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Recently, with use of rat dorsal root ganglion (DRG) neurons we
have been able to dissociate the binding affinities of vanilloids
from their potencies to induce 45Ca uptake, which suggests the
existence of distinct classes of the vanilloid receptor (Acs et al.,
1996). In the present study, we have demonstrated that the
ultrapotent capsaicin analog resiniferatoxin (RTX) desensitized
rat DRG neurons to the subsequent induction of 45Ca uptake by
capsaicin and RTX with affinity and cooperativity similar to that
found for [3H]RTX binding, contrasting with a ;10-fold weaker
potency and lack of cooperativity to induce 45Ca uptake. Like-
wise, the competitive antagonist capsazepine inhibited RTX-
induced desensitization with potency similar to that for inhibi-
tion of specific [3H]RTX binding, whereas the potency of
capsazepine was ;10-fold higher for inhibiting RTX-induced
45Ca uptake. Finally, the noncompetitive antagonist ruthenium
red inhibited both the RTX-induced desensitization and 45Ca

uptake but showed ;60-fold selectivity for inhibiting RTX-
induced desensitization. The RTX-induced desensitization was
not associated with loss of specific [3H]RTX binding, suggest-
ing lack of gross cell toxicity. In contrast to RTX, capsaicin
caused desensitization with a potency corresponding to that for
45Ca uptake and did so in a noncooperative manner. Unlike the
RTX-induced desensitization, the desensitization by capsaicin
was blocked by ruthenium red only at doses that blocked 45Ca
uptake and depended on external calcium. Our findings provide
further support for the existence of vanilloid receptor subtypes
on DRG neurons with distinct pharmacology and distinct pat-
terns of desensitization.
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A subpopulation of primary afferent neurons, located in the
dorsal root and trigeminal ganglia, can be defined by their selec-
tive susceptibility to the effects of capsaicin (Buck and Burks,
1986; Holzer, 1991), the major pungent ingredient of hot peppers
of the plant genus Capsicum.

Several years ago we found that resiniferatoxin (RTX), a nat-
urally occurring irritant tricyclic diterpene (Hergenhahn et al.,
1975) that combines structural features of the phorbol ester tumor
promoters and of capsaicin, functions as an ultrapotent capsaicin
analog (Szallasi and Blumberg, 1989). Qualitatively, RTX in-
duces a pattern of responses generally similar to those observed
for capsaicin (Szallasi and Blumberg, 1989). RTX and capsaicin
differ, however, in their relative potencies for different responses
(Blumberg et al., 1993).

As observed for capsaicin, after initial excitation, RTX treat-
ment also leads to desensitization to subsequent RTX application;
in addition, desensitization by either compound leads to cross-
desensitization to the other (Blumberg et al., 1993). It was postu-
lated decades ago that pungency of capsaicin analogs is propor-
tional to the desensitization that follows (Jancso, 1968); however,
this does not seem to be the case for RTX. For example, similar
concentrations of RTX and capsaicin cause contraction of isolated
rat urinary bladder, but RTX shows a 1000-fold higher potency to
induce desensitization (Maggi et al., 1990). Moreover, RTX, but

not capsaicin, can desensitize the pulmonary J1 receptors of the rat
without previous excitation (Szolcsanyi et al., 1990).

[ 3H]RTX shows specific, saturable binding to membranes of
sensory afferent neurons, displaying appropriate tissue, species,
and pharmacological specificity to represent the vanilloid recep-
tor (Blumberg et al., 1993; Acs et al., 1994a,b). Specific [3H]RTX
binding by the above membrane preparations displays sigmoidal
saturation kinetics, indicating apparent positive cooperativity
(Acs et al., 1994a,b).

The basis for the differences in the pattern of responses to
capsaicin and RTX and the divergence between the stimulatory
and desensitizing potencies of vanilloids has remained unre-
solved. Consistent with the existence of receptor subclasses (Hol-
zer, 1991; Blumberg et al., 1993), different vanilloid analogs show
different potencies for receptor binding and for induction of 45Ca
uptake in dorsal root ganglion (DRG) neurons when assayed
under similar conditions (Acs et al., 1996). Likewise, both RTX
and capsaicin bind to DRG neurons in a positive cooperative
fashion but induce 45Ca uptake in a noncooperative manner (Acs
et al., 1996).

In the present study, we have examined whether we can identify
any responses in the DRG neurons linked to the high-affinity
RTX receptor as defined by [3H]RTX binding. We conclude that
this site mediates desensitization of 45Ca uptake to subsequent
vanilloid challenge. We further demonstrate that stimulation of
the 45Ca uptake site by capsaicin can alternatively desensitize the
cells to subsequent vanilloid challenge. These two pathways of
desensitization show different sensitivities to ruthenium red and
different dependence on external Ca21. On the one hand, our
findings strengthen the evidence for multiple vanilloid receptors;
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on the other hand, they help rationalize the extensive evidence
for the complexity of “desensitization” in response to vanilloids
(Holzer, 1991).

MATERIALS AND METHODS
Female Sprague Dawley rats (6–8 weeks old, 150–160 gm body weight)
were purchased from NCI-FCRDC (Frederick, MD). Animals were
allowed to access food and water ad libitum throughout the course of the
experiments. Animal protocols were approved by the Animal Care and
Use Subcommittee, Division of Basic Sciences, National Cancer Insti-
tute. [ 3H]RTX (37 Ci/mmol) was synthesized by the Chemical Synthesis
and Analysis Laboratory, NCI-FCRDC. 45Ca (CaCl2 , 23.55 mCi/mg)
was purchased from DuPont NEN (Boston, MA). Nonradioactive RTX
and capsazepine were from LC Laboratories (Woburn, MA). Capsaicin
was from Sigma (St. Louis, MO). Ruthenium red was purchased from
Research Biochemicals International (Natick, MA).

Cell cultures. Rat DRG neuron cultures were prepared as described
(Acs et al., 1995, 1996). Animals were decapitated under CO2 anesthesia.
The spinal columns were removed aseptically, and DRGs from all levels
were dissected out and collected in ice-cold DMEM (Life Technologies,
Gaithersburg, MD) containing 0.5% heat-inactivated fetal bovine serum
(Life Technologies), 1 mM sodium pyruvate, and 25 mM HEPES. Ganglia
were digested with 0.125% collagenase (Sigma) in DMEM for 90 min at
37°C and then for an additional 90 min in fresh collagenase solution.
Ganglia were washed twice with DMEM containing 25 mM HEPES and
1 mM sodium pyruvate and were triturated through a flame-polished
Pasteur pipette to form a single cell suspension. The cells were pelleted
through a cushion of DMEM containing 15% fatty acid-free bovine
serum albumin (BSA) (Sigma) to remove myelin debris. Cells were then
washed three times with serum-free DMEM and resuspended in the
same medium, and the number of viable cells was determined by the
Trypan-blue dye exclusion test. Cells were then plated into
MultiScreen-DV 96-well filtration plates (Millipore, Marlborough, MA)
at a density of ;5 3 10 3 cells/well in 100 ml of serum-free medium.

For desensitization experiments, cells were incubated at 37°C in the
presence of RTX or capsaicin for the indicated times before measure-
ment of induction of 45Ca uptake. Alternatively, the cells in suspension
were treated with RTX and competing ligands (capsazepine or ruthe-
nium red). After incubation at 37°C for 6 hr, cells were washed three
times with serum-free DMEM containing 0.25 mg/ml BSA and then
challenged with either capsaicin or RTX to induce 45Ca uptake. The
efficacy of the washing procedure was quantitated in the following way.
Cells were incubated in the presence of 250 pM [ 3H]RTX (the concen-
tration of RTX used in most experiments for inducing desensitization)
for 6 hr. The radioactivity in the cell suspension was determined before
washing and after each washing step by scintillation counting. According
to these experiments, ;95% of the added radioactive RTX was removed
by this washing procedure from the suspension (see insert in Fig. 5). The
number of viable cells was then determined. Cells were then plated into
Multiscreen-DV 96-well filtration plates at a density of ;5 3 10 3 cells/
well in 100 ml serum-free medium and used for 45Ca uptake and
[ 3H]RTX binding assays.

Measurement of 45Ca uptake by DRG neurons. Freshly dissociated cells
in MultiScreen-DV 96-well filtration plates were incubated in a total
volume of 0.25 ml of serum-free DMEM (containing 1.8 mM CaCl2 ) in
the presence of 0.25 mg/ml BSA (included to stabilize the compounds in
the aqueous solution), 1 mCi/ml 45Ca, and increasing concentrations of
the different compounds for 20 min at 37°C (Acs et al., 1995, 1996). Cells
were then washed five times with ice-cold DMEM by filtration using a
MultiScreen Vacuum Manifold (Millipore). Filters were dried under a
heat lamp and punched out into scintillation vials using MultiScreen
disposable punch tips, and the radioactivity was determined by scintilla-
tion counting. For each data point in each experiment, eight wells were
assayed.

Analysis of 45Ca uptake data. Analysis of the 45Ca uptake experiments
was performed as described previously (Acs et al., 1996) by computer fit
to the Hill equation (Endrenyi et al., 1975). In the case of experiments
performed on RTX or capsaicin-pretreated cells, desensitization was
defined as the difference (in dpm/well) between the increase in 45Ca
uptake in these and in control cells after challenge by capsaicin or RTX.
The decrease in the 45Ca uptake induced by vanilloids was plotted
against the pretreatment concentration of RTX, and the data were fitted
to the Hill equation. Data from competition experiments in which the
effect of the desensitizing compound was antagonized by either a com-

petitive (capsazepine) or a noncompetitive (ruthenium red) antagonist
were fitted to the modified Hill equation (Davis et al., 1977). Data were
fitted to the equations using the computer program MicroCal Origin 3.5
(MicroCal Software, Northampton, MA). For the statistical analysis of
the curve fitting to the experimental data, the x 2 test of goodness of fit
was used.

Measurement of [ 3H]RTX binding by DRG neurons. For [ 3H]RTX
binding assays, cells were plated into Multiscreen-DV 96-well filtration
plates (Acs et al., 1996). Immediately after plating, 150 ml of DMEM
containing 0.25 mg/ml BSA, [ 3H]RTX, and nonradioactive ligands was
added to each well containing the 100 ml cell suspension, and the plates
were incubated in triplicate for 60 min at 37°C. Plates were then chilled
on ice, and 1 mg of a1-acid glycoprotein (AGP, Sigma) in 50 ml of
ice-cold serum-free DMEM was added to each well to reduce nonspecific
binding (Szallasi et al., 1992). Cells were then washed four times with
DMEM (200 ml /well) containing 0.5 mg/ml AGP by filtration using a
MultiScreen Vacuum Manifold (Millipore). Filters were dried under a
heat lamp and punched out into scintillation vials using MultiScreen
disposable punch tips, and the bound radioactivity was determined by
scintillation counting. Binding was expressed as femtomoles/10 3 cells;
nonspecific binding was determined in the presence of 1 mM nonradio-
active RTX.

RESULTS
The potencies of RTX and capsaicin to stimulate the uptake of
calcium into rat DRG neurons were determined in the presence
of 1 mCi/ml 45Ca. As expected, both ligands induced a dose-
dependent increase in 45Ca uptake by the cells with ED50 values
of 1.24 6 0.02 nM for RTX and 316 6 47 nM for capsaicin
(mean 6 SEM for four experiments each). Hill coefficients for the
dose–response curves were close to unity (1.08 6 0.07 and 1.02 6
0.06 in the case of RTX and capsaicin, respectively; mean 6 SEM
for four experiments) ( p . 0.05; Student’s t test), suggesting a
noncooperative mechanism of action. These values agreed well
with those determined previously (Acs et al., 1996).

We had reported previously (Acs et al., 1996) that RTX dis-
played 24-fold greater potency for specific binding to DRG neu-
rons than for induction of 45Ca uptake. We were interested in
how the low concentrations of RTX, at which binding was mea-
sured, affected the induction of 45Ca uptake on subsequent cap-
saicin treatment. We first determined the effect of RTX pretreat-
ment for different time intervals on 45Ca uptake after challenge
with capsaicin. Preincubation of the neurons with 100 pM (a
concentration close to the Kd value of RTX for receptor binding)
and 250 pM RTX (a concentration that almost saturates RTX
binding sites) (Acs et al., 1996) for 10 min had no effect on the
level of 45Ca uptake when the cells were stimulated with 3 mM

capsaicin (a dose that by itself induces a maximal stimulation of
45Ca uptake by the cells) (Acs et al., 1995, 1996) (Fig. 1A). In
contrast, a significant decrease of 45Ca uptake (20.8 6 1.3 and
33.6 6 2.1% decrease compared with control uptake, respectively;
mean 6 SEM for three experiments each) ( p , 0.05; Student’s t
test) was observed in both cases after 30 min of preincubation
with RTX. A maximal effect of RTX pretreatment (55.7 6 3.3
and 91.2 6 1.8% decrease in 45Ca uptake in the case of 100 and
250 pM RTX pretreatment, respectively, compared with control
cells; mean 6 SEM for three experiments each) was reached in
both cases by 5 hr of preincubation. On the basis of the above
results, a 6 hr preincubation time was used in the subsequent
experiments to induce maximal desensitization to RTX.

To determine the concentration dependence of RTX-induced
desensitization, neurons were incubated with different concentra-
tions of RTX for 6 hr. This procedure resulted in a dose-
dependent reduction in the level of 45Ca uptake after challenge
with 3 mM capsaicin (Fig. 1B). Fitting the desensitization curves
(see Materials and Methods) to the Hill equation yielded an
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apparent Kd value for desensitization of 81 6 5 pM and a Hill
coefficient of 1.51 6 0.11 (mean 6 SEM for four experiments),
suggesting positive cooperativity of RTX action. The potency of
RTX for desensitization thus was ;10-fold higher than that for
induction of 45Ca uptake and was similar to its affinity for recep-
tor binding (47 6 4 pM) (Acs et al., 1996). Moreover, RTX
desensitized the cells in a positive cooperative fashion—with a
Hill coefficient similar to that determined in receptor binding
assays (1.78 6 0.12) (Acs et al., 1996)—as opposed to its nonco-
operative action in 45Ca uptake induction assays.

In the above experiments, we desensitized with RTX and
challenged with capsaicin. In other experiments we challenged
the 250 pM RTX-pretreated cells with as high a dose of RTX as
200 nM. The Kd and Hill coefficient values for desensitization
were similar to those after capsaicin challenge (Kd and Hill
coefficient values were 91 6 6 nM and 1.62 6 0.24, respectively;
mean 6 SEM for five experiments).

The desensitization of 45Ca uptake was independent of the
challenging dose of capsaicin or RTX. Pretreatment of the neu-
rons with 250 pM RTX (a concentration that by itself induced
only 11.7 6 1.5% of maximal 45Ca uptake response; mean 6
SEM for four experiments) almost completely (92.1 6 2.8%;
mean 6 SEM for four experiments, for challenge by 3 mM cap-
saicin) abolished the induction of 45Ca uptake by capsaicin up to
a concentration of 6.4 mM (data not shown). Likewise, pretreat-
ment of the cells with 250 pM RTX for 6 hr also abolished the
45Ca uptake induced by 200 nM RTX by 90.3 6 3.1% (mean 6
SEM for five experiments) (data not shown). These results sug-
gest that the decrease in 45Ca uptake stimulated by a subsequent
challenge could not be attributed to competition at the site

coupled to the 45Ca uptake. Further support for this conclusion
comes from experiments in which the cells were washed three
times after RTX preincubation immediately before the capsaicin
challenge (this procedure removed .95% of the 250 pM RTX
used for pretreatment) (for details, see Materials and Methods).
The washing had no effect on the level of desensitization caused
by the pretreatment (data not shown). We conclude that the
RTX-induced desensitization does not require the continuous
presence of RTX on the receptors.

As shown in Figure 1B, [ 3H]RTX displayed specific binding to
rat DRG neurons. At 4 nM [ 3H]RTX, a concentration sufficient to
saturate the receptors, the receptor density in control cells was
0.140 6 0.002 fmol/10 3 cells. This value agreed well with those
determined previously (Acs et al., 1996). Under similar condi-
tions, in cells pretreated with 250 pM RTX for 6 hr and in cells to
which 250 pM RTX was added immediately before the binding
assay, we determined similar values of specifically bound
[ 3H]RTX of 0.129 6 0.002 and 0.125 6 0.001 fmol/10 3 cells,
respectively. When we determined the density of RTX binding
sites after washing the cells three times after RTX pretreatment,
we observed values of specifically bound [ 3H]RTX of 0.139 6
0.002 and 0.141 6 0.008 fmol/10 3 cells, respectively. In neither
case did the pretreated cells significantly differ from the corre-
sponding control ( p . 0.05; Student’s t test). We conclude that
the observed decrease in 45Ca uptake after RTX pretreatment
could not be attributed to the downregulation of the vanilloid
receptor as detected by the [3H]RTX binding assay. This obser-
vation further demonstrates the lack of toxicity of the 6 hr
incubation with 250 pM RTX. Likewise, the number of viable
neurons was not changed after RTX treatment, and the baseline

Figure 1. Inhibition of 45Ca uptake in rat DRG neurons after RTX pretreatment. A, Time course of the effect of RTX pretreatment on 45Ca uptake.
Cells were pretreated with 100 pM (M) and 250 pM (f) resiniferatoxin and then challenged with 3 mM capsaicin. Two additional experiments yielded
similar results. B, Comparison of dose–response curves for induction of 45Ca uptake, [ 3H]RTX binding, and desensitization by RTX in rat DRG
neurons. Data are expressed as uptake values above baseline for RTX-induced 45Ca uptake (E) and as specifically bound [ 3H]RTX (Ç) when binding
was determined. Desensitization was defined as the difference (in dpm/well) in 45Ca uptake between pretreated and control cells challenged with
capsaicin. In the case of desensitization (f), cells were pretreated with different concentrations of RTX for 6 hr and then challenged with 3 mM capsaicin.
Points represent mean values from sets of eight determinations in a single experiment; error bars indicate SEM. The theoretical curves were calculated
by fitting the measured values to the Hill equation. In the case of 45Ca uptake and desensitization, three additional experiments in each case yielded
similar results. The dose–response curve for [ 3H]RTX binding is a single experiment, yielding binding parameters similar to those we found previously
(Acs et al., 1996).
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uptake of 45Ca was the same in pretreated and control cells (data
not shown).

As observed previously (Acs et al., 1996), the competitive
antagonist capsazepine (Bevan et al., 1992; Szallasi et al., 1993)
inhibited stimulation of 45Ca uptake by 500 nM capsaicin in a
noncooperative fashion. Ki and Hill coefficient values were 291 6
31 nM and 0.98 6 0.03, respectively (mean 6 SEM for three
experiments). Capsazepine likewise inhibited 45Ca uptake into
rat DRG neurons induced by 200 nM RTX with similar Ki and Hill
coefficient values of 351 6 39 nM and 1.07 6 0.08 (mean 6 SEM
for four experiments) (data not shown).

To determine whether capsazepine also acted as an antagonist
of RTX-induced desensitization, we pretreated the cells with 250
pM RTX and different concentrations of capsazepine for 6 hr,
washed them three times, and then challenged them with 200 nM

RTX. This high challenging concentration of RTX (;200-fold its
Kd for induction of 45Ca uptake) was used to assure complete
displacement of capsazepine from both the 45Ca uptake site and
the specific [3H]RTX binding site. Using the washing protocol
(see Materials and Methods), we were able to show that capsaz-
epine inhibited the RTX-induced desensitization in a dose-
dependent fashion (Fig. 2), yielding a Ki of 3.66 6 0.71 mM and a
Hill coefficient value of 1.83 6 0.11 (mean 6 SEM for four
experiments), suggesting apparent positive cooperativity. These
data are in good accord with the Ki and Hill coefficient values of
capsazepine for inhibiting specific [ 3H]RTX binding to DRG
neurons (3.16 6 0.21 mM and 1.72 6 0.11, respectively) (Acs et al.,
1996) and contrast with the respective values of capsazepine for
blocking RTX-induced 45Ca uptake (see above). By itself, cap-
sazepine did not cause desensitization.

Similar experiments were performed with the noncompetitive

vanilloid receptor antagonist ruthenium red (Amann and Maggi,
1991). When applied together with RTX, ruthenium red blocked
the 45Ca uptake into the cells induced by 200 nM RTX in a
dose-dependent fashion, with an ED50 of 790 6 40 nM (mean 6
SEM for three determinations) (Fig. 3); this value agreed well
with those reported previously (Maggi et al., 1988). Furthermore,
when administered together with 250 pM RTX during the 6 hr
pretreatment, ruthenium red had a biphasic effect on 45Ca uptake
induced by a subsequent challenge with 200 nM RTX. At lower
concentrations ruthenium red inhibited RTX-induced desensiti-
zation, which was reflected by the increased 45Ca uptake into the
cells. At higher concentrations, however, ruthenium red inhibited
the 45Ca uptake induced by the challenging dose of RTX. When
the cells were washed three times after pretreatment with RTX
and ruthenium red, the second phase of the above curve was
eliminated (no ruthenium red was present in the assay to block
45Ca uptake) (Fig. 3). In these latter experiments ruthenium red
inhibited 250 pM RTX-induced desensitization with an ED50 of
14 6 2 nM (mean 6 SEM for three determinations), a value
markedly different (;60-fold difference in potencies) from that
determined for the inhibition of induction of the 45Ca uptake.
The ability of ruthenium red to inhibit selectively the RTX-
induced desensitization is of great importance. It argues strongly
that the desensitization observed in response to RTX does not
reflect simply a long-term consequence of limited Ca 21 influx
occurring at a concentration of ligand below the ED50 for stim-
ulation of 45Ca uptake.

Figure 2. Inhibition of RTX-induced desensitization of rat DRG neu-
rons by capsazepine. Cells were incubated in the presence of 250 pM RTX
and different concentrations of capsazepine for 6 hr. Cells were then
washed three times with serum-free DMEM containing 0.25 mg/ml BSA
to remove the above compounds and were then challenged with 200 nM
RTX to induce 45Ca uptake (f). Cells not treated with either RTX or
capsazepine (E, control) or treated with only 250 pM RTX for 6 hr (M)
are shown as control values. Points represent mean values from sets of
eight determinations in a single experiment; error bars indicate SEM. The
theoretical curve was calculated by fitting the measured values to the Hill
equation. Two additional experiments yielded similar results.

Figure 3. Effect of ruthenium red on RTX-induced 45Ca uptake and on
RTX-induced desensitization in rat DRG neurons. Cells were incubated
in the presence of 250 pM RTX and different concentrations of ruthenium
red for 6 hr and then challenged with 200 nM RTX (f). To evaluate the
effect of ruthenium red just on desensitization, after the above incubation
cells were washed three times with serum-free DMEM containing 0.25
mg/ml BSA to remove the pretreatment compounds before the cells were
challenged to induce 45Ca uptake (É). To measure the effect of ruthenium
red just on 45Ca uptake, varying concentrations of ruthenium red and 200
nM RTX were applied together, and 45Ca uptake was determined (E).
Points represent mean values from sets of eight determinations in a single
experiment; error bars indicate SEM. The theoretical curve for blocking
the RTX-induced 45Ca uptake was calculated by fitting the measured
values to the modified Hill equation, whereas data for blocking the
RTX-induced desensitization was fitted to the Hill equation. Two addi-
tional experiments yielded similar results.

Acs et al. • RTX-Induced Activation and Desensitization J. Neurosci., July 15, 1997, 17(14):5622–5628 5625



The motivation for the above studies was to determine whether
we could identify any responses that were coupled to the vanilloid
receptor subtype detected by [3H]RTX binding. We conclude that
this receptor subclass is associated with desensitization of subse-
quent 45Ca uptake in response to vanilloid challenge. These studies
do not address the converse issue, whether the vanilloid receptor
subtype detected by 45Ca uptake can also induce desensitization.
We therefore treated the cultured DRG neurons with capsaicin,
which is selective for inducing 45Ca uptake and has weaker affinity
for the receptor defined by specific [3H]RTX binding, and we
determined the effect of capsaicin pretreatment on the subsequent
45Ca uptake induced by vanilloid challenge. The stimulation of
45Ca uptake was inhibited by capsaicin pretreatment with an ED50

of 445 6 46 nM (Fig. 4A). This value compares closely with the
ED50 for induction of 45Ca uptake by capsaicin, 316 6 47 nM, and
is thus markedly lower than that for inhibition of [3H]RTX binding
by capsaicin (Ki of 4.9 mM) (Acs et al., 1996). Furthermore, capsa-
icin induced desensitization in a noncooperative manner (with a
Hill coefficient of 0.89 6 0.15; mean 6 SEM for three experi-
ments), similar to its action on inducing 45Ca uptake (see above)
and in contrast to the displacement of [3H]RTX binding (Hill
coefficient of 1.81) (Acs et al., 1996).

We next compared the dependence of the desensitization in-
duced by either RTX or capsaicin on the concentration of Ca21

in the medium. Because the DRG neurons show toxicity to
prolonged incubation in the absence of extracellular Ca 21, we
determined that desensitization in media containing decreased
Ca21 concentrations after 4 hr preincubation (Fig. 4B). Desen-

sitization by 250 pM RTX was not affected by the change in the
concentration of Ca21 in the medium, whereas desensitization by
1 mM capsaicin was reduced in media containing a decreased
concentration of Ca21.

Finally, consistent with the desensitization in response to cap-
saicin reflecting the induction of 45Ca uptake, we compared the
ability of ruthenium red to block the capsaicin and RTX-induced
desensitization. We examined concentrations of ruthenium red
that were three- to fourfold the ED50 for blocking RTX-induced
desensitization and 45Ca uptake (60 nM and 2 mM, respectively).
Only the latter concentration inhibited the desensitization in-
duced by 1 mM capsaicin; in contrast, the desensitization induced
by 250 pM RTX was already inhibited by 60 nM ruthenium red, as
expected (Fig. 5). We conclude that capsaicin induces desensiti-
zation through a mechanism distinct from that of RTX. The
capsaicin-induced desensitization is linked to the enhanced Ca21

influx; the RTX-induced desensitization is mediated by the re-
ceptor detected by specific [3H]RTX binding.

DISCUSSION
Our findings cogently argue for the existence of two pharmaco-
logically defined classes of vanilloid receptors, for which we sug-
gest the designation R(TX)-type and C(apsaicin)-type. The dis-
tinct pharmacology of these two receptor subclasses had already
been demonstrated in our comparison of [3H]RTX binding and
45Ca uptake in intact DRG neurons (Acs et al., 1996). In the
present study, we have extended the evidence by showing that a
biological response, desensitization in response to RTX, quanti-

Figure 4. A, Comparison of dose–response curves for induction of 45Ca uptake, desensitization, and displacement of [ 3H]RTX binding by capsaicin
in rat DRG neurons. Data are expressed as dpm/well values over baseline for capsaicin-induced 45Ca uptake (E). In the case of desensitization (f), cells
were pretreated with different concentrations of capsaicin for 6 hr and then challenged with 3 mM capsaicin. Desensitization was defined as the difference
(in dpm/well) in 45Ca uptake between pretreated and control cells challenged with capsaicin. For comparison, the capsaicin dose–response curve for
displacement of [ 3H]RTX binding (dotted line), determined previously by us (Acs et al., 1996), was plotted. Points represent mean values from sets of
eight determinations in a single experiment; error bars indicate SEM. The theoretical curves were calculated by fitting the measured values to the Hill
equation. Two additional experiments in each case yielded similar results. B, Extracellular Ca 21 dependence of the capsaicin-induced desensitization
of rat DRG neurons. Cells were incubated with either 250 pM RTX or 1 mM capsaicin for 4 hr in medium that contained 1.8 mM, 0.9 mM, or 0.45 mM
Ca 21. After incubation, cells were washed with serum-free DMEM containing 1.8 mM Ca 21 and challenged with 3 mM capsaicin to induce 45Ca uptake.
Data were expressed as percentage values of control 45Ca uptake determined on untreated cells in the same medium. The external Ca 21 dependence
of desensitization is indicated by the return of the 45Ca uptake response. Points represent mean values from sets of eight determinations in a single
experiment; error bars indicate SEM. Two additional experiments yielded similar results.
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tatively agrees with the pharmacology for the R-type receptor.
We further show that ruthenium red, a noncompetitive vanilloid
antagonist, shows markedly different affinity for blocking re-
sponses through the R- and C-type receptors.

A critical issue was whether the desensitization induced by
RTX could simply have been a consequence of a low level of 45Ca
uptake induced by RTX occupying a small fraction of the C-type
receptors. Three findings argue against this explanation. First,
ruthenium red was much more potent for blocking the RTX-
induced desensitization compared with 45Ca uptake. Second, the
RTX-induced desensitization showed no dependence on external
Ca21, in contrast to the desensitization by capsaicin. Finally,
desensitization in response to capsaicin was observed only with an
ED50 corresponding to that for induction of 45Ca uptake, not at
a concentration an order of magnitude lower.

Elegant previous studies have established that capsaicin-
induced desensitization is largely dependent on external Ca 21

(Santicioli et al., 1987; Cholewinski et al., 1993; Docherty et al.,
1996). Our results with capsaicin are consistent with these obser-
vations and provide further support for distinct mechanisms of
desensitization mediated by the R- and C-type vanilloid recep-
tors. Obviously, the ability to separate responses through these
two pathways in DRG neurons will depend on ligands of appro-
priate selectivity and on their use at appropriate concentrations.
At higher concentrations, RTX will also act on the C-type recep-
tors and capsaicin on the R-type. An alternative approach for
analysis would be to find systems in which only one receptor
subtype is expressed. Elsewhere, we will describe characteriza-
tion of vanilloid responses in a series of non-neuronal cell lines. In
these cells, we observe only C-type receptors and not R-type
receptors, and the C-type receptors display characteristics quan-
titatively similar to those described here (T. Biro, M. Maurer, S.

Modarres, N. E. Lewin, C. Brodie, G. Acs, P. Acs, R. Paus, and
P. M. Blumberg, unpublished observations).

Our findings help structure and interpret various observations
by multiple groups in the vanilloid field. Szallasi and colleagues
(1993) (Goso et al., 1993) have reported previously that specific
RTX binding in some preparations, e.g., airways and colon, is of
low affinity (Kd values for RTX are 250 pM and 3 nM, respectively)
and lacks cooperativity; these characteristics might fit with these
measurements reflecting interaction at the lower affinity, 45Ca
uptake-coupled receptor site. Interpretation had been clouded
somewhat because of the difficulties in accurately defining this
low-affinity binding and the known variability in the cooperativity
depending on the conditions of membrane preparation (Szallasi
and Blumberg, 1993). Like us, Walpole et al. (1996) found differ-
ences between the structure–activity relations for 45Ca uptake
and RTX binding. In their case, however, binding was performed
on membrane preparations, and because the general trend was
similar for both assays, they concluded that “the potencies in the
45Ca uptake assay are generally about 10-fold lower than binding
potencies, presumably due to other processes, e.g., uptake into
mitochondria being necessary for detection in this assay.” In fact,
the differences in structure–activity relations are impressive. If
one compares the relative potency for binding versus 45Ca up-
take, the ratio (Ki /ED50) is 0.04 for RTX compared with 15 for
capsaicin; RTX thus permits a 375-fold better selectivity than
does capsaicin for the high-affinity RTX binding site compared
with the vanilloid receptor mediating 45Ca uptake.

In biological systems, abundant evidence supports distinct
structure–activity relations for different biological responses for
vanilloids (Holzer, 1991). Such differences are evident not only in
comparisons between vanilloids of the RTX and capsaicin classes,
but also within each class. Thus, the vanilloid analog olvanil
differentially induces desensitization compared with capsaicin
(Dickenson et al., 1990; Dray et al., 1990). The dissection of
patterns of biological response can be explained most readily by
receptor subtypes, although it is also clear that differences in
pharmacokinetics can complicate interpretation (Maggi et al.,
1990).

Cellular studies of others likewise argue for vanilloid receptor
heterogeneity. Liu and Simon (1994), for example, characterized
currents induced in single sensory neurons in response to capsa-
icin and RTX. At least one subset of currents was inducible by
capsaicin but not RTX (at the concentration examined), and
furthermore, significant differences were found in the desensiti-
zation patterns of the different vanilloid-sensitive currents (Liu
and Simon, 1996).

The findings reported here have important implications. First,
the evidence that vanilloids induce the activation of a nonvoltage-
dependent, relatively nonselective cation channel in intact cells
(Wood et al., 1988; Winter et al., 1990) and in single-channel
patch-clamp preparations (Oh et al., 1996) has strongly supported
the argument that the vanilloid receptor either is, or is closely
associated with, this ion channel. Our findings suggest that a
subset of vanilloid receptors, namely those corresponding to the
RTX selective subclass, have a different mechanism. Although
further studies will be required to define the mechanism for the
R-type vanilloid receptor, the potent inhibition of desensitization
by ruthenium red argues for the involvement of calcium, consis-
tent with activation of, e.g., the phosphoinositide pathway. In fact,
the stimulation of the phosphoinositide pathway in DRG neurons
after vanilloid treatment has already been described (Harvey et
al., 1995).

Figure 5. Differential inhibition by ruthenium red of capsaicin and RTX-
induced desensitization of rat DRG neurons. Cells were incubated with
either 250 pM RTX or 1 mM capsaicin for 6 hr in the presence of 60 nM or
2 mM ruthenium red, washed three times with serum-free DMEM con-
taining 0.25 mg/ml BSA to remove the pretreatment compounds, and then
challenged with 3 mM capsaicin to induce 45Ca uptake. The return of the
45Ca uptake response in the presence of ruthenium red represents the
inhibition of desensitization. Points represent mean values from sets of
eight determinations in a single experiment; error bars indicate SEM.
Two additional experiments yielded similar results.
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Elegant studies by Walpole and coworkers (1996) have helped
define the structural constraints for activity of vanilloids of the
capsaicin class and, to a lesser degree, those of the RTX class.
Because these analyses have used 45Ca uptake as the measure of
activity, it is clear that separate evaluation of structure–activity
relations at the R-type vanilloid receptor will be required. Be-
cause this latter receptor is coupled to desensitization without
45Ca uptake, derivatives optimized for selectivity to this site may
be of particular potential therapeutic interest. Conversely, va-
nilloid antagonists selective for the 45Ca uptake site should per-
mit enhanced selectivity when used in combination with a va-
nilloid agonist selective for the R-type receptor. Indeed, on the
basis of our limited knowledge of structure–activity relations for
the RTX-selective vanilloid receptor, we should be able to en-
hance the selectivity of RTX by a factor of 10 by coapplication
with capsazepine.
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