)-response curve with

constant maximal response could be described by assuming

Figure 7 E�ects of pH on the response to capsaicin at the single channel level. (a) Current elicited by outside-out patch at
+80 mV on application of 10 mM capsaicin at pH 8.5, pH 7.4 and pH 5.5 as indicated. Filtered at 2 kHz. (b) Same patch as in (a)
showing single channel activity at a range of potentials. No activity was seen in this patch on application of the pH solutions alone.
(c) Mean single channel currrent-voltage relationship, combined data from ®ve patches at pH 7.4 (open diamonds) and reduced pH
(®lled triangles).

Figure 8 The e�ect of extracellular pH on mean channel open
times. (a) Mean open time distributions of single channel activity in
an outside-out patch at +80 mV with extracellular pH 8.5 (upper)
and pH 7.4 (lower) each ®tted with two exponentials. Inserts show
data on the same scale to allow easier comparison of the relative
frequencies. (b) Mean values for slower of these exponentials from
6 ± 9 patches as a function of pH.
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the conversion of individual receptors from a low a�nity,
unprotonated state at high pH values to a higher a�nity,
protonated state, on reducing pH. The population response

at any given pH value would then re¯ect the ratio of the
numbers of receptors in the two states. The pH dependence
of the shift in the apparent half maximal e�ect and slope
factors are both consistent with this interpretation if the

proton(s) interact(s) with a site, or sites, with pKa value of
7.4 ± 7.9. This simple model is shown in scheme 1 with two
pathways representing the protonated and non-protonated

states of the receptor. It is unknown how many subunits
make up each capsaicin receptor or how many capsaicin
molecules are required to bind for activation. Hill coe�cients

(slope factors) of 1.7 ± 2.2 (Vlachova & Vyklicky, 1993;
Koplas et al., 1997 and Figure 2a) for capsaicin interaction
at physiological pH, suggest at least two capsaicin molecules

are involved. This ®nding suggests the involvement of at least
two subunits but from comparison with potassium channels
or nicotinic receptors for example, (e.g. Popot & Changeux,
1984; Mackinnon, 1991), an overall composition of four or

more subunits may occur. The model in Scheme 1 considers
the simplest case and shows the sequential binding of two
capsaicin molecules whilst acknowledging that this may be an

over simpli®cation and that additional steps could be added.
Activation of the receptor by protons alone has been omitted
from the model for clarity.

Scheme 1

K1 to K4 are rate constants for capsaicin binding and
K71 to K74 for unbinding. b and a (or bH and aH) are rate
constants for the conversion of the liganded receptor

between the open and closed states. The reduction in
cooperativity seen on reducing extracellular pH could imply
the loss of one of the steps indicated in the lower pathway,

or simply an increase in the rate constant such that that step
is no longer limiting. Since it is not possible to determine
from these data which of these two situations is occurring
an equivalent number of steps have been included in both

pathways.
The single channel results showing that conductance is

unchanged but that open probability is increased on reducing

extracellular pH are consistent with this model in that they
favour a change in the conversion rate between states rather
than the development of a new state. From the analysis of

the single channel open times the values a and aH, the rate
constants for transition from the open to closed state of the
channel, appear to be equal. This implies that changes in the
binding rate constants or b values must mediate the increase

in open channel probability.
Whilst this model is consistent with the majority of the

data presented here it may be an oversimpli®cation. For

example protons may interact with more than one site on the
receptor. Although we have ®tted the relationships between
pH and either EC50 values or slope factors with single

sigmoidal curves, close inspection of the slope factor data
suggests that the pH dependence of the slope factors (Figure

2c) could be ®tted by a double sigmoidal function with pKa

values of about pH 6 and 8. Support for the contribution of
a single site is provided by the identi®cation of the

importance of the glutamate residue (E600) for potentiation
of noxious heat responses in site directed mutagenesis studies
(Jordt et al., 2000). Nevertheless we cannot rule out at
present that other residues may have a role in proton-induced

potentiation.
It is possible that pH modulation of VR1 involves changes

in both chemical sensitivity and thermal thresholds and that

our experiments have monitored the net agonism of VR1
induced by capsaicin at a lowered temperature threshold. In
the present study temperature in individual experiments was

steady, despite some day to day variations, and low pH alone
often had no signi®cant agonist e�ect at the experimental
temperatures used (see e.g. Figure 1). We cannot rule out the

possibility that capsaicin also modulates temperature thresh-
old. It would be interesting to extend the present ®ndings to
study the e�ects of temperature on pH modulation of
chemical sensitivity, but such a study is beyond the scope

of the present investigation. It is hoped that this initial
`simple' model will serve as a valuable starting point from
which to study interactions at this receptor further and for

comparison of the native receptor with the cloned VR1.

Site of proton action

All of the data presented here argue against the site or sites
of proton action mediating potentiation being within the

channel pore or membrane electrical ®eld. If the proton(s)
acted within the membrane electrical ®eld a voltage
dependence would be expected which was not seen.
Similarly, the absence of any interaction with divalent

cations or e�ect on the single channel conductance and
hence maximal response support this view. The larger e�ect
of extracellular than intracellular pH change suggest that the

site(s) is(are) on an extracellular region of the protein. These
characteristics are consistent with the identi®cation of a
glutamate residue (E600), which is extracellular and not part

of the putative pore region, as an important modulatory site
for protons. This modulatory site appears to di�er from the
extracellular site responsible for proton activation of the
VR1 (Jung et al., 1999; Tominaga et al., 1998), which has

been identi®ed, at least in part, as another glutamate residue
(E648). Both sites appear to be remote from the proposed
intracellular capsaicin site (Jung et al., 1999) and imply that

the potentiating e�ects of pH are likely to be mediated via
an allosteric change in the receptor rather than a direct
interaction of a proton with the capsaicin binding site. The

identi®cation of glutamate residues as important mediators
of proton activation and potentiation of VR1 highlights the
di�erences between the pKa values for the side chain of free

glutamic acid (pH 4.28) and the observed pH for half
maximal potentiation of capsaicin or noxious heat responses
(pH 7 ± 8) and activation by low pH (pH 5.3 ± 5.8; Bevan &
Yeats, 1991; Jordt et al., 2000). Such di�erences in the

titration of the side chains of amino acids in solution and
when in the complex chemical microenvironment of proteins
are well known and have been reported for other ion

channels including L-type calcium channels (see Chen &
Tsien, 1997) and cyclic nucleotide gated channels (Morrill &
MacKinnon, 1999).
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Physiological implications

The vanilloid receptor has also been shown to be sensitive

not only to capsaicin and protons but also to both heat
(Tominaga et al., 1998) and the endogenous cannabinoid,
anandamide (Zygmunt et al., 1999; Smart et al., 2000).
Reduction in pH has been demonstrated to potentiate the

response of VR1 to heat (Tominaga et al., 1998) although not
to anandamide (Smart et al., 2000). It is unclear why this
should be the case and whether the same is true of the native

receptor.
The potentiation of the response to heat could be very

important physiologically, for, as suggested by Vyklicky et al.

(1999) protons may function to decrease the threshold for the
heat response such that a previously ine�ective temperature
becomes stimulatory and hence painful.

A reduction in pH has also been shown to potentiate the
response of P2X2 containing receptors to ATP (King et al.,
1996; Li et al., 1996; 1997; Stoop et al., 1997). This
potentiation shows similarities to that seen here for capsaicin

except that cooperativity is not a�ected by changes in pH.
Like the capsaicin response this potentiation of the P2X2

containing receptor is voltage independent, involves a site

with pKa value of 7.6 (Li et al., 1996) and the interaction of a
single e�ector and could involve a similar mechanism.

It is clear from the polymodal nature of the vanilloid
receptor that interaction between its di�erent activators is an
important part of its function. Here, by studying one of these

pairs of interactions we have developed a model in which on
reducing extracellular pH the vanilloid receptor in rat DRG
neurons undergoes an allosteric change, shifting it from a low
to high a�nity state coincident with a loss of cooperativity.

This e�ect, presumed to involve proton interaction is voltage
independent indicating a site or sites of action outside the
membrane electrical ®eld. The absence of potentiation seen

on reducing intracellular pH points to an extracellular site.
The increase in channel open probability and the reduction in
cooperativity suggest a facilitation in the transition between

the open and closed states and possibly a reduction in the
number of capsaicin molecules required for activation. It is
hoped that this model should provide a useful starting point

from which to explore additional interactions at this receptor.

We wish to thank Hendrikus Eggelte and David Bentley for
measuring the pKa of capsaicin, Prof Humphrey Rang for helpful
comments and discussion on the manuscript and Dr Alison Reeve
for some of the single channel recordings.
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