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SUMMARY

Capsaicin causes uptake of “°Ca®* into a subset of neurons
cultured from rat dorsal root gangiia. One aryl azido analogue of
capsaicin produced a long-lasting stimulation of calcium uptake
after iradiation in contact with cells, but not if samples were
kept in the dark. The active compound, like capsaicin, is a 3-
methoxy, 4-hydroxy benzylamide. An analogue without substi-
tutions on the benzyl ring and one without the ring were not
agonists. This pattem is consistent with known structure-activity
relationships for capsaicin analogues. All three aryl azides pro-

duced long-lasting inhibition of capsaicin action, which was not
totally dependent on irradiation. Long lasting agonist action was
not produced if reversible capsaicin agonists were present as
protecting ligands during the irradiation step. Potency as protec-
tors comrelated well with potency as in the calcium
uptake assay. We suggest that the active aryl azide is a photo-
affinity label for a specific capsaicin receptor on dorsal root
gangiion neurons but the inhibitory effects are not dependent on
binding to the receptor.

Capsaicin is a pharmacologically active component of red
peppers. Its effects include induction of pain (1-4), a decrease
in body temperature (1, 5), a decrease in blood pressure, and
changes in heart rate (6). It causes contraction of isolated
guinea pig ileum (7, 8) and has effects on isolated guinea pig
heart (7, 9). Sensory neurons are depolarized by capsaicin (10-
13) and substance P is released in spinal cord (14-16). Capsaicin
is also a neurotoxin, causing selective loss of unmyelinated
sensory fibers (C fibers) when administered systemically to
newborn and adult rats (17-19). Rapid desensitization is a
characteristic of capsaicin action, the initial excitatory response
being followed by insensitivity to subsequent capsaicin appli-
cation and cross-desensitization to other noxious stimuli (20,
21). In rats, mice, and humans capsaicin causes an increase in
nociceptive thresholds (2, 4, 5, 22), possibly as a result of this
type of desensitization. The excitatory, desensitizing, and toxic
effects of capsaicin are selective for C fibers and a population
of Ad fibers (see Ref. 23 for a review). Such selectivity means
that capsaicin is a useful tool to study the functions and
properties of these neurons.

The structure of capsaicin is shown in Fig. 1B. There have
been several studies of structure-activity relations (5, 24-27).
The phenyl ring is very important; unsubstituted and 3,4-
dimethoxy derivatives have much reduced activity compared

with the 3-methoxy, 4-hydroxy compound (26). There is some
flexibility with the amide bond. The position of the —NH and
carbonyl functions can be reversed or the amide can be replaced
by an ester without much loss of activity (26). The alkyl chain
is important in that its removal leads to loss of activity, but
neither the length nor the double bond is critical (26). Some
cyclic structures are also allowed in this part of the molecule
(24, 26). The selectivity of capsaicin action and the fairly rigid
structural requirements for activity suggest that there may be
a capsaicin receptor on sensory neurons. A model for such a
receptor has been proposed by Szolcsanyi and Jancso-Gabor
(26), but the proposal is not yet supported by direct evidence.
In cultures from rat DRG, capsaicin acts on a subpopulation
of the neurons, causing depolarization and an influx of calcium
ions (11, 28, 29). The effects are selective in that other types
of peripheral or central neurons from rat are not affected by
capsaicin, nor are primary afferent neurons from chick (28, 29).
We have used the increase in ‘“’Ca?* uptake into primary
cultures of rat DRG neurons as our standard assay of capsaicin
activity. This appears to be a specific measure of capsaicin-like
effects, because the capsaicin-sensitive channel does not seem
to correspond to any of the known ion channels, and no other
sensory stimulants that we have tested cause the same level of
calcium uptake (29). We have therefore adopted the term

ABBREVIATIONS: DRG, dorsal root ganglia; Ara-C, cytosine-3-0-arabinofuranoside; DHC, dihydrocapsaicin; EGTA, ethylene glycol bis (5-amino
ethyl ether)-N.N,N’' N’'-tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; m.p., melting point; NGF nerve growth factor;
PAL 1, N<4-azido-5-iodo-2-methoxybenzoyl)-6’-aminocaproy! vanillylamide; PAL 2, N-(4-azido-5-iodo-2-methoxybenzoyl)-6’ -aminocaproyl benylam-

ide; PAL 3, N-octyi4-azido-5-iodo-2-methoxy)benzamide; quin2, 2-{(2-bis-{carboxymethyilamino-

xy) methyl] aminoquinoline; VAH,

5-methyt-pheno
N-vanillyl-6-aminohexamide; VBT, N-vanillyl-N’-butyithiourea; VOS, N-vanillyl-octyisuiphonamide; VOT, N-vanillyl-N’-octyithiourea; VPP, N-vanillyl-3-

phenyipropionamide.
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“capsaicin agonist” to describe compounds with capsaicin-like
actions. The cultured DRG cells have several of the properties
of polymodal nociceptors in vivo. The capsaicin-sensitive cells
(about 50% of the neurons in our cultures) are relatively small,
do not stain with the anti-neurofilament monoclonal antibody
RT-97, and are easily desensitized to capsaicin (29-31).

We now present evidence for a specific saturable binding
site, which recognizes the substituted phenyl ring in capsaicin
and mediates the agonist effects in the calcium uptake assay.
We measured long-lasting effects of three different aryl azido
capsajcin analogues (Fig. 1A) after irradiation with UV light.
One of these produced long-lasting agonism only after irradia-
tion in contact with DRG neurons, but not if samples were
kept in the dark. The active compound was a 3-methoxy, 4-
hydroxy benzylamide. One compound with an unsubstituted
ring and one without this ring were not agonists. The long-
lasting agonism was not produced if reversible capsaicin ago-
nists were present during irradiation. All the aryl azides pro-
duced long-lasting inhibition of capsaicin action, which was not
totally dependent on irradiation. We suggest that the active
aryl azide is a photoaffinity label for a specific capsaicin recep-
tor but the inhibitory effects are not dependent on binding to
the receptor.

Materials and Methods

All chemicals were AnalaR grade from BDH Ltd., Dagenham, Essex,
England, except for those listed below. ¢-Butyloxycarbonyl-e-amino
caproic acid N-hydroxysuccinimide ester was from Bachem, Bubendorf,
Switzerland, and 4-amino salicylic acid from Aldrich Chemical Co.
Ltd., Gillingham, Dorset, England. “*CaCl; was from Amersham Inter-
national plc, Aylesbury, Buckinghamshire, England. Capsaicin (ap-
proximately 90%), Ara-C, poly-D-lysine (molecular weight, 130,000)
deoxyribonuclease (type I from bovine pancreas), HEPES, and quin2
were from Sigma Chemical Co. Ltd., Poole, Dorset, England. Trypsin
was from Cooper Biomedical Inc., Malvern, PA, and collagenase from
Boehringer Mannheim GmbH, West Germany. Ham’s F-14 medium,
horse serum, and Hanks’ balanced salt solutions were from GIBCO
Ltd, Paisley, Scotland, and Terasaki plates from Nunc, Uxbridge,
Middlesex, England. Nerve growth factor was kindly supplied by Dr.
R. M. Lindsay, Department of Cell Biology, Sandoz Institute, London,
England.

Synthesis of Capsaicin Analogues

Agonists and protectors. DHC was made by catalytic reduction
of capsaicin in methanol, using 5% Pd on charcoal as catalyst. The
product was recrystallized from 100-120 petroleum ether/ethyl acetate
to give colorless crystals (yield, 71% m.p., 62-64°; literature value, 65°).
[*H]DHC was produced by Amersham International pic in the same
way and purified in our laboratory by high performance liquid chro-
matography on a Waters C,s u-Bondapak column with a gradient from
70 to 100% methanol in water. Specific activity was about 60 Ci/mmol.

VOT and VBT were synthesized from vanillylamine and the appro-
priate alkyl isothiocyanate in dimethylformamide in the presence of
NaOH by the method outlined in European Patent Application
82200796.9 (Procter and Gamble Company, 1982). VOT was recrystal-
lized from 100-120 petroleum ether/ethyl acetate to give colorless
crystals (yield, 50%; m.p. 97-100°; literature value, 100-101°). VBT
was recrystallized from diisopropyl ether to give colorless crystals
(yield, 20%; m.p., 103-107°).

VPP was synthesized by the condensation of phenylpropionylchlor-
ide with O-2-ethoxyethyl-protected vanillylamine (described in the
above-mentioned Procter and Gamble patent), in ethyl acetate, in the
presence of triethylamine. Deprotection was by treatment with 1 M
HCI in tetrahydrofuran and the final product was recrystallized from

100-120 petroleum ether/ethyl acetate to give colorless crystals (overall
yield, 26%; m.p., 89-92°; literature value, 80-83°). VOS was made in
the same way by condensation of the protected vanillylamine with
octane sulfonyl chloride. The product was recrystallized from diethyl
ether/cyclohexane to give colorless crystals (68% yield; m.p., 79-81°;
literature value not reported).

To make VAH, O-2-ethoxyethyl vanillylamine was reacted at room
temperature with ¢t-butyloxycarbonyl-e-aminocaproic acid N-hydroxy-
succinimide ester in dimethylformamide. Protecting groups were re-
moved sequentially, by treatment first with 1 M HCl in tetrahydrofuran
and then with 50% trifluoroacetic acid in CH;Cl, to give the trifluo-
roacetate salt of VAH as a colorless oil (overall yield, 68%).

Photoaffinity labels. 4-Azido-5-iodo-2-methoxybenzoic acid N-
hydroxysuccinimide ester was an intermediate in the synthesis of all
three photoaffinity labels. It was synthesized from 4-aminosalicylic
acid in six steps: 1) production of the methyl ester by treatment with
sulfuric acid in methanol, to protect the carboxyl group; 2) diazotization
and treatment with NaN; to make the aryl azide; 3) iodination with
chloramine T and Nal; 4) methylation of the phenol with methyl iodide
in the presence of K;COs; 5) deprotection of the carboxyl group with
NaOH in aqueous methanol; 6) production of the active ester by
reaction with N-hydroxysuccinimide in the presence of dicyclohexyl-
carbodiimide.

Condensation of this intermediate in dimethylformamide with VAH
trifluoroacetate in the presence of 1.1 equivalents of triethylamine gave
PAL 1 (yield, 38%; m.p., 133-137°; all photoaffinity labels were recrys-
tallized from 100-120 petroleum ether/ethyl acetate). Condensation of
the intermediate with octylamine gave PAL 3 (yield, 29%; m.p., 120-
121°); condensation with the unsubstituted analogue of VAH (synthe-
sized from benzylamine instead of O-protected vanillylamine) gave
PAL 2 (yield, 40%; m.p., 120-121°).

Compounds were characterized by proton nuclear magnetic reso-
nance, infrared spectroscopy, mass spectrometry, and elemental analy-
sis. In all cases spectral data were consistent with the assigned struc-
ture. So were the analytical data for all compounds except VAH, for
which we could not obtain an elemental analysis because it was a
hygroscopic oil. VAH was pure by high performance liquid chromatog-
raphy (Waters C,s u-Bondapak column, gradient from 10 to 50%
acetonitrile in 0.1% aqueous trifluoroacetic acid).

Detailed protocols for the synthesis of any of these compounds are
available on request. We will supply the compounds themselves as long
as our present stocks last.

Preparation of DRG Cultures

Primary cultures of DRG were prepared as described (29). Briefly,
DRG were removed from all spinal levels of newborn Sprague-Dawley
rats and collected in Ham’s Nutrient Mixture F-14 (with L-glutamine,
without sodium bicarbonate, supplemented with 10% horse serum and
200 ng/ml NGF). Cells were dissociated by incubating first in 0.125%
collagenase at 37° for 35 min, followed by 0.256% trypsin for 30 min
and gentle trituration in F-14 medium (containing 10% horse serum
and 90 ug/ml deoxyribonuclease) with a fire-polished Pasteur pipette.
They were then passed through a 90-um filter, spun down, and resus-
pended in F-14 with 10% horse serum, 200 ng/ml NGF, 10 uM Ara-C,
and 30% conditioned medium (made by passage of C6 rat glioma cells
in F-14 + 10% horse serum). Cells were then plated onto poly-D-lysine-
coated Terasaki plates at a density of about 1000 neurons/well, allowed
to adhere overnight, and then fed with F-14 supplemented with horse
serum, NGF, Ara-C, and conditioned medium as above. Terasaki plates
have 60 wells, each of which take about 15 ul of medium. They are very
convenient for assays that need relatively few cells. Cultures were used
between 2 and 5 days in vitro.

Calcium Uptake Assay (29)

Cultured DRG cells were washed four times by flooding Terasaki
plates with 10 ml of Hanks’ balanced salt solution without calcium or
magnesium, buffered to pH 7.4 with 10 mM HEPES (Ca/Mg-free
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Hanks’/HEPES). We can measure calcium uptake in physiological
concentrations of calcium, but routinely use low concentrations of high
specific activity “*Ca®* to improve the signal (29). Medium (8 gl) was
removed from each well and replaced with 10 ul of Ca/Mg-free Hanks’/
HEPES supplemented with 10 uCi/ml “Ca®** and containing test
compounds. Stock solutions of capsaicin analogues were made up in
dimethyl sulfoxide and diluted 1 to 100 in the Hanks’ medium for
testing. Dimethyl sulfoxide (final concentration, 1%) was also added
to controls. After incubation at room temperature for 8 min, plates
were washed six times with 10 ml of Hanks’ salt solution containing
10 mM HEPES, pH 7.4 (total Hanks’/HEPES), and dried at 60-70°
for about 60 min. A total of 10 ul of 0.1% sodium dodecyl sulfate was
pipetted into each well and left at room temperature for at least 15
min. The contents of each well were then transferred to scintillation
vials and counted in 2 ml of Beckman CP scintillant. Each experiment
included a measurement of background uptake and uptake induced by
a maximal (3 uM) concentration of capsaicin.

Photoaffinity Labeling

Cultured DRG cells were washed four times by flooding Terasaki
plates with 10 ml of Ca/Mg-free Hanks'/HEPES without phenol red.
A total of 8 ul of medium was removed from each well and replaced
with 10 ul of the same medium containing photoaffinity label. Cells
were incubated in the dark at room temperature for 10 min, and either
left in the dark (controls) or irradiated for 2 min with a B-100A Blak-
Ray long wavelength (peak 365 nm) UV lamp (Ultra-Violet Products
Inc., San Gabriel, CA) held 2 cm from the bottom of the plate. During
irradiation there was no measurable increase in temperature under-
neath the lamp. Cells were then washed eight times with 10 ml of Ca/
Mg-free Hanks’/HEPES over a period of about 45 min and uptake of
4Ca was assayed as described above.

Protection Experiments

DRG cells were washed, pretreated with photoaffinity label in the
presence of protecting ligand, and irradiated as described above, except
that the medium contained 50 uM EGTA to ensure that there was no
free calcium (see Discussion). After irradiation, cells were washed twice
with 10 ml of Ca/Mg-free Hanks’/HEPES containing 50 uM EGTA,
eight times with 10 ml of Ca/Mg-free Hanks’/HEPES containing 10%
horse serum and 1 mM EGTA, and finally four times with Ca/Mg-free
Hanks'/HEPES. Uptake of “*Ca was then assayed as before. To control
for possible desensitization by the protecting agent, cells were either
pretreated with photoaffinity label and protector but not irradiated or
irradiated in the presence of protector alone before washing and assay.

Measurement of Calcium Concentration

Calcium concentration in buffers was measured using the fluorescent
indicator quin2 (32). Calcium standards were prepared by adding CaCl,
to 500 uM EGTA in 0.16 M NaCl, 10 mM HEPES, pH 7.4, assuming a
dissociation constant of 398 nM for the Ca-EGTA complex (33). For
the assay, 3 ul of quin2 (10 mM in dimethyl sulfoxide) were added to 3
ml of standard or sample and mixed thoroughly. Fluorescence was
measured immediately in a Perkin Elmer LS-5 luminescence spectrom-
eter, with the excitation wavelength set at 339 nm and the emission
wavelength at 492 nm.

Results

Fig. 1A shows the structures of the three photoaffinity labels.
Their activity as reversible ligands is shown in Figs. 2 and 3.
These experiments were performed in subdued light so that the
azides were not activated. Only one of the analogues (PAL 1)
was an agonist in the calcium uptake assay. It was not very
potent, reaching only about 40% of the capsaicin maximum at
a concentration of 1 mM (Fig. 2). All three compounds inhibited
capsaicin-induced uptake. The inhibition reflected a depression

Capsaicin Photoatfinity Label 645

A. Photoaffinity Probes
I

N CONH(CHy)g Ry
OCH;
R
PAL 1 conncuz—Q— oH
OCH;
PAL 2 coummz—@
PAL 3 ~(CHy) O
B. Protectors R2
0CH;
H
R2
capsatctn NHCO(CHy),CH: CH CH(CH3),
DHC NHCO(CH, )GCHICHs),
vAH NHCO(CHy) N,
vor NHCSNH(CHy ) CHs
VBT NHCSNH(CHy) 5CH

vos NHS0, (CHy) 5 CH3
PP NHCO(CHy) o —@
Fig. 1. Structures of capsaicin analogues.

in the maximal response to capsaicin (Fig. 3), suggesting a
noncompetitive mechanism. A similar depression in the maxi-
mal response to capsaicin was produced by linolenic acid (Fig.
3). Pretreatment of cells with 100 uM photoaffinity labels or
with 30 uM linolenic acid (followed by washing as described in
Materials and Methods for the photoaffinity labeling experi-
ments) also led to a depression of the maximal response to
capsaicin (data not shown).

PAL 1 caused a long-lasting stimulation of calcium uptake if
irradiated (to activate the azide) in contact with cells, but not
if samples were kept in the dark (Fig. 4). We call this a long-
lasting effect because the assay was carried out about 45 min
after treatment with PAL 1. This was the time taken to
complete the washing procedure. We do not know how long the
effect would persist because we could not keep the cells in
calcium-free medium for much longer than 45 min; they tended
to detach from the plate. Calcium-free medium was essential
to avoid problems with desensitization (see below and Discus-
sion). We only saw the long-lasting agonist effect if the azide
was activated in contact with the cells. Irradiation of PAL 1
before incubation with cells caused loss of agonist activity. The
agonist effects of the nonirradiated compound (see Fig. 1) were
clearly reversed by washing the cells (Fig. 4, DARK). PAL 1
was more potent as a long-lasting agonist than as a reversible
agonist, but the maximal stimulation was only about 50% of
the obtainable with capsaicin. The other two aryl azides did
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PAL 1

uptakehducedbyamxh\dmmxﬂon
of capsaicin (3 um) with celis on the same
plate as the test compound. Data are
means and standard errors for six inde-
pendent experiments with PAL 1 and four
experiments with PAL 2 and PAL 3. In each
experiment measurements were replicated
six times.

PAL 2

CALCIUM UPTAKE (PERCENT CAPSAICIN MAXIMUM)

10 100
CONCENTRATION (uM)

1007

40t

CALCIUM UPTAKE (PERCENT MAXIMUM)

1000

Fig. 3. Effect of photoaffinity labels on
the capsaicin dose-response curve.
Calcium uptake assays were per-
formed as described in Materials and

plate of celis. There were six replicates
of each measurement. Data are means
and standard errors for control dose-
response curves (CON) (17 experi-
ments) and dose-response curves in
the presence of 100 um PAL 1 (four
experiments), 100 um PAL 2 (four ex-
periments), 100 um PAL 3 (five experi-
ments), or 30 um linolenic acid (LIN)
(four experiments).

1.00
CAPSAICIN (uM)

not cause long-lasting calcium uptake, even if irradiated. Long-
lasting inhibition of capsaicin action was produced by all three
compounds. Inhibition by PAL 3 and PAL 2 was enhanced by
irradiation, but inhibition by PAL 1 appeared to be independent
of irradiation (Fig. 5).

Long-lasting stimulation of calcium uptake with PAL 1 was
suppressed if reversible capsaicin agonists were present (as

10.00

100.00

protecting ligands) during irradiation. In these experiments we
have used DHC instead of capsaicin as our reference ligand,
because [PH]DHC was available to monitor washing procedures
(see below). Radioactive capsaicin is not available. In all assays
that we have tested, capsaicin and DHC were equipotent.
Maximal protection varied from 50 to 100% between prepara-
tions of cells. The mean was about 80% when VOT, DHC, or
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s Fig. 4. Long-asting agonist effects of cap-
o 50T I 4 d photoaffinity labels. Cells were pre-
g treated with photoaffinity labels, either ir-
& I radiated or kept in the dark, and washed
40+ s p 4 as described in Materials and Methods.
e ¢ IRRAD Measurements of background uptake were
w } made after treatment with PAL 1, PAL 2,
g 30+ 4 or PAL 3 by Ca/Mg-free Hanks'/
g f HEPES containing 10 xCi/ml “Ca?*, incu-
~ bating for 8 min, and as described
20+ + in Materials and Methods. Data (expressed
Q as per cent capsaicin-induced uptake into
= i untreated celis on the same plate) are
S 107 ¢ + means and standard errors for four (PAL 2
DARK DARK  and PAL 3) or five (PAL 1) independent
= experiments. In each experiment measure-
- 0+t 4 $ 4 -+ 4 4 + $ ments were replicated six times.
g 10 100 1000 10 100 1000 140 100 1000
o CONCENTRATION (uM)
5 107 PAL 1 . PAL 2 PAL 3
X
% 100-. -’
o
3 Fig. 5. Long-lasting inhibition of capsaicin
80T T action by labels. Cells were
- treated as for Fig. 4, except that 3 um
& capsaicin was added for the calcium up-
Q@ 60T T take assay. Data (expressed as per cent
w capsaicin-induced uptake into untreated
(% celis on the same plate) are again means
40T T and standard errors from four (PAL 2 and
g } PAL 3) or five (PAL 1) experiments.
IRRAD
- 20-- -
S
T ol + - O+t + + + $ —t
'6‘ 10 100 41000 10 100 41000 10 100 1000
<
o

CONCENTRATION (uM)

VOS were used as protectors (Fig. 6; Table 1). We could not
use high enough concentrations of VPP or VBT to reach a
plateau of protection, because they were insoluble above 300
uM. Assuming that they too would give maximal protection of
80%, there was good agreement between IC, as protectors and
ECy as agonists in the calcium uptake assay for a series of five
capsaicin analogues. A sixth (VAH) was inactive at concentra-
tions up to 300 uM in both assays.

In the protection experiments, buffers for incubation and
washing of the cells contained EGTA to ensure completely
calcium-free medium. This was essential for avoiding desensi-
tization by the protecting ligands (see Discussion). Without
EGTA, as in the original photoaffinity experiments (Figs. 4
and 5), the calcium concentration, as measured with quin2, was
260 nM, even though the buffer was nominally calcium-free.
Addition of 50 uM EGTA reduced the calcium to undetectable
levels. In buffers without EGTA, pretreatment with protectors
did cause desensitization to capsaicin action in the subsequent
calcium assay. In buffers with EGTA added, there was no
desensitization, even at concentrations of agonist that gave

maximal protection (Table 2). We could detect no difference in
washing efficiency between the two procedures. Removal of 100
puM [PH]DHC was (mean *+ SE, three experiments) 98.2 +
0.14% for buffers without EGTA and 98.6 + 0.32% for buffers
with EGTA. Similar results were obtained for concentrations
of PH]DHC down to 0.1 uM. After washing, calcium uptake
into cells treated with unactivated PAL 1 (Fig. 4) or with
protecting ligands returned to background levels.

There are two indirect lines of evidence leading to the sug-
gestion that capsaicin interacts at a selective receptor to pro-
duce its effects. The first is the cellular specificity of capsaicin.
Both in vivo and in vitro capsaicin is selective for certain types
of sensory neurons. For example, treatment of newborn rats
with capsaicin leads to selective loss of C and some A$ fibers
(17,19). In vivo, relatively low doses of capsaicin excite C fibers
selectively, with few effects on other sensory neurons (23). In
vitro, capsaicin is selective for a subpopulation of cultured DRG
neurons (11, 28, 29). They are the small dark population of
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g 1007
Y VAH
S | Fig. 6. Protection from PAL 1. Cells were
o 80 pretreated with 100 uM PAL 1 in the
] presence of various concentrations of
2 protecting ligands, iradiated, and
2 5ol washed as described in Materials and
) Methods and calcium uptake was meas-
3 DHC ured in the absence of capsaicin. Data
< (expressed as per cent uptake induced
a 404 \ by irradiation in the presence of PAL 1
- VBT alone) are means and standard errors
& voT from four independent experiments with
8 VPP six replicates of measurements in each
g 20T vOS W."ﬁlt.
0 + -+ -t + + J
0.01 0.1 i 10 100 1000
CONCENTRATION (uM)
TABLE 1 saicin activity in assays of pungency (26), hypothermia, and

Potency of capsaicin analogues in the calcium uptake assay and as
protectors

Calcium uptake and protection assays were performed as described in Materials
and Methods. ECso calcium uptake is the concentration of agonist required to
produce 50% of the maximal response. Al agonists except VAH gave the same
maximal response as capsaicin. ICs, protection is the concentration of protector

assumgmtmaximalprotecﬁmwasw%(seetext) Data are means and
standard errors from four independent experiments.

Ligand ECso ICs0 Maximal
calcium uptake protection protection
uM M %
VvOoT 0.15 + 0.03 0.12 + 0.03 77 £ 12
DHC 0.18 £ 0.03 0.15 + 0.03 81+ 11
VoS 25 +03 56 +1.4 84 +10
VBT 10 09 45 +19° *
VPP 60 =40 100 +59* *
VAH >300 >300 *
TABLE 2

Effect of pretreatment with protectors on capsaicin activity

Celis were pretreated with icin analogues and washed as for protection
experiments (see Materials and Methods). Uptake of “*Ca®* induced by 3 um
capsaicin was measured. Results are expressed as a percentage of uptake into
untreated celis on the same plate as those treated with the capsaicin analogue.
Data are means and standard errors for the number of experiments in parentheses.

Protector Concentration % Capsaicin maximum
uM

vOT 1 102 + 3 (4)

DHC 1 97 + 4 (4)

VvOS 30 86 + 8 (3)

VBT 300 96 + 9 (3)

VPP 300 83 + 16 (3)

DRG neurons and do not stain with antibodies against neuro-
filaments (29, 30). Cultures of neurons from rat superior cer-
vical ganglia or of nonneuronal cells from sciatic nerve are
insensitive to capsaicin (29).

The second line of evidence comes from structure-activity
studies. There are fairly strict structural requirements for cap-

antinociception (5). These requirements led Szolcsanyi and
Jancso-Gabor (26) to propose a model for a putative capsaicin
receptor, but direct evidence for such a receptor has been
elusive. Measurements of saturable binding with radiolabeled
DHC are difficult because the relatively low affinity (based on
potency in bioassays, dissociation constants are probably more
than 100 nM; Table 1) (see also Ref. 29) and the lipophilic
nature of the available radioligands means that nonsaturable
binding to membranes is very high. Qur approach to avoid at
least one of these problems is to use irreversible ligands, in this
case photoaffinity labels, for the putative capsaicin receptor.

We have shown that a photoaffinity label based on capsaicin
produces long-lasting capsaicin-like calcium uptake in cultured
sensory neurons. Irradiation of cells in the presence of the
photoaffinity label is essential for the long-lasting stimulatory
effect. The structural features of the molecule that are neces-
sary to produce the effect are similar to those required for
activity in assays of antinociceptive activity, e.g., a 3-methoxy,
4-hydroxy benzyl ring is needed. The long-lasting stimulation
of calcium uptake can be prevented by having reversible cap-
saicin agonists present during treatment of cells with the photo-
affinity label. This activity cannot be explained by a general
desensitization to capsaicin. We suggest, therefore, that the
reversible agonists are protecting a capsaicin binding site from
reaction with the photoaffinity reagent. We further suggest
that this binding site corresponds to a capsaicin receptor that
mediates at least some of the effects of capsaicin on sensory
neurons. We make these suggestions first because of the neces-
sity for certain structural features in the photoaffinity label
(see above) and second because the activity of capsaicin ana-
logues as protectors correlates well with their activity as ago-
nists in the calcium uptake assay.

PAL 1 also caused long-lasting inhibition of capsaicin-in-
duced calcium uptake. The overall activity of this reagent is
probably a balance between its stimulatory and inhibitory
effects. The inhibitory activity was unexpected and we know
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very little about the mechanism involved. Inhibition is unlikely
to be mediated by the same binding site as the stimulation of
calcium uptake, first because there appear to be no strict
structural requirements for inhibitory activity, all three photo-
affinity reagents and even the unrelated compound linolenic
acid were effective inhibitors, secondly because the mechanism
of inhibition by the photoaffinity reagents and linolenic acid
appears to be noncompetitive, and third because irradiation is
not strictly necessary for the inhibitory effects. We used lino-
lenic acid because we suspected that inhibition was caused by
the fatty side chains of the photoaffinity reagents. This specu-
lation was supported by the inhibitory activity of PAL 3, which
is simply an extension of the PAL 1 side chain. We predicted
that other fatty chains unrelated to capsaicin or the photo-
affinity reagents would have a similar inhibitory activity. The
experiments with linolenic acid confirm this. We also wanted
to test linolenic acid as a protector. Our prediction was that
because protection is related to agonist activity linolenic acid
would be inactive. Unfortunately, we could not wash it out of
the cells well enough to allow reversal of the inhibitory effects,
80 we were unable to do the protection experiments.

Desensitization by protecting ligands was a major problem
in our first attempts to show protection from the long-lasting
agonist effect of PAL 1. Desensitization does occur with the
calcium uptake assay and is totally dependent on the presence
of extracellular calcium (31). We found that desensitization
could be prevented by including EGTA in the buffers during
the exposure to agonist and changing the washing procedure
for the protection experiments. The new washing procedure
was no more effective at removing [P(HJDHC than the original
procedure, so it was presumably the inclusion of EGTA that
was important. Although the buffers in the original procedure
were nominally free of calcium, we measured an actual calcium
concentration of 260 nM. The EGTA in the modified procedure
removed the calcium and prevented desensitization.

We now hope to identify and characterize molecules from
DRG that bind PAL 1 specifically and to examine the possibil-
ity that the capsaicin binding site may have a physiological
function.
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