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Abstract

In isolated guinea pig bronchi, the influence of ruthenium red, capsazepine and extracellular Ca2q on capsaicin-induced desensitiza-
tion was examined to investigate whether this desensitization was mediated via a specific receptor coupled with an ion channel.

Ž .Pre-exposure of tissues to capsaicin 1, 3 or 10 mM caused a dose-dependent desensitization to the second application of capsaicin.
However, the contractile responses to exogenous tachykinins were not changed after pre-exposure of tissues to capsaicin. This

Ž .capsaicin-induced desensitization was prevented by capsazepine 30 mM , but not by ruthenium red added to tissues 20 min before
Ž .pretreatment with capsaicin 3 mM . While the excitatory contractile response to capsaicin was markedly reduced in the absence of

extracellular Ca2q, the desensitization induced by capsaicin was not changed by the removal of extracellular Ca2q. In summary, the
results from the present study suggest that in vitro functional desensitization induced by capsaicin in guinea pig bronchi may involve
changes in the vanilloid receptor and occur through a ruthenium red-insensitive pathway. q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .Capsaicin 8-methyl-N-vanillyl-6-nonenamide , a pun-
gent component of red peppers, is known to exert a
selective action on a population of neuropeptide-containing

Ž . Žprimary afferent sensory neurones C-fibers Holzer, 1988;
.Chahl, 1989; Amann et al., 1989 . In guinea pig bronchi,

capsaicin stimulates C-fibers to produce a contractile re-
sponse by releasing sensory neuropeptides such as sub-

Žstance P and neurokinin A Lundberg et al., 1983; Ellis
.and Undem, 1994 . At high doses of capsaicin, this excita-

tory effect is followed by desensitization, a phenomenon
defined as reduction or abolition of contractile responses to
the second application of chemical stimuli of the same

Ž .type Ellis and Undem, 1994 . To date, however, the
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mechanism of this desensitization induced by capsaicin is
poorly understood.

ŽThe existence of a highly specific receptive site ‘vanil-
.loid receptor’ for the capsaicin-induced excitation has

Žbeen demonstrated in sensory nerve terminals Szallasi,
.1995; Rinder et al., 1996 innervating various tissues

Žincluding guinea pig bronchi Ellis and Undem, 1994;
.Szallasi et al., 1995 . Furthermore, capsazepine, the first

competitive antagonist for the vanilloid receptor, has been
reported to antagonize the excitatory effect of capsaicin in

Žperipheral sensory nerves Fox et al., 1995; Griffiths et al.,
.1996; Paulino et al., 1996 . However, there is little infor-

mation about the receptive mechanism underlying the de-
sensitizing action of capsaicin in guinea pig bronchi.

Ruthenium red, another functional antagonist for cap-
saicin with the property of inhibiting transmembrane and
mitochondrial Ca2q transport, has been demonstrated to

Žantagonize the desensitizing effect of capsaicin Maggi et
.al., 1988b,c; Amann, 1990 as well as its excitatory effect

Ž .Dray et al., 1990b in peripheral tissues. Recently, how-
ever, it has been reported that ruthenium red did not
prevent capsaicin-induced desensitization in the dorsal root
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Ž .ganglion and spinal cord Geppetti et al., 1991 , suggesting
differential action mechanisms of capsaicin-induced desen-
sitization in different tissues.

Previously, we confirmed that pre-exposure of guinea
pig bronchi to capsaicin produced dose-dependent desensi-

Ž .tization to subsequently added capsaicin Jung et al., 1997 .
In the present study, to investigate the possible mechanism
of capsaicin-induced desensitization in isolated guinea pig
bronchi, we examined whether capsazepine and ruthenium
red could prevent the capsaicin-induced functional desensi-
tization. In addition, we examined the influence of extra-
cellular Ca2q on the desensitizing as well as excitatory
action of capsaicin.

2. Materials and methods

2.1. Animals

The animals used were male Hartley-outbred guinea
Ž .pigs Samyuk Laboratory Animal, Osan, Korea weighing

400 to 500 g and randomized into groups of five to eight.
They were housed in a room with controlled temperature
Ž .22"38C and a 12 h lightrdark cycle, and were given a
solid diet and tap water ad libitum.

2.2. Preparation of isolated guinea pig bronchi

The guinea pigs were stunned and exsanguinated. The
tracheas were quickly removed with two extrapulmonal
main bronchi, and placed in oxygenated Krebs solution for
cleaning and dissection. Four bronchial rings were pre-
pared from each animal and transferred to 20- ml organ

Žbaths filled with Krebs solution composition in mM:
118.3 NaCl, 4.7 KCl, 1.2 MgSO , 1.2 KH PO , 25.04 2 4

.NaHCO , 2.5 CaCl and 11.1 glucose at 378C, gassed3 2

with a mixture of 5% CO r95% O to produce a constant2 2
Ž .pH of 7.4 Dickenson and Dray, 1991 . Bronchial tissues

were suspended between stainless steel hooks and placed
in a 20-ml organ bath under a resting tension of 0.5 g,
which was found to be optimal for measuring changes in
tension. Tissues were allowed to equilibrate for 60 min
before the experiments were commenced. During equili-
bration, the tissues were washed with fresh buffer at
15-min intervals, and then the maximal active tension in

Ž .response to acetylcholine 1 mM was obtained as an
internal standard for expressing all the responses in each
experiment as percentages.

2.3. Desensitization studies with capsaicin

To induce in vitro desensitization, bronchial rings were
Ž . Žpre-exposed to vehicle for control or capsaicin 1, 3 and

.10 mM for 30 min, and then washed every 15 min for 60
min, at which time the tissues returned to their baseline

tension. The contractile response to the subsequently added
Ž .capsaicin 10 mM was then examined in these tissues to

determine the extent to which pretreatment with capsaicin
at various concentrations induced a reduction in functional
response as a result of the development of desensitization.
To study a possible non-specific desensitizing effect of
capsaicin mediated via sensory neuropeptides released from

ŽC-fibers, the ability of pretreatment with capsaicin 1, 3
.and 10 mM to desensitize tissues to subsequently added

w 9 Ž .11 x ŽSar , Met O substance P tachykinin NK receptor2 1
. w 8 x Ž . Žagonist, 1 mM and b-Ala neurokinin A- 4–10 tachy-

.kinin NK receptor agonist, 3 mM was examined. In2

preliminary experiments, concentration–response curves
for capsaicin and tachykinins were obtained to determine
the submaximal concentration needed for obtaining a con-
tractile response following initial desensitizing doses of
capsaicin.

In order to investigate the possible mechanisms underly-
ing the capsaicin-induced desensitization, separate series of
experiments with different tissues were conducted, where

Ž .two potential antagonists, capsazepine 10 and 30 mM
Ž .and ruthenium red 30, 100 mM , were added to the bath

20 min before pre-exposure of tissues to the submaximal
Ž .desensitizing concentration of capsaicin 3 mM for 30

min. After washout and re-equilibration for 60 min, cumu-
Ž y8lative concentration–response curves for capsaicin 10 –

y5 .10 M, cumulatively in 0.5-log increments were ob-
tained to evaluate the influence of capsazepine and ruthe-
nium red.

2.4. The role of extracellular Ca2 q in capsaicin-induced
excitation and desensitization

Two series of experiments were conducted. In the first
series to examine the role of extracellular Ca2q in excita-
tory contractile effects of capsaicin, cumulative concentra-

Ž y8 y5tion–response curves for capsaicin 10 –10 M, in
.0.5-log increments were obtained in the presence and

absence of extracellular Ca2q. To make Ca2q-free medium,
CaCl was replaced isotonically by NaCl in the Krebs2

solution with 1 mM EGTA added. In the second series,
with different tissues, to assess the effect of the extracellu-
lar Ca2q on the capsaicin-induced desensitization, tissues

Ž .were pre-exposed to capsaicin 3 mM for 30 min in the
Ca2q-free medium. After washout with normal Krebs solu-
tion until re-equilibration, concentration–response curves
for cumulative capsaicin were obtained in normal Krebs
solution for comparison with those from tissues pre-ex-
posed to vehicle.

2.5. Statistics

All data were expressed as means"S.E.M. The signifi-
cance of drug effect was assessed by one-way analysis of
variance and Student’s t-test as appropriate. The level of
significance was taken as P-0.05 or P-0.01.
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2.6. Chemicals

ŽDrugs used were capsaicin Sigma, St. Louis, MO,
. w 9 Ž .11 x ŽUSA , Sar , Met O substance P Research Biochemi-2

. w 8 x Ž . Žcals, Natick, USA , b-Ala neurokinin A- 4–10 Re-
. Ž .search Biochemicals , ruthenium red Sigma and cap-

Ž .sazepine Research Biochemicals . Stock solutions of cap-
Ž . Ž .saicin 10 mM and capsazepine 100 mM were made up

Ž .in 100% dimethyl sulfoxide DMSO , and then diluted
with warm saline to give a final concentration of 10y8 –
10y5 M and 10y5 –3=10y5 M, respectively. Ruthenium

Ž .red was dissolved in distilled water D.W. . DMSO used to
dissolve capsaicin or capsazepine had no effect on the

Ž .tissue preparations at its final concentration 0.1% DMSO .

3. Results

3.1. Desensitizing effect of capsaicin

Ž .Capsaicin 1, 3 and 10 mM followed by washout was
able to desensitize the isolated guinea pig bronchi to

Ž .subsequent additions of capsaicin 10 mM in a dose-de-
Ž .pendent manner Fig. 1 . After a 30-min pre-exposure of

tissues to capsaicin at concentrations of 1, 3 and 10 mM,
the contractile responses to a second application of cap-

Ž . Ž .saicin 10 mM were 64.13"8.58% P-0.05 , 11.11"
Ž . Ž6.32% P-0.01 and 0% P-0.01 vs. vehicle-pretreated

. Ž .group of the maximal response to acetylcholine 1 mM ,
Ž .respectively ED for desensitization: 1.12 mM . Pretreat-50

Ž .ment with capsaicin at a lower concentration 0.1 mM had
Žlittle effect on the development of desensitization data not

.shown . The contractile responses to exogenous tachyki-
w 9 Ž .11 x w 8 xnins, Sar , Met O substance P and b-Ala neurokinin2

Ž .A- 4–10 , were not changed after pretreatment of tissues
Ž .with capsaicin either at 1, 3 or 10 mM Fig. 1 .

Fig. 1. Effect of capsaicin pretreatment on subsequent challenges with
Ž . w 9 Ž .11 x Ž .capsaicin 10 mM , Sar , Met O substance P Met-SP, 1 mM ,2

w 8 x Ž . w Ž . xb-Ala neurokinin A- 4–10 NKA 4–10 , 3 mM , in isolated guinea pig
Ž .bronchi. Tissues were pre-exposed to vehicle open column or capsaicin

ŽCap., 1 mM: hatched column; 3 mM: grid column; 10 mM: black
.column for 30 min. Values are means"S.E.M. of five to seven experi-

ments in each group. ) P -0.05, )) P -0.01 vs. vehicle group.

Fig. 2. Effect of capsazepine on capsaicin-induced in vitro desensitization
in guinea pig bronchi. Isolated bronchi were pre-exposed to vehicle
Ž . Ž .control or capsaicin panel A: 3 mM, panel B: 10 mM for 30 min in the
presence of vehicle or capsazepine added 20 min before pre-exposure to
capsaicin. Values are means"S.E.M. of six to nine different experiments.
`: control, v: vehicle; ^: capsazepine 10 mM; ': capsazepine 30 mM.

3.2. Effect of capsazepine on capsaicin-induced
desensitization

Separate experiments were carried out to determine
whether capsazepine, added 20 min before the pre-ex-
posure to capsaicin, was able to block the development of
desensitization to the subsequently applied capsaicin in
guinea pig bronchial rings. Pre-exposure of the tissues to

Ž .capsaicin 3 and 10 mM markedly reduced the maximum
contractile responses to subsequently added capsaicin
Ž y8 y5 .10 –10 M , confirming the establishment of desensi-

Ž .tization Fig. 2 . At the submaximal desensitizing concen-

Fig. 3. Effect of ruthenium red on capsaicin-induced in vitro desensitiza-
tion in guinea pig bronchi. Isolated bronchi were treated with ruthenium

Ž .red or its vehicle distilled water, D.W. 20 min before pre-exposure of
tissues to 0.1% DMSO or capsaicin for 30 min: `, D.W. q0.1%

Ž .DMSO; v, ruthenium red 30 mM q0.1% DMSO; I, D.W.qcapsaicin
Ž . Ž . Ž .3 mM ; ^, ruthenium red 30 mM qcapsaicin 3 mM ; ', ruthenium

Ž . Ž .red 100 mM qcapsaicin 3 mM . Values are means"S.E.M. of 6–10
different experiments.
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Ž .tration of capsaicin 3 mM , the maximum response to the
Ž y8 y5second application of capsaicin 10 –10 M, cumula-

.tively was completely restored by the pretreatment with
30 mM capsazepine, up to the level of that in the control
Ž .panel A of Fig. 2 . In the tissues pretreated with 10 mM
capsazepine, the maximum response to subsequent cap-
saicin was approximately 50% of that in the control. As
shown in panel B of Fig. 2, when desensitization was

Ž .induced by capsaicin at a higher concentration 10 mM ,
the antagonistic effect of capsazepine was smaller than that
against the desensitization induced by a lower concentra-

Ž .tion of capsaicin 3 mM . The pretreatment with cap-
sazepine at 10 mM had little effect on the response to the

Ž .subsequently added capsaicin 10 mM , whereas 30 mM
capsazepine slightly restored the response to the subse-

Žquently added capsaicin maximal capsaicin response: ap-
proximately 40% compared to that in tissues pretreated

.with vehicle .

3.3. Effect of ruthenium red on capsaicin-induced
desensitization

In order to test whether ruthenium red could inhibit the
capsaicin-induced desensitization in isolated guinea pig
bronchi, we investigated different groups of tissues, where

Ž .ruthenium red at two concentrations 30 and 100 mM was
added 20 min prior to pretreatment with capsaicin. As
shown in Fig. 3, pre-exposure of tissues to ruthenium red
Ž . Ž .30 mM without pretreatment with capsaicin 3 mM had

2q Ž .Fig. 4. Influence of Ca -free medium on excitatory panel A and
Ž .desensitizing panel B action of capsaicin in the isolated guinea pig

bronchi. Panel A: Concentration–response curves for capsaicin were
Ž . Ž .obtained in the presence open circle or absence closed circle of

extracellular calcium. Panel B: Tissues were pre-exposed to vehicle
Ž . Ž . Ž . Ž .circle or capsaicin triangle in the presence open or absence closed
of extracellular calcium. All concentration–response curves for the sec-
ond addition of capsaicin were obtained in the presence of extracellular
calcium. Values are means"S.E.M. of six to seven different experiments.

no residual effect on the contractile responses to the
Ž y8 y5 .subsequently added capsaicin 10 –10 M . In addition,

Ž .ruthenium red 30 and 100 mM applied 20 min before
Ž .tissues were pre-exposed to capsaicin 3 mM , did not

restore the desensitized responses, seen in tissues pre-
Ž .treated with capsaicin 3 mM alone, to the subsequently

Ž y8 y5 .added capsaicin 10 –10 M .

3.4. Effect of extracellular Ca2 q on capsaicin-induced
desensitization

Using a Ca2q-free, EGTA-containing medium, we ex-
amined whether extracellular Ca2q was essential for pro-
duction of capsaicin-induced excitation and desensitiza-
tion. The muscle-contracting action of capsaicin was
markedly reduced in the absence of extracellular Ca2q

Ž .panel A of Fig. 4 . The desensitizing action of capsaicin,
however, remained unaltered when tissues were pretreated

2q Žwith capsaicin in the absence of extracellular Ca panel
.B of Fig. 4 .

4. Discussion

In the present study, we have shown that the capsaicin-
induced functional desensitization in guinea pig bronchi
could be prevented by capsazepine but not by ruthenium
red, in an extracellular Ca2q-independent manner.

The specific action of capsaicin is characterized by an
initial excitation followed by a long-lasting refractory state,
termed ‘desensitization’. This phenomenon of desensitiza-
tion represents a therapeutic potential to diminish the pain

Ž .syndrome Maggi and Meli, 1988; Maggi, 1992 , and has
been investigated for decades to identify the capsaicin-sen-

Ž .sitive neuronal pathways Holzer, 1991 . The mechanism
of acute excitatory responses to capsaicin can be explained

Žby its interaction at a specific recognition site Szallasi and
.Blumberg, 1990 known as ‘vanilloid receptor’, and the

2q q Žresultant Ca and Na influx through the channel Bevan
.et al., 1992 closely coupled to the recognition site. How-

ever, the mechanism of the desensitization by capsaicin is
still poorly understood because this desensitization appears

Žto involve a very complex process Holzer, 1991; Dray,
.1992 . Recently, it has been reported that capsaicin-in-

duced desensitization requires the presence of extracellular
Ca2q and that this desensitization is prevented by cap-

Žsazepine in rat dorsal root ganglion Cholewinski et al.,
.1993 . Based on this observation, we attempted to test the

hypothesis that blockade of either the vanilloid receptor or
of Ca2q entry during pretreatment with capsaicin can
prevent the development of the desensitization in guinea
pig bronchi.

In the present study, we observed that the contractile
responses to exogenously added tachykinins were not al-
tered after the pre-exposure of tissue to capsaicin. This
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Žobservation is consistent with other reports Maggi et al.,
.1988a that the function of tachykinin receptors, which

mediate the contractile response to tachykinin released via
a post-receptor mechanism following treatment with cap-
saicin, is not altered during the process of capsaicin-in-
duced desensitization. The vanilloid receptor, on the other
hand, seems to be associated with the desensitization since
capsazepine can antagonize the in vitro desensitization
induced by capsaicin as shown in this study. This result
further supports the hypothesis that in vitro desensitization

Žby capsaicin is mediated via a specific receptor Cholewin-
.ski et al., 1993 . Furthermore, there is evidence for a role

of the vanilloid receptor in the development of in vivo
Ž .desensitization neurotoxicity . Systemic administration of

resiniferatoxin, an ultrapotent capsaicin analogue, induces
a dose-dependent loss of vanilloid receptors in sensory

Ž .ganglia Szallasi and Blumberg, 1992 , spinal cord and
Ž .urinary bladder Goso et al., 1993 of the rat. In addition, it

has been demonstrated that specific resiniferatoxin bind-
ing, thought to represent capsaicin receptor binding, de-
creases 80–90% in membranes from dorsal root ganglia
and 50–70% in membranes from Gasserian ganglia of

Žadult rats treated neonatally with resiniferatoxin Szallasi
.et al., 1990 .

The results from the present experiments showed that
pretreatment with ruthenium red 20 min before the first
application of capsaicin could not prevent the capsaicin-in-
duced desensitization to subsequently added capsaicin. In
addition, this study showed that the desensitization by
capsaicin was not altered by the removal of extracellular
Ca2q during capsaicin pretreatment, whereas the cap-
saicin-induced contractile response was markedly reduced
in the absence of extracellular Ca2q. These findings are in
line with other observations that systemic administration of
ruthenium red fails to attenuate the desensitizing effect of

Žcapsaicin at the central endings of primary afferent Gep-
.petti et al., 1991 . Previously, we also found that ruthe-

nium red had no effect on the capsaicin-induced antinoci-
Ž .ception in mice Lee et al., 1995 . However, there are

contradictory reports that ruthenium red or removal of
extracellular Ca2q can block the desensitizing action of

Žcapsaicin on neurones Maggi et al., 1988b,c; Koplas et
.al., 1997 . One possible explanation for the discrepancy

among these results would be the difference in species and
tissues. On the other hand, the results for the influence of
ruthenium red on excitatory action of capsaicin, rather
consistently demonstrate that ruthenium red can antagonize

Žthe capsaicin-induced stimulatory function Amann et al.,
.1989; Dray et al., 1990b . Indeed, ruthenium red markedly

inhibits the capsaicin-induced release of peptides and con-
Žtractile function in guinea pig bronchi Maggi et al., 1989;

.Jung et al., 1994 , although in the present study, it failed to
inhibit capsaicin-induced desensitization. This differential
effect of ruthenium red supports the assumption that exci-
tatory and desensitizing actions of capsaicin may involve

Ž .distinct mechanisms Szallasi, 1994 .

Another possible point in favor of this hypothesis is the
remarkable difference in the excitatory and the desensitiz-
ing potency of capsaicin and its analogues. For example,
resiniferatoxin is only marginally more potent or equipo-
tent with capsaicin to produce a contractile response in rat

Ž .urinary bladder Maggi et al., 1990 , while it is 10,000-fold
more potent than capsaicin to inhibit twitch responses to

Ž .field stimulation in rat vas deferens Maggi et al., 1990 .
Another capsaicin analogue, zyngerone, exhibits excitatory

Ž .activity without desensitizing activity Hayes et al., 1984 ,
and other capsaicinoids display desensitizing activity in the

Ž .absence of excitatory activity Dray et al., 1990a . In
accord with these results, it has been reported that in vitro
desensitization to capsaicin in the guinea pig ureter occurs
at doses considerably higher than those needed to release
neuropeptide. Our present observations are also consistent

Žwith these results by showing that the maximum dose 10
.mM of capsaicin for desensitization was approximately

Ž .10-fold greater than that 1 mM for the excitatory contrac-
Ž .tile response, although others Ellis and Undem, 1994 did

not find this to be the case in guinea pig trachea. Further
investigations are needed to demonstrate whether the
mechanisms underlying capsaicin-induced excitation and
desensitization are different. The results could possibly
lead to the potential application of the dual effects of
capsaicin separately for medical purposes.

In summary, the present results suggest that in vitro
functional desensitization to the capsaicin-induced contrac-
tile response in guinea pig bronchi may be mediated via a
specific receptor and a ruthenium red-insensitive pathway.
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