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I. Introduction

THE function of primary afferent neurons is to receive
and transmit information from the internal and external
environment and thereby contribute to the organism’s

ability to maintain homeostasis. The cell bodies of pri-
mary afferent neurons are located in the spinal (dorsal
root) or cranial sensory ganglia and send fibers in both
the central and peripheral directions. The endings of the
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CAPSAICIN 145

FIG. 1. Chemical structures of capSaicin and resiniferatoxin.

peripheral fibers may be either receptors themselves or

are connected to special sensory structures. Much of the

current information concerning the histochemistry,

physiology, and pathophysiology ofprimary afferent neu-
rons has been obtained in the last 15 years. This resulted
not only from the advent of new experimental techniques

but also from the availability of capsaicin which, during
this time, proved to be an important pharmacological
tool in sensory neuroscience.

Capsaicin is the pungent ingredient in a wide variety

of red peppers of the genus Capsicum. Chemically, it is a
derivative of vanillyl amide, 8-methyl-N-vanillyl-6-no-

nenamide (fig. 1) and has a molecular weight of 305.42.

Hot peppers have been eaten and used by humans since

prehistorical times (Lembeck, 1987b). A. Hogyes (1878)
was the first to state that the pungent and irritant action

of capsicol, an extract of Capsicum, is mediated mainly
by sensory nerves. It was not before the middle of this

century, however, that another Hungarian investigator,
N. Jancs#{243},realized that capsaicin, the pure substance,
also exerts a long-term sensory receptor-blocking action
which can be made use of in the functional investigation
ofafferent neurons (Jancs#{243},1960, 1968; Szolcs#{225}nyi, 1982,
1984a). A large number of studies have since corrobo-

rated this discovery and established capsaicin as an

important probe for sensory neuron mechanisms. The
last few years have witnessed important insights into the

mechanism of action of capsaicin, and with these ad-

vances it has become possible to put forward a framework

hypothesis that explains the selectivity of capsaicin’s
action on a molecular and cellular basis.

With respect to potency, target, and mechanism of
action, two effects of capsaicin can be differentiated: (a)

One action is grossly selective for thin afferent neurons
of mammalian species and expresses itself in an initial
short-lasting stimulation that can be followed by desen-
sitization to capsaicin and other stimuli of sensory neu-
rons. With clearly suprathreshold doses of capsaicin a
long-term functional or even morphological ablation of
thin sensory neurons is achieved. Both the stimulant and

long-term inhibitory effects of capsaicin appear to arise

from a common mechanism of action, i.e., activation of
a cation channel in the cell membrane of mammalian
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sensory neurons. (b) The other action of capsaicin is cell

nonselective and is seen throughout the animal kingdom.

In many, but not all, cases, it manifests itself as a

transient depression of excitability with no long-lasting
consequences for the cell. The concentrations of capsai-
cm needed to elicit these cell-nonselective effects are

usually orders of magnitude higher than those sufficient

to stimulate sensory neurons.
The scope of the present article is to describe and

discuss the phenomenology, cellular targets, and mech-
anisms of action of capsaicin and to present an integrated
summary of the current neuropharmacology of this drug.

My review concentrates on papers in which the cellular

target and mechanism of the actions of capsaicin were

explored and attempts to address the practical value of

capsaicin as a pharmacological research tool and to point
out the limitations of its usefulness. Many other ad-
vances arising from the use of capsaicin have been sum-

marized in various reviews (Nagy, 1982; Szolcs#{227}nyi, 1982,
1984a,b, 1990; Fitzgerald, 1983; Coleridge and Coleridge,
1984; Russell and Burchiel, 1984; Marley and Livett,

1985; Buck and Burks, 1986; Lembeck, 1987a, 1988;
Chahl, 1988; Holzer, 1988; Maggi and Meli, 1988; Don-

nerer et al., 1990; Lynn, 1990; Maggi, 1991) and are

considered here only marginally. The disposition of the
article follows the time course of capsaicin’s action on

sensory neurons, proceeding from the acute to the inter-
mediate and long-term effects of the drug. This order is

adhered to in the description of both its cellular targets

and mechanisms of action.

II. Phenomenology and Selectivity of the Actions
of Capsaicin on Primary Afferent Neurons

A. Types of Primary Afferent Neurons

The classification of primary afferent neurons accord-
ing to morphological, functional, and neurochemical cri-

teria is dealt with here only to the extent that the target
of action of capsaicin can be appreciated. Morphologi-

cally, primary afferent neurons are divided into those

having large light somata (A-type neurons) and those
having small dark somata (B-type neurons), although

there is no sharp separation with respect to cell body
diameter (for example, see Lawson and Harper, 1984).
The size of the cell bodies is grossly, but not strictly,

related to the diameter of the fibers that arise from them
(Harper and Lawson, 1985; Hoheisel and Mense, 1986).
Three groups of afferent nerve fibers can be separated:

(a) thick myelinated, (b) thin myelinated, and (c) thin
unmyelinated. This morphological heterogeneity of af-
ferent nerve fibers is closely paralleled by a functional
heterogeneity with regard to projection into different
layers of the spinal cord or medulla, conduction velocity,
and sensory modality (Salt and Hill, 1983).

Physiologically, the thick myelinated fibers have the
highest conduction velocities (Aa�3-fibers) and carry non-

nociceptive mechanical information from the skin and
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Marker

TABLE 1

Some markers of capsaicin-sensitive primary afferent neurons

Adenosine deaminase

Arginine vasopressin

Bombesin/gastrin-releasing peptide

Calbindin D28k

Calcitonin gene-related peptide

Selected references

Nagy and Daddona, 1985

Kai-Kaietal., 1986

Decker et al., 1985

Kashiba et al., 1990b

Gibbins et al., 1985; Lundberg et al., 1985; Skofitach and Jacobowitz, 1985b; Franco-

Cereceda et al., 198Th; Gibbins et al., 1987; Carr et al., 1990; Kashiba et al., 1990a

Jancs#{243} et al., 1981; Gibbins et al., 1987
Ladenheim et al., 1986

Skofitsch et al., 1985

Gibbins et al., 1987; Weihe, 1990

Jancs#{243} and KnyihIr, 1975; Jessel et al., 1978; Ainsworth et al., 1981; Nagy et al., 1981a,b;

Gamse et al., 1982; McDougal et al., 1983, 1985

Singer and Placheta, 1980
Skofitsch and Jacobowitz, 1985a

Bucsics et al., 1988
Hamon et al., 1989

Kirchgessner et al., 1988

Weihe, 1990

Maggio and Hunter, 1984; Hua et al., 1985

Gamse et al., 1979a; Nagy et al., 1980; Laduron, 1984

Ch#{233}ry-Croze et al., 1989
Ferrietal., 1990

Gamse et al., 1981b; Jancs#{243}et al., 1981; Nagy et al., 1981a,b

Jessell et al., 1978; Gamse et al., 1980, 1981b; Hayes and Tyers, 1980; Nagy et al., 1980,

1981a,b; Jancs#{243}et al., 1981

Thiamine monophosphatase Inomata and Nasu, 1984; Bucsics et al., 1988

Vasoactive intestinal polypeptide Jancs#{243} et al., 1981; Skofitsch et al., 1985

a Cholecystokinin-like immunoreactivity in rat sensory neurons (Jancs#{243} et al., 1981) may represent calcitonin gene-related peptide (Ju et al.,

1986).

t Corticotropin-releasing factor-like immunoreactivity in rat sensory neurons (Skofitsch et al., 1985) may represent substance P (Berkenbosch

et al., 1986).

146 HOLZER

muscle. The thin unmyelinated fibers have the slowest

conduction velocities (C-fibers) and are primarily noci-

ceptors (polymodal nociceptors, chemonociceptors)

which respond to noxious mechanical, thermal, and/or

chemical stimuli. In addition, they also comprise some
specific thermonociceptors as well as some nonnocicep-

tive mechanical, warmth, and cold receptors. The small
myelinated fibers conduct at intermediate velocities (A#{244}-

fibers) and carry both nociceptive (mechanonociceptors

and polymodal nociceptors) and nonnociceptive (me-

chanoreceptors, cold receptors) information. The relative

proportions ofthese sensory receptors among the respec-

tive afferent fiber classes show marked species differ-

ences.

Primary afferent neurons can be further differentiated

by their ultrastructural and by their biochemical and

histoch-emical properties. A large number of bio- and

histochemical markers has been found to be associated

with primary afferent neurons. The A-type neurons in

the rat can be labeled selectively with RT97, a monoclo-

nal antibody to a neurofilament protein that is absent

from B-type neurons (Lawson and Harper, 1984; Lawson

et al., 1984; Kai-Kai et a!., 1986; Winter, 1987). Some

biochemical and histochemical markers that have been

found primarily in B-type neurons or thin afferent nerve

fibers, respectively, are listed in table 1. These markers

Cholecystokinin5

Cholecystokinin receptor binding

Corticotropin-releasing factort

Dynorphin

Fluoride-resistant acid phosphatase

GABA receptor binding

Galanin

�-Glycerophosphatase

5-Hydroxytryptamine receptor binding

Lactoseries carbohydrate antigens

Leucine enkephalin

Neurokinin A

Opiate receptor binding

Peptide histidine methionine
Peripherin

Somatostatin

Substance P

include a number of peptides such as substance P, neu-

rokinin A, calcitonin gene-related peptide, galanin, vaso-

active intestinal polypeptide, and somatostatin which
play a role in the communication of primary sensory

neurons with other neuronal and nonneuronal cells (Salt
and Hill, 1983; Weihe, 1990). The peptide markers are

by no means exclusive for afferent neurons but also label
many neurons of the central, motor, autonomic, and
enteric nervous systems.

B. Acute Excitatory Effects of Capsaicin on Mammalian

Sensory Neurons

1. Excitatory threshold doses or concentrations. On first
contact with capsaicin, afferent neurons are invariably
stimulated, and there seems to be no gross difference

whether the drug is applied to the peripheral or central

endings or to the cell bodies of sensory neurons. Admin-
istration of capsaicin to the peripheral nerve endings
results in depolarization and discharge of action poten-
tials, which in turn evokes burning pain (P#{243}rsz#{225}szand

Jancs#{244},1959; Jancs#{243}et al., 1968; Bernstein et al., 1981;
Carpenter and Lynn, 1981; Geppetti et al., 1988b; Stj#{228}rne

et al., 1989). This painful sensation is produced by a
threshold concentration of 30 nM capsaicin on the rat

eye (Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1975) or blister base
in human skin (Szolcs#{225}nyi, 1977), whereas the threshold
concentration in the oral cavity and on the tongue of
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humans is about 0.7 �tM (Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,

1975; Szolcs#{225}nyi, 1977; Rozin et al., 1981; Sizer and

Harris, 1985). When given as an aerosol by nebulising
solutions of capsaicin, concentrations of �2 �tM produce
coughing in humans (Collier and Fuller, 1984). In the rat

and monkey, intradermal doses of 30 nmol capsaicin are
sufficient to activate polymodal nociceptors and to elicit

pain (Martin et al., 1987; LaMotte et al., 1988). Injected

close arterially to exteroceptive fields, doses of 0.07 nmol

capsaicin in the cat (Szolcs#{225}nyi, 1977) and guinea pig

(Szolcs#{225}nyi et al., 1986), 0.3 nmol in the rat (Szolcs#{225}nyi

et al., 1988), and 7 nmol in the rabbit (Szolcs#{225}nyi, 1987)

are suprathreshold in activating polymodal nociceptors

or producing pain.
This high potency of capsaicin is also seen in vitro

(Dray et al., 1989a, 1990a,b,d) and when capsaicin is

administered to the axons or somata of afferent neurons.

Periaxonal concentrations as low as 30 to 100 nM cap-
saicin are capable of depolarizing afferent nerve fibers in

the rat isolated vagus, sciatic and sural nerves, or lumbar

dorsal roots (Ault and Evans, 1980; Yanagisawa et al.,

1980; Hayes et al., 1984a; Bevan et al., 1987; Marsh et
al., 1987). Similar concentrations of capsaicin depolarize

dorsal root and nodose ganglion cells of the rat in vitro
or in culture (Williams and Zieglg#{228}nsberger, 1982; Bac-

caglini and Hogan, 1983; Heyman and Rang, 1985; Bevan

et al., 1987; Marsh et al., 1987; Winter et al., 1990).
Behavioural evidence indicates that intrathecal, intracis-

ternal, or intracerebroventricular injection of 33 to 330
nmol capsaicin activate the central endings of nocicep-

tive afferent nerve fibers (Yaksh et al., 1979; Gamse et

al., 1981b; Jancs#{243},1981).

2. Targets and selectivity of the excitatory action. The

conjecture that pain receptors, but not mechanorecep-

tors, are activated by capsaicin (P#{243}rsz#{225}szand Jancs#{243},

1959; Jancs#{244},1968) was later confirmed by single-unit
recordings from cutaneous nerves. It is now evident that

the primary targets of the excitatory action of capsaicin

are thin primary afferent neurons that are connected to
distinct sensory receptors (table 2). When capsaicin is

administered to the peripheral endings of cutaneous sen-

sory neurons of humans, cat, rabbit, and rat, many, but
not all, C-fiber polymodal nociceptors (Szolcs#{225}nyi, 1977,

1987; Foster and Ramage, 1981; Kenins, 1982; Konietzny

and Hensel, 1983; Martin et al., 1987; Szolcs#{225}nyi et al.,
1988; Lang et al., 1990), some C-fiber warmth receptors

(Szolcs#{225}nyi, 1977, 1983a; Foster and Ramage, 1981; Ken-

ins, 1982), and some A#{246}-fiber polymodal nociceptors
(Matsumiya et al., 1983; Szolcs#{225}nyi et al., 1988; Hartung
et al., 1989) are stimulated. Accordingly, perineural ap-

plication of capsaicin to the cat saphenous nerve depo-
larizes C-fibers and some A#{246}-fibers (Such and Jancs#{244},

1986). Other types of cutaneous C-fiber afferents such

as low- and high-threshold mechanoreceptors and cold
receptors are not affected by capsaicin (Kenins, 1982;

Szolcs#{225}nyi, 1987, 1990; Szolcs#{225}nyi et al., 1988). With the

exception of some A#{244}-fiberpolymodal nociceptors, none

of the cutaneous M- and Af3-fiber afferents appear to

respond to capsaicin (Foster and Ramage, 1981;
Szolcs#{225}nyi, 1987, 1990).

In the dog skeletal muscle, capsaicin has been found

to stimulate the majority of group IV (C-fiber) and some
group III (A#{244}-fiber) skeletal muscle afferents (Kaufman

et al., 1982). Exactly the same spectrum of action is seen

in the knee joint of the cat in which most of the group

IV and some of the group III articular afferents are

stimulated by the drug (He et al., 1988, 1990). Capsaicin
appears to have an equivalent target of action on visceral

afferent neurons as it does with somatic afferents; cap-

saicin preferentially stimulates C- but also some che-
mosensitive AS-fibers (Coleridge and Coleridge, 1977,
1984; Longhurst et al., 1984; Szolcs#{225}nyi, 19Mb). This is

in keeping with the observation that perineural applica-
tion of capsaicin to the rat vagus nerve depolarizes only

C-fibers (Bevan et al., 1987).

Polymodal nociceptors are usually identified by their

sensitivity to mechanical and thermal noxious stimuli.

Only recently has it been recognized that a considerable

proportion of C-fiber afferents in somatic and visceral

nerves do not respond to excessive mechanical and ther-
mal stimulation (“silent nociceptors”) but are sensitive

to algesic chemicals such as bradykinin and histamine
(LaMotte et al., 1988; Schaible and Schmidt, 1988;
H#{228}bleret al., 1990; McMahon and Koltzenburg, 1990).

These chemonociceptors acquire sensitivity to mechani-

cal stimuli during inflammation. All afferent C-fibers in

the rabbit great auricular nerve that respond to brady-

kinin are also sensitive to capsaicin injected intraarteri-

ally into the ear (Szolcs#{225}nyi, 1987). Similarly, those

afferent C-fibers in the skin of the monkey (LaMotte et
al., 1988) and the rat (Lang et al., 1990) which are

stimulated by capsaicin are, in addition, responsive to
histamine or bradykinin. Sensitivity to capsaicin and
other algesic chemicals is shared in an analogous manner

by visceral afferent C-fibers in, for example, the vagal
and renal nerves (Coleridge and Coleridge, 1977, 1984;

Longhurst et al., 1984; Szolcs#{225}nyi, 19Mb). In contrast,

there is much less overlap between cutaneous units sen-
sitive to capsaicin and units responsive to mechanical

noxious stimulation (LaMotte et al., 1988; Lang et al.,

1990). Thus, it appears as if responsiveness to capsaicin
is a particular property of C-fiber chemonociceptors,

which might be of great practical value in probing the

chemical sensitivity of polymodal nociceptors and in
identifying silent nociceptors as suggested by Szolcs#{225}nyi
in 1984 (Szolcs#{225}nyi, 19Mb). However, the precise rela-

tionship between capsaicin-sensitive afferents and silent
nociceptors remains to be determined.

When administered to the cell bodies of afferent neu-

rons, capsaicin stimulates only somata that are con-
nected to C-fibers as observed both in vitro (Heyman

and Rang, 1985; Bevan et al., 1987; Marsh et al., 1987)
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TABLE 2

Targets and selectivity of capsaicin’s actions on excitable cells in rnamrnais*

A. Acute effects
1. Excitation ofprimary afferent neurons (high potency)

a. Application of capsaicin to peripheral endings of sensory neurons:

Excitation of most, if not all, unmyelinated afferent axons (C-fibers) connected to chemonociceptors
Excitation of many unmyelinated afferent axons (C-fibers, group IV afferents) connected to polymodal nociceptors

Excitation of some afferent C-fibers connected to warmth receptors

Excitation of a minority of thinly myelinated afferent axons (A#{244}-fibers,group III afferents) connected to polymodal nociceptors

b. Application of capsaicin to cell bodies in sensory ganglia:

Excitation of somata connected only to C-fibers
2. Excitation of thermoserisitive neurons in the preoptic region of the hypothalamus

3. Contraction of vascular smooth mu,sck (low potency)

4. Inhibition of the activity of cardiac and visceral smooth muscle (low potency)
5. Variable effects on a variety of excitable cells (effects on the cell membrane and on cytoplasmic systems, typically produced by very high

concentrations of capsaicin)

B. Long-term neurotoxic effects

2. Ablation ofprimary afferent neurons

a. Ablation of majority of afferent neurons with small-diameter somata (small dark B-type somata, neurofilament protein-negative,
typically containing the markers listed in table 1)

b. Ablation of minority of afferent neurons with somata of intermediate diameter (light A-type somata, neurofilament protein positive)

C. Ablation of majority of afferent neurons with unmyelinated axons (C-fibers) connected to chemonociceptors, polymodal nociceptors,

chemoceptors, or warmth receptors
d. Ablation of minority of afferent neurons with thinly myelinated axons (A#{244}-fibers)connected to polymodal nociceptors

2. Secondary effects on systems related to capsaicin-sensitive afferent neurons

a. Reorganization of capsaicin-insensitive primary afferent neurons

b. Alterations in second and higher-order afferent pathways in the central nervous system
C. Alterations in the sympathetic nervous system

3. Ablation of some neurons in the preoptic region of the hypothalamus
4. Ablation of some neurons in certain forebrain nuclei, in the retina, and in the enteric nervous system (to be corroborated)

a Potency and effectiveness of capsaicin depend on route of administration and age, strain, and species of the mammal under study.

and in tissue culture (Bevan et a!., 1987; Wood et al.,

1988), albeit one report holds that the drug activates

somata connected to both C- and A-fibers (Williams and

Zieglgansberger, 1982).
Taken together, capsaicin is selective in stimulating

primary afferent C- and A#{244}-fibers, although a few other

A-fibers also might respond to the drug (Williams and

Zieglgansberger, 1982; Longhurst et al., 1984). However,

not all C- and A#{246}-fibers and not all sensory neuron

somata connected to these fibers are sensitive to capsai-

cm. In terms of sensory receptors, it is nociceptors (po-
lymodal nociceptors, silent nociceptors) and some

warmth receptors that are stimulated by the drug. The

capsaicin-sensitive nociceptors seem to be characterized

by their particular responsiveness to a variety of algesic
chemicals and may, therefore, be designated as chemon-

ociceptors. Because there is indirect evidence that cap-

saicin-sensitive afferents might, in addition, be activated

by innocuous chemical stimuli (for example, see Mac-
Lean, 1985; Amann and Lembeck, 1986; Raybould and

Tach#{233},1988; South and Ritter, 1988; Forster et al., 1990),

it is conceivable that sensitivity to capsaicin is a distinct

trait of chemoceptive afferent neurons in general. This

conjecture, however, requires direct experimental proof.

The selectivity of the excitatory action of capsaicin

toward sensory neurons is best exemplified by the lack

of a direct excitatory action on neurons other than pri-
mary afferents, the only exception to date being a group

of thermosensitive neurons in the hypothalamus

(Szolcs#{225}nyi, 1982; Hori, 1984). Ventral roots ofthe spinal

cord (Ault and Evans, 1980; Marsh et al., 1987), fibers of
the optic nerve (Marsh et a!., 1987), pre- and postgan-
glionic sympathetic nerve fibers and sympathetic gan-

glion cells (Ault and Evans, 1980; Baccaglini and Hogan,

1983; Such and Jancs#{243},1986; Bevan et al., 1987; Marsh

et al., 1987; Wood et al., 1988), and cerebellar neurons

(Salt and Hill, 1980) are not stimulated by capsaicin.

There is indirect evidence that neurons of the enteric

nervous system are not activated either (Barth#{243} and

Szolcs#{225}nyi, 1978; Barth#{244} et al., 1982a; Holzer, 1984;

Takaki and Nakayama, 1989). The excitatory actions of

capsaicin seen, for example, in neurons of the enteric

nervous system (Barth#{244} and Szolcs#{225}nyi, 1978; Takaki

and Nakayama, 1989), in the spinal cord (Yanagisawa et

al., 1980; Chung et al., 1985a; Urban et al., 1985), in the
medulla (Salt and Hill, 1980), and in certain areas of the

brain (Rabe et al., 1980; Andoh et al., 1982; Braga et al.,
1987; Zagami and Lambert, 1991) are considered to be
secondary consequences of sensory neuron stimulation.

This argument, however, is not conclusive in all in-

stances and one cannot rule out that capsaicin is capable

of activating certain nonsensory neurons. This uncer-

tainty also applies to the finding that systemic capsaicin
produces acute changes in the synthesis rate and levels

of monoamines in substantia nigra, striatum, and hypo-

thalamus (Haj#{244}set al., 1986b) and in the rate of glucose
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utilization in certain forebrain nuclei (Szikszay and Lon-

don, 1988).

The acute actions of capsaicin, however, are not re-

stricted to neurons (table 2), and there are a number of
reports of capsaicin influencing nonneural systems.

These cell-nonselective effects of capsaicin and capsaicin

congeners include inhibition of cardiac muscle excitabil-
ity (Zernig et al., 1984; Franco-Cereceda and Lundberg,

1988), inhibition of visceral smooth muscle activity

(Szolcs#{225}nyi and Barth#{243}, 1978; Holzer and Lembeck,

1979; Barth#{243}et al., 1982b, 1987; Maggi et al., 1987c,

1989b; Takaki et al., 1990), and contraction of vascular

smooth muscle (Donnerer and Lembeck, 1982; Duckles,
1986; Saito et al., 1988; B#{233}nyet al., 1989; Edvinsson et

al., 1990; Hoizer et al., 1990b). Contradictory data suggest

that capsaicin and related substances might either en-
hance (Juan et al., 1980; Moritoki et al., 1990) or inhibit

(Flynn et al., 1986) the formation of prostanoids in

vascular tissue of rabbits and humans, respectively,

whereas no effect on prostanoid formation is observed in

the rat gastric mucosa (Holzer et al., 1990a) and other

tissues (Brand et al., 1990). In addition, capsaicin and

its congeners have been reported to inhibit platelet ag-

gregation (Wang et al., 1984, 1985; Brand et al., 1990)
and to influence a variety of enzymatic activities (Chu-

dapongse and Janthasoot, 1981; Ki et al., 1982; Miller et

al., 1983; Negulesco et al., 1983; Modly et al., 1986; De
and Ghosh, 1989; Srinivasan and Satyanarayana, 1989;
Savitha et al., 1990; Yagi 1990) and other cell and tissue

functions (Kenins et al., 1984; Nagabhushan and Bhide,
1985; Agarwal and Bhide, 1988; Gannett et al., 1988;

Muralidhara and Narasimhamurthy, 1988; Lawson and

Gannett, 1989; Knyazev et al., 1990; Matucci-Cerinic et

al., 1990).

Importantly, many of the cell-nonselective effects of

capsaicin are produced by, or were studied with, doses of

the drug far in excess of those necessary to stimulate

thin afferent neurons. For example, the sensory neuron-

selective and cell-nonselective effects of the drug in the
guinea pig ileum are separated by a dose ratio of 300 to

3000 (Szolcs#{225}nyi and Barth#{243},1978; Barth#{243}et al., 1987).

In addition, capsaicin’s nonselective actions differ pro-

foundly from its stimulant action on sensory neurons in

that they are sustained, do not undergo desensitization,

and are easily reproducible on reapplication of capsaicin
(Szolcs#{225}nyi and Barth#{243}, 1978; Holzer and Lembeck,

1979; Barth#{243}et al., 1982b, 1987; Maggi et al., 1987c,

1989b; Edvinsson et al., 1990).
3. Consequences of excitation: afferent and local effector

roles of sensory neurons. It is beyond the scope of this

article to discuss all the functional consequences of the

capsaicin-induced stimulation of afferent neurons. Given

the selectivity with which capsaicin stimulates thin af-
ferent neurons, however, this drug was instrumental in

providing evidence (Jancs#{243},1960, 1981) for a “dual sen-

sory-efferent function” (Szolcs#{225}nyi, 1984b) of afferent

neurons. Thus, excitation of nociceptive nerve fibers by
either capsaicin or other stimuli is followed not only by

conduction of nerve activity to the central nervous sys-

tem but also by the release of transmitter substances
from the activated peripheral nerve endings themselves.

In addition, nerve activity may travel among the periph-

eral branches of sensory nerve fibers, and this process is

thought to account for local “axon reflexes” such as the

spreading flare (vasodilatation) around a focal injury of
the skin (for reviews of this concept, see Szolcs#{227}nyi,

1984b, 1988; Holzer, 1988; Maggi and Meli, 1988).

The afferent function of sensory neurons enables in-
formation to be transmitted to the central nervous sys-

tem. Stimulation of afferent neurons by capsaicin gives

rise to a painful sensation and activates protective re-
flexes including avoidance or escape reactions (Gamse,

1982; Fitzgerald, 1983; Russell and Burchiel, 1984; Buck

and Burks, 1986) or sneezing, coughing, and bronchocon-
striction in response to airway irritation (Lundberg and

Saria, 1987). Other reflexes arising from capsaicin-in-

duced stimulation of sensory neurons involve thermo-
regulatory (Rabe et al., 1980; Szikszay et al., 1982;

Szolcs#{227}nyi, 1982; Donnerer and Lembeck, 1983; Hayes

et al., 1984b; Hori, 1984; de Vries and Blumberg, 1989;

Szallasi and Blumberg, 1989), cardiovascular (Crayton
et al., 1981; Donnerer and Lembeck, 1982; Jancs#{243}and

Such, 1983; Ordway and Longhurst, 1983; Longhurst et

al., 1984; Szolcs#{227}nyi et al., 1986; Amann et al., 1989a),
and neuroendocrine (Mueller, 1981; Watanabe et al.,

1988b) control mechanisms.
The local release of peptide mediators from peripheral

sensory nerve endings enables these neurons to exert a

local effectorfunction (Holzer, 1988), because the released

peptides influence a variety of local tissue functions (for

reviews, see Szolcs#{225}nyi, 19Mb; Lundberg and Saria, 1987;
Chahl, 1988; Holzer, 1988; Maggi and Meli, 1988; Nils-

son, 1989; Donnerer et al., 1990). These include changes

in local blood flow, vascular permeability, cardiac and

smooth muscle activity, tissue growth and repair, im-

munological processes, and regulation of activity in post-
ganglionic sympathetic efferents. Substance P, neuroki-

nm A, calcitonin gene-related peptide, and vasoactive

intestinal polypeptide are among the identified peptides
released by capsaicin from peripheral endings of afferent
neurons (Holzer, 1988; Maggi and Meli, 1988; Saria et
al., 1988; Maggi et al., 1989d). However, capsaicin also

releases substance P, somatostatin, and calcitonin gene-

related peptide from their central endings in the spinal

cord in vitro and in vivo (Gamse et al., 1979b, 1981a;
Th#{233}riault et a!., 1979; Yaksh et al., 1980; Helke et al.,

1981b; Jhamandas et al., 1984; Saria et al., 1986). Sub-

stance P in neurons of the central (Gamse et al., 1979b;

Helke et al., 1981b) or enteric (Holzer, 1984) nervous

system is not released by capsaicin. Likewise, the release
of neurotransmitters such as glutamic acid (Akagi et al.,

1980; Singer et al., 1982), �y-aminobutyric acid, glycine
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(Akagi et al., 1980), 5-hydroxytryptamine (Bergstrom et
al., 1983), vasoactive intestinal polypeptide, cholecysto-
kinin (Yaksh et al., 1982; Jhamandas et al., 1984), or

bombesin (Moody et al., 1981) in the spinal cord is not

affected by capsaicin.

C. Intermediate Effects of Capsaicin on Mammalian

Sensory Neurons

1. Sensitization. Desensitization and blockade of nerve
conduction are very common but not exclusive sequelae

of the excitatory action of capsaicin on sensory neurons.

Under certain conditions the opposite can be seen; exci-
tation is followed by sensitization to thermal, mechani-

cal, and chemical stimuli, particularly if low doses of
capsaicin are administered repeatedly. There is only one
report indicating that neuronal sensitivity to capsaicin

can increase with repeated applications of the drug to
the human tongue; paradoxically, a pause in the stimu-
lation cycle gives rise to desensitization (Green, 1989).

The capsaicin-induced sensitization of C-fiber polymodal

nociceptors to thermal (Kenins, 1982; Konietzny and
Hensel, 1983) and mechanical (Kenins, 1982) noxious
stimuli is a more frequent observation, and sensitization

appears to precede desensitization (Kenins, 1982). Sen-
sitization could have a bearing on the capsaicin-induced

hyperalgesia to thermal (Jancs#{243},1960; Szolcs#{225}nyi, 1977,
1990; Carpenter and Lynn, 1981; Green, 1986; Simone et

al., 1987) and mechanical (Szolcs#{225}nyi, 1977; Culp et a!.,

1989; Simone et al., 1989) stimuli, but it is not clear
whether hyperalgesia is mediated by those nerve fibers

that are desensitized to capsaicin. However, it is worth
mentioning in this context that the mechanical hyper-
algesia resulting from chronic paw inflammation in the
rat is mediated by afferent neurons sensitive to capsaicin
(Barth#{243}et a!., 1990).

2. Desensitization. A more typical feature of capsaicin-
induced stimulation of primary afferent neurons is that

excitation soon subsides and the neurons become unre-
sponsive to further applications of the drug. Capsaicin

desensitization has been observed both by recording the
activity of sensory neurons and by examining the con-
sequences of sensory neuron activation, e.g., neuropep-
tide release from peripheral and central terminals of
afferent neurons, depolarization of spinal dorsal horn

and ventral root neurons (Dickenson et al., 1990a,b), and
behavioural (pain) reactions. The rapidity and extent
with which desensitization to capsaicin develops is re-
lated to the dose of, and the time of exposure to, capsaicin

and the time interval between consecutive dosings
(Szolcs#{225}nyi et al., 1975; Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,

1976; Szolcs#{225}nyi, 1977, 1987; Barth#{243} and Szolcs#{225}nyi,
1978; Foster and Ramage, 1981; Kaufman et al., 1982;
Zernig et al., 1984; He et a!., 1988, 1990; Maggi et al.,
1988f, 1990a; Dray et a!., 1989a,b, 1990b; Amann, 1990;
Winter et al., 1990).

With low suprathreshold doses of capsaicin given at
appropriate time intervals, desensitization does not nec-

essarily take place so that excitation of thin sensory
neurons (Kaufman et al., 1982; Kenins, 1982; Longhurst

et aL, 1984; Szolcs#{225}nyi, 1987; Szolcs#{225}nyi et al., 1988),
pain reactions (Szolcs#{225}nyi et al., 1975; Szolcs#{225}nyi and

Jancs#{244}-G#{225}bor,1976; Szolcs#{225}nyi, 1977; Green, 1989; Dray
et al., 1989a, 1990b), cardiovascular responses (Lon-

ghurst et al., 1980; Donnerer and Lembeck, 1982;

Szolcs#{225}nyi et al., 1986; Amann et a!., 1989a), and peptide

release from peripheral sensory nerve endings (Dray et

al., 1989b; Amann, 1990) can be reproduced with each

application of the drug. With higher doses of capsaicin
or prolonged exposure to the drug, however, desensiti-

zation ensues and consecutive applications of capsaicin

become less effective or fail to produce any effect.

Whereas desensitization to comparatively low doses of
capsaicin may be specific for this drug and its congeners

(Szolcs#{225}nyi, 1977; Bernstein et al., 1981; Dray et al.,

1989a,b, 1990b,c; Winter et al., 1990), desensitization to

higher doses of the drug also is associated with a loss of

responsiveness to other chemical (Jancs#{243}, 1960;

Szolcs#{225}nyi, 1977, 1987; Foster and Ramage, 1981; Ken-
ins, 1982; Jancs#{243}and Such, 1983; Ueda et a!., 1984;

Geppetti et al., 1988c; Dray et a!., 1989a, 1990b; He et

al., 1990; Lang et al., 1990), warmth (Szolcs#{225}nyi, 1977,
1983a, 1987; Foster and Ramage, 1981; Kenins, 1982;

Williams and Zieglg#{228}nsberger, 1982), and noxious (high-

threshold) mechanical stimuli (Kenins, 1982; Szolcs#{225}nyi,

1987; He et al., 1990; Lang et al., 1990) and to potassium

depolarization (Saria et al., 1983a; Dray et al., 1989b;

Amann, 1990; Donnerer and Amann, 1990; Maggi et a!.,

1990b). Specific taste chemoreceptors, cold receptors,
and low-threshold mechanoreceptors are not inhibited
by desensitization to capsaicin (Szolcs#{225}nyi, 1977, 1990;

Dray et al., 1989b, 1990b). Thus, only thin sensory neu-

rons appear to be rendered insensitive to capsaicin and

their other sensory modalities.
Nonspecific desensitization to capsaicin is probably

the first manifestation ofthe long-term neurotoxic action

of the drug on sensory neurons, the adjective long-term
referring to a time scale of several weeks to months. The

frequent use ofthe term desensitization to denote chronic

defunctionalization of sensory neurons has created some

confusion because it is at variance with the meaning of
desensitization in pharmacology. The problem relates to

the fact that most, if not all, long-term neurotoxic effects
of capsaicin involve morphological changes, whereas the
pharmacological term desensitization implies a transient

functional refractoriness in the absence of long-lasting
morphological or other toxic changes. Although in the

present article I attempt to use the term desensitization

in this latter sense only, it is not possible in many cases

to clearly distinguish between desensitization and neu-
rotoxicity because the reversibility of defunctionalization

and a possible association with morphological alterations

have not been examined.

The duration of the desensitization to capsaicin ap-
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pears to be a matter of a few hours to a few days. It is

not known whether there is any temporal relationship

between desensitization and the presence of capsaicin in

the tissue. In the rat, topical administration of approxi-

mately 100 �M capsaicin is necessary to make the cornea

insensitive to chemical noxious stimuli for at least 2 h

(Szolcs#{225}nyi et a!., 1975; Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,
1976). Capsaicin-induced desensitization of a C-fiber
warmth receptor also was noted to last for at least 2 h

(Szolcs#{225}nyi, 1983a). When given systemically, 1 to 400
mg/kg capsaicin are able to reduce cutaneous sensitivity

to chemical (Szolcs#{225}nyi et al., 1975; Hayes et al., 1981b),
mechanical (Hayes et a!., 1981b, 19Mb), and thermal

noxious stimuli (Hayes et al., 1981b; Gamse, 1982; Bitt-
ner and LaHann, 1985; Szolcs#{225}nyi, 1990) for a few hours

up to several days. Likewise, desensitization of the hu-

man tongue to low concentrations of capsaicin lasts

several hours but disappears within a day (Szolcs#{225}nyi,

1977; Green, 1989). It is not possible, however, to deduce

from these behavioural data whether the time course of
the antinociceptive effects of capsaicin reflects that of

nociceptor desensitization. Antinociceptive doses of cap-

saicin and the related compound, olvanil, produce a

selective reduction in the responses of dorsal horn neu-

rons to peripheral C- and A#{244}-fiberstimulation, and there

is circumstantial evidence that capsaicin/olvanil-induced

antinociception may be due to inhibition of transmission
from afferent nerve terminals in the spinal cord rather

than defunctionalization of the peripheral axons (Dick-

enson et al., 1990a,b).
3. Blockade of nerve conduction. Within a few minutes

from the application of capsaicin to axons of sensory

neurons, nerve conduction through the treated segment

is blocked (Petsche et al., 1983; Pini, 1983; Handwerker
et al., 1984; Lynn et a!., 1984; Baranowski et a!., 1986;

Such and Jancs#{243},1986; Marsh et al., 1987; Waddell and
Lawson, 1989; Brugger et al., 1990). Capsaicin inhibits

conduction in most, but not all, afferent C-fibers of the

rat coccygeal, saphenous, sciatic, sural, and vagus nerve

and of the monkey sural nerve, polymodal C-fiber noci-
ceptors being most often affected (Petsche et al., 1983;
Welk et a!., 1983; Lynn et al., 1984; Chung et al., 1985a;

Waddell and Lawson, 1989). Nerve conduction in the

dorsal roots of the rat is blocked as well (Brugger et al.,

1990). Except in the ferret in which perineural capsaicin
blocks C-fibers only (Baranowski et al., 1986), the con-

duction in afferent A-fibers of the rat, rabbit, guinea pig,

and monkey also is reduced to a minor degree (Pini, 1983;

Lynn et a!., 1984; Chung et al., 1985a; Baranowski et al.,

1986; Such and Jancs#{244},1986; Marsh et al., 1987).

The conduction block in the A-fibers is primarily due

to a block of A#{244}-fibers, although some fast-conducting
Aa�3-fibers can be affected as well. The potency of cap-

saicin in blocking C- and M-fibers, however, is consid-

erably higher than that for fast-conducting A-fibers
(Baranowski et a!., 1986; Marsh et al., 1987; Waddell and

Lawson, 1989). Although the block of Aaf3-fibers is fully

reversible within 1 h, the C-fibers show only partial, if
any, recovery during the first 2 h after capsaicin appli-

cation. The duration of the C-fiber block at the site of

capsaicin application appears to last up to 3 days (Jancs#{243}

and Such, 1983; Welk et al., 1983; Lynn et al., 1984). In

the rat vagus nerve the C-fiber conduction block is

composed of two components, one that is reversible
within 90 mm and another one that is produced by

perineural concentrations of capsaicin of >1 jzM that is
not reversible within this time frame (Waddell and Law-

son, 1989). There are also species differences in that C-
fibers in the saphenous nerve of the guinea pig and rabbit
are less sensitive to capsaicin than those in the rat, and
full recovery from the conduction block produced by as

much as 33 mM capsaicin takes place within 1 h (Bara-

nowski et al., 1986).

Nerve conduction in sympathetic efferent fibers, yen-

tral roots of the spinal cord, or fibers of the optic nerve
is not altered (Handwerker et al., 1984; Marsh et al.,

1987) or only temporarily reduced (Such and Jancs#{243},
1986). The latter observation could either represent an

example of the cell-nonselective effects of capsaicin or
partly be due to the use of 10% ethanol in the vehicle

which, by itself, can block nerve conduction (Wall and
Fitzgerald, 1981). The use ofparaffin or olive oil (Petsche

et al., 1983; Pini, 1983) avoids this element of vehicle

interaction.

D. Long-term Neurotoxic Effects of Capsaicin on

Mammalian Sensory Neurons

1. Effects of systemic capsaicin in newborn mammals.
a. RAT. i. Morphological changes. It had long been
assumed that the persistent inhibition of sensory neuron
functions produced by systemic administration of rela-

tively large doses of capsaicin to adult rats merely re-
flected a sustained defunctionalization of these neurons.
In 1977, however, G. Jancs#{243}and his associates (1977)

reported that a subcutaneous dose of 50 mg/kg capsaicin
given to newborn rats caused a lifelong degeneration of

B-type primary afferent neurons. This degeneration

takes place within 30 mm, is permanent, and involves
most B-type neurons and their peripheral and central
nerve processes (Jancs#{243}et al., 1977; Jancs#{244}and Kir#{233}ly,
1980, 1981; Nagy et al., 1980, 1983; Nagy and Hunt, 1983;
Holje et al., 1983; Dinh and Ritter, 1987).

The neurotoxic effect of neonatal capsaicin is dose
dependent; the threshold dose of the drug in inducing

degeneration of unmyelinated dorsal root fibers and axon
terminals in the spinal cord lies between 5 and 15 mg/
kg (Jancs#{243}and Kir#{225}ly,1981; Nagy et al. 1983; Jancs#{243},
1984). The dose of 50 mg/kg capsaicin, which now is

most widely used, is thought to cause maximal degener-
ation of unmyelinated afferent neurons. The loss of
unmyelinated fibers from the rat saphenous, inferior
alveolar, and mental nerves ranges from 40% (Lynn,
1984), 50% (Welk et al., 1984), 58% (Holje et al., 1983),
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and 64% (Scadding, 1980) to 67% (Jancs#{243}et a!., 1977,

1980a). This variability in nerve fiber loss is likely to be

due to regional differences in the proportion of unmye-

linated afferent/efferent nerve fibers in mixed nerves.

Furthermore, the proportion of B-/A-type cell bodies in
the dorsal root ganglia shows some regional variation

(Lawson et al., 1984), which implies a regional difference

in the relative proportion of afferent neurons that are

sensitive to the neurodegenerative action of capsaicin
(Doucette et al., 1987). In addition, the number of degen-

erated axons also can differ within different branches of

a nerve. Thus, although the number of unmyelinated

fibers in the inferior alveolar and mental nerves of the
rat is decreased by approximately 58% (Holje et al.,

1983), no changes are found in the pulpal nerves (Holje

et al., 1983; Fried et al., 1988).
The loss of thin afferent nerve fibers is associated with

the degeneration of cell bodies from the spinal and cra-
nial sensory ganglia (Jancs#{243}et al., 1977; Lawson and

Nickels, 1980; Otten et al., 1983; Lawson and Harper,
1984; McDougal et al., 1985; Arvidsson and Ygge, 1986).

The loss of somata from the ganglia ranges between 28%

(McDougal et a!., 1985), 43% (Arvidsson and Ygge, 1986),

and 44% (Otten et al., 1983). Although it is primarily the

small dark somata that are destroyed, there also is some
degeneration of large light A-type somata, especially if

doses of capsaicin >50 mg/kg are used (Lawson and
Harper, 1984). A major loss of afferent neurons also is

demonstrated by a marked reduction in the number of
dorsal root ganglion cells that are labeled by retrograde

transport of horseradish peroxidase injected into the
urinary bladder wall (Jancs#{243}and Maggi, 1987). In the

spinal cord, transganglionic labeling is totally absent in
the central termination areas ofprimary afferent neurons

supplying the urinary bladder (Jancs#{243}and Maggi, 1987).

Similarly, the number of trigeminal ganglion cells, which

are labeled retrogradely by a fluorescent dye applied to

the cornea, is diminished by 87% (Ogilvy et al., 1991).

In the dorsal roots 72% (Arvidsson and Ygge, 1986) to
95% (Lawson and Nickels, 1980; Nagy et al., 1981b, 1983;

Holje et al., 1983) of all unmyelinated fibers are lost. The
number of myelinated A#{244}-fibers is either unchanged

(Scadding, 1980; Nagy et a!., 1981b; Arvidsson and Ygge,
1986) or reduced by 10% (Jancs#{244}et al., 1980a) to 40%

(Lawson and Nickels, 1980; Nagy and Hunt, 1983; Nagy

et al., 1983) particularly if doses >50 mg/kg capsaicin
are used. Conversely, doses of only 10 to 25 mg/kg lead

to a selective loss of up to 95% of all unmyelinated

afferent nerve fibers without affecting myelinated fibers

(Nagy et a!., 1983). Consistent with these figures, a 93%

loss of type I synaptic glomeruli, thought to be termina-

tions of unmyelinated afferent fibers, is observed in the

dorsal horn of the rat spinal cord (Ribeiro-da-Silva and
Coimbra, 1984). These glomeruli could be related to low-
density synaptosomes containing substance P (and prob-

ably other neuropeptides), which also are absent from

the dorsal spinal cord following neonatal capsaicin treat-

ment (Bucsics et al., 1984). Axon terminal degeneration
is seen in all areas of the spinal cord and brainstem

which are known to receive primary afferent C-fiber

input (Jancs#{243}et al., 1977; Jancs#{244}and Kir#{225}ly,1980, 1981;

Nagy et al., 1980; Dinh and Ritter, 1987).

ii. Neurochemical and histochemical changes.
The morphological ablation of sensory neurons produced

by capsaicin in the newborn rat is reflected by neuro-
and histochemical as well as functional deficits. Neuro-

and histochemical!y, capsaicin leads to a depletion of

markers associated with thin primary afferent neurons.

This depletion of markers is seen in sensory ganglia, in
nerves containing afferent fibers, and in tissues inner-
vated by these fibers in the periphery and in the terminal

regions of the spinal cord and brainstem. Substance P

was the first marker found to be depleted by capsaicin

treatment of newborn rats (Gamse et al., 1980; Nagy et

al., 1980; Holzer et al., 1982), the depletion being per-

manent because no recovery is seen within 9 months
(Gamse et a!. 1981b). Accordingly, the synthesis of sub-

stance P, as measured by the incorporation of [�S]

methionine, is reduced by 80 to 90% in tissue cultures of

dorsal root ganglia taken from rats treated with capsaicin
while neonates (Harmar et al., 1981), indicating that the

majority of substance P-containing afferent neurons are

ablated by neonatal capsaicin.
Calcitonin gene-related peptide also is depleted from

the dorsal horn of the spinal cord 10 days after capsaicin

treatment of newborn rats (Hammond and Ruda, 1989).
There is some controversy, however, relating to the per-

sistence of depletion in the spinal cord. Two reports hold
that calcitonin gene-related peptide, in contrast to sub-
stance P, can be replenished over a posttreatment period

of 6 to 16 weeks to near-normal levels in the spinal cord

(Diez Guerra et al., 1988; Hammond and Ruda, 1989)

although the cellular source of peptide replenishment is

unknown. This observation may be explained by consid-

ering that in the spinal cord chronic deafferentation can
lead to sprouting and synaptogenesis of surviving pri-

mary afferent nerve fibers containing calcitonin gene-

related peptide (McNeill et al., 1990). Other reports,

however, show that the depletion of calcitonin gene-
related peptide in spinal cord (Skofitsch and Jacobowitz,
1985b; Carr et al., 1990; Marlier et al., 1990; Pohl et al.,

1990), sensory ganglia, and peripheral targets of sensory

neurons (Skofitsch and Jacobowitz, 1985b; Franco-Cer-

eceda et a!., 198Th; Sternini et al., 1987; Su et al., 1987;

Diez Guerra et al., 1988; Geppetti et a!., 1988a; Varro et

al., 1988; Carr et al., 1990; Pohl et al., 1990) persists. It
has also been found that neonatal capsaicin seems to

deplete more calcitonin gene-related peptide from vis-

ceral than from somatic sensory pathways (Kashiba et
al., 1990a), but it is not known whether this factor
contributes to the variability in the findings with calci-

tonin gene-related peptide.
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A list of markers of afferent neurons, including the

substance P-related peptide neurokinin A, dynorphin,

leucine-enkephalin, galanin, somatostatin, and vasoac-

tive intestinal polypeptide, all of which can be depleted

by neonatal capsaicin to varying degrees, is given in table

1. The chemical coding of afferent neurons is heteroge-

neous in that the markers listed in table 1 are not present

in all afferent neurons, and there are differences in the

combinations of coexisting markers both within and

across different species (Costa et a!., 1986; Gibbins et al.,
1987; Weihe, 1990). As a further limitation, many of the
neurochemical markers of capsaicin-sensitive afferent
neurons also occur in afferent and nonafferent neurons

that are not sensitive to capsaicin.

The capsaicin-induced depletion of peptides and other

markers from sensory neurons (table 1) and the classi-

fication of capsaicin-sensitive afferent neurons according

to different patterns of chemical coding have been sum-
marized in other reviews (Marley and Livett, 1985; Buck

and Burks, 1986). In addition to the markers referred to

in table 1, large light A-type sensory neurons are char-
acterized by the selective presence of a neurofilament

protein that is absent in the small dark B-type neurons

(Lawson and Harper, 1984; Kai-Kai et al., 1986). Al-
though the majority of capsaicin-sensitive afferent neu-

rons fall within the group of neurofilament-negative B-

type neurons (Lawson and Harper, 1984; Kai-Kai et al.,
1986), some ofthe neurofilament-containing A-type neu-

rons also are destroyed by neonatal capsaicin, at least at

doses >50 mg/kg (Lawson and Harper, 1984). Further-
more, capsaicin treatment of newborn rats leads to in-

hibition of the axoplasmic transport of organelle-specific

enzymes and the retrograde transport of nerve growth
factor in sensory, but not sympathetic, nerves of adult

animals (McDougal et al., 1983). These changes can be

explained by a deficit of thin primary afferent nerve

fibers.

iii. Functional changes. As might be expected from
the morphological ablation of afferent neurons, capsaicin
treatment of newborn rats is associated with permanent

sensory and functional deficits which involve both the

afferent and local effector functions of sensory neurons
(Nagy, 1982; Szolcs#{225}nyi, 1982, 1990; Jancs#{243},1984; Rus-

sell and Burchiel, 1984; Buck and Burks, 1986; Maggi

and Meli, 1986, 1988; Lembeck, 1987b, 1988; Lundberg
and Saria, 1987; Chahi, 1988; Holzer, 1988; Donnerer et

al., 1990; Maggi, 1990, 1991). The activity of the drug to

induce neuronal degeneration correlates well with its

ability to inhibit the function of fine afferent neurons

(Jancs#{244}, 1984). The many functional changes brought
about by neonatal capsaicin are not detailed here except

that some salient features are discussed.

Capsaicin treatment of newborn rats has been used
widely to explore the functional implications of capsai-
cm-sensitive afferent neurons, this approach being based
on the assumption that capsaicin affects thin sensory

neurons only. A number of local effector functions in-

cluding vasodilatation, increase in vascular permeability,

changes in the activity of cardiac, bronchial, and visceral

muscle, and changes in the activity ofthe immune system

(Lembeck and Holzer, 1979; Morton and Chahl, 1980;

Saria, 1984; Lundberg and Saria, 1987; Ahlstedt et al.,

1986; Helme et al., 1987; Chahi, 1988; Holzer, 1988;

Maggi and Meli, 1988; Nilsson, 1989; Donnerer et al.,

1990; Maggi, 1990) are inhibited or abolished by neonatal
capsaicin. The vulnerability of the gastric mucosa is

enhanced (Holzer and Sametz, 1986), and the occurrence
and persistence oflesions in skin and cornea of capsaicin-

treated animals are seen to reflect a trophic role of
sensory nerve endings in these tissues (Gamse et al.,

1981b; Shimizu et al., 1984; Kjartansson et al., 1987;
Maggi et al., 1987a; Ogilvy et al., 1991).

Afferent functions that are impaired by neonatal cap-

saicin comprise Warmth reception and thermoregulation
(Hon and Tsuzuki, 1981; Donnerer and Lembeck, 1983;

Dib, 1983; Haj#{243}set al., 1983, 1986a; Ob#{225}let al., 1983;

Jancs#{244},1984), cardiovascular reflexes (Bond et al., 1982;
Lembeck and Skofitsch, 1982; Lorez et al., 1983; Bennett

and Gardner, 1984; Donnerer et al., 1989), visceral re-
flexes (Cervero and McRitchie, 1982; Sharkey et al.,

1983; Santicioli et al., 1985; Holzer et al., 1986), neuroen-

docrine reflexes (Traurig et al., 1984a,b; Amann and

Lembeck, 1986, 1987; Bennett and Gardner, 1986; Don-

nerer et al., 1989; Donnerer and Lembeck, 1990), and

satiety (MacLean, 1985). These changes are likely to be

related to ablation of unmyelinated afferent neurons and

to inhibition of slow synaptic transmission in the dorsal

spinal cord (Urban et al., 1985).

In keeping with the sensory modalities of capsaicin-
sensitive afferent neurons there also are changes in no-

ciception and nociception-associated avoidance and es-

cape reactions. Perception of chemical noxious stimuli is
permanently inhibited by neonatal capsaicin (Jancs#{243}et

al., 1977, 1980a; Faulkner and Growcott, 1980; Gamse et
al., 1980; Hayes et al., 1981a; Gamse, 1982; Saumet and

Duclaux, 1982; Jancs#{243},1984), but there is disagreement

as to whether mechano- and thermonociception also are
impaired (Holzer et al., 1979; Faulkner and Growcott,
1980; Jancs#{243}and Jancs#{244}-G#{227}bor,1980; Nagy et al., 1980;

Cervero and McRitchie, 1981; Hayes et a!., 1981a; Gamse,

1982; Saumet and Duclaux, 1982; Jancs#{243},1984; Doucette
et al., 1987; Hammond and Ruda, 1989; Ogilvy et al.,
1991). The discrepant results are probably due to several

factors including the use of different strains of rats, age-
related changes in capsaicin-induced antinociception

(Hammond and Ruda, 1989), intrastrain variability in

the sensitivity to capsaicin (Nagy and van der Koy,
1983), and differences in the experimental protocols and

procedures. Thus, tests of nociception that use supra-

threshold or even supramaximal strengths of stimuli are
likely to give different results than tests that use thresh-

old stimuli (Szolcs#{225}nyi, 1985). In addition, regional dif-
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ferences in the proportion of afferent nerve fibers sensi-

tive to capsaicin (Holje et al., 1983; Doucette et a!., 1987;

Fried et a!., 1988) are likely to account for differences in
capsaicin-induced antinociception in different skin areas

(Doucette et al., 1987).
iv. Secondary changes in sensory pathways. The

lack of a consistent effect of neonatal capsaicin on me-

chanical and thermal nociception is a paradox in view of
the permanent loss of unmyelinated afferent neurons

caused by this treatment. This paradox probably reflects
one of the many aspects of secondary changes in sensory

pathways that occur in response to ablation of primary

afferent neurons by neonatal capsaicin. Hence, func-
tional alterations seen in adult rats treated with capsai-

cm as neonates cannot unequivocally be used to draw

straightforward conclusions as to specific functional im-

plications of capsaicin-sensitive afferent neurons. Given

the plasticity of the nervous system in the newborn rat,
degeneration of the majority of unmyelinated primary

afferent neurons is likely to have a significant impact on
afferent nerves themselves, on second- and higher-order

afferent neurons and related systems in the central nerv-

ous system, and on systems associated with the periph-

eral endings of sensory neurons.

Reorganization of the primary afferent system is in-

dicated by the fmdings that the loss of small sensory
ganglion cells and unmyelinated afferent nerve fibers is

associated with a numerical increase of dorsal root gan-
glion cells which are of intermediate size and stain for

both peripherin and neurofilament triplet (Fern et a!.,
1990) and by changes in the diameter of the remaining

populations of sensory ganglion cells (McDougal et a!.,

1985; Fern et a!., 1990). Although the number of unmye-
linated fibers is diminished by about 40 to 50% in afferent

nerves of adult rats treated with capsaicin as neonates

(Lynn, 1984; Welk et al., 1984), there is no change in the

proportions of the C-fiber receptor types (Lynn, 1984;

Welk et al., 1984; Cervero and Sharkey, 1988). Accord-

ingly, application of capsaicin to afferent nerves of cap-

saicin-treated rats produces excitation of (Szolcs#{225}nyi,
1990), and a conduction block in, (Welk et al., 1984) C-

fiber polymodal nociceptors, the magnitude of these ef-
fects being similar to that found in control rats. These

data indicate that adult rats treated with capsaicin as

neonates possess capsaicin-sensitive afferent neurons;
yet it is not known whether these neurons escaped or

survived the neonatal capsaicin treatment or evolved at

a later stage. In the cornea, sprouting of the surviving

sensory fibers occurs to the extent that the density of

nerve fibers in the epithelium is considerably higher than
in control animals, although the overall innervation of
the cornea by trigeminal afferent fibers is greatly dimin-

ished (Ogilvy et al., 1991). Sprouting of calcitonin gene-
related peptide-containing afferent neurons may also

take place in the spinal cord of rats treated with capsaicin
at birth (Diez Guerra et a!., 1988; Hammond and Ruda,

1989; McNeill et al., 1990). This may explain why cap-
saicin is able to release some calcitonin gene-related

peptide and neurokinin A into the blood stream of adult
rats treated with capsaicin as neonates (Diez Guerra et

al., 1988).

In the central nervous system, the organization of

sensory pathways in the spinal cord and nucleus gracilis
(Nagy and Hunt, 1983; R#{233}thelyiet al., 1986; Shortland
et al., 1990), of the spinothalamic tract (Saporta, 1986),

and of the somatotopic maps in the cerebral cortex (Wall

et a!., 1982a) is profoundly altered by neonatal capsaicin
treatment. Reorganization of 5-hydroxytryptamine-con-

taming nerve fibers also occurs in the spinal cord (Mar-
her et al., 1990). As a consequence, the processing of

sensory information in the spinal cord (Wall, 1982; Wall

et al., 1982b; Cervero et a!., 1984; Cervero and Plender-

leith, 1987) and brainstem (Salt et al., 1982) shows

marked differences when compared with vehicle-treated

controls.

In the periphery, neonatal capsaicin treatment can
lead to permanent changes in the morphology of the

cornea (Shimizu et al., 1984; Ogilvy et al., 1991; but see

also Knyazev et al., 1990) and lung (Ahlstedt et a!., 1986)

and to increased tissue concentrations of histamine and

5-hydroxytryptamine in the skin and lung (Holzer et al.,

1981). The responsiveness of blood vessels (Jancs#{243}et al.,
1980a; Jancs#{243}, 1984) and mast cells (Skofitsch et al.,

1983) to substance P, bradykinin, 5-hydroxytryptamine,

and histamine may be altered permanently. A direct

relationship of these changes to sensory neuron ablation
is not clear. This also holds true for the transformation
of fast muscle fibers to slow muscle fibers in the sterno-

hyoid superior muscle of the rat (M#{252}ntener, 1985) and
to some ultrastructural alterations in the gastrointestinal

mucosa (Pfeiffer and Evangelista, 1991), although bio-

chemical indices of the intestinal endocrine mucosa and

brush border remain unchanged (McGregor and Conlon,
1991).

An intriguing observation is the existence of an ap-

parent reciprocal relationship between the peripheral
endings of sympathetic and sensory neurons. Capsaicin-

induced long-term elimination of afferent neurons re-

sults in an increase in the transmitter content and in-
nervation density of sympathetic nerve endings, whereas

long-term ablation of sympathetic neurons is followed

by an increase in the sensory innervation (Terenghi et

al., 1986; Nielsch and Keen, 1987; Luthman et al., 1989;

Aberdeen et a!., 1990). One group (Aberdeen et al., 1990)
holds that following sympathectomy in the neonate with

guanethidine only calcitonin gene-related peptide-con-

taming sensory neurons react with increased transmitter
levels and innervation density, whereas no such changes
are seen with sensory neurons containing substance P or
vasoactive intestinal polypeptide. Whether these recip-
rocal changes arise from a competition of sensory and

sympathetic neurons for nerve growth factor, in which
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case elimination of one nerve population might increase

the availability of nerve growth factor for the other nerve

population (Terenghi et al., 1986; Nielsch and Keen,

1987; Luthman et al., 1989; Aberdeen et al., 1990), is in
need of experimental verification.

V. Selectivity of the action of capsaicin. There is
no doubt that the primary target of the neurodegenera-
tive action of capsaicin in the newborn rat is a group of
fine primary afferent neurons. This inference is corrob-

orated by the findings that, with the exception of some
myelinated A#{244}-fibers, other primary afferent as well as

efferent motor and autonomic neurons are not affected

by capsaicin. Thus, myelinated afferent neurons such as
muscle stretch receptors (Soukup and Jancs#{243},1987) and

the unmyelinated efferent fibers of the sympathetic
(Jancs#{243}et al., 1980a; Cervero and McRitchie, 1982; Tak-

ano et a!., 1988) and parasympathetic (Sharkey et a!.,

1983) nervous systems are not damaged by neonatal

capsaicin treatment. Whether all capsaicin-induced a!-

terations of sensory pathway-related systems are second-
ary to the degeneration of primary afferent neurons is

not yet clear. The possibility, therefore, remains that

capsaicin also has some direct effects on neuronal and

nonneuronal systems other than primary afferent neu-
rons. However, most neurons of the central nervous

system are not susceptible to the neurotoxic effect of
neonatal capsaicin, although this is not true for all cen-

tral neurons.

The capsaicin-induced degeneration of axon terminals

in the dorsal horn of the spinal cord and in the brain

stem (Jancs#{244} et al., 1977; Jancs#{243}, 1978; Jancs#{243} and
Kir#{225}ly,1980, 1981; Dinh and Ritter, 1987) is considered

to reflect degeneration of the central endings of primary

afferent neurons only, because markers of thick afferent
as well as of spinal and brainstem neurons are not

depleted by capsaicin. Thus, the tissue levels of glutamic
acid, glutamic acid decarboxylase, -y-aminobutyric acid,
glycine, glycine receptors, aspartic acid, taurine, choline

acetyltransferase, noradrenaline, 5-hydroxytryptamine,
and histamine are not decreased in the dorsal horn of

the spinal cord of adult rats treated with capsaicin as
neonates (Nagy et a!., 1980; Singer and Placheta, 1980;

Holzer et al., 1981; Jancs#{243}et al., 1981; Singer et al., 1982;

Haj#{244}set al., 1986b; Holzer-Petsche et al., 1986). In one

study even an increase in the 5-hydroxytryptamine and
histamine content of the dorsal spinal cord was found
(Holzer et a!., 1981), whereas these changes were not

seen in another study (Haj#{243}set al., 1986b). Furthermore,
the levels of substance P, somatostatin, and other neu-

ropeptides found both in primary afferent and central

neurons are not altered in the ventral spinal cord and in
regions of the brain above the brainstem (Gamse et a!.,

1980, 1981b; Nagy et al., 1980; Helke et al., 1981a; Jancs#{243}
et al., 1981; Priestley et al., 1982; Panerai et al., 1983).
Likewise, neuropeptides not associated with sensory neu-

rons such as neurotensin and methionine-enkephalin

remain unaffected throughout the central nervous sys-

tem (Gamse et al., 1981b; Jancs#{243}et al., 1981; Priestley

et al., 1982; Singer et al., 1982; Panerai et al., 1983).
There is, however, evidence that some neurons in the

forebrain and retina degenerate following pre- or neo-

natal capsaicin treatment (Dinh and Ritter, 1987; Ritter
and Dinh, 1990) and that f3-endorphin is permanently
depleted from the hypothalamus but not from other

regions ofthe brain (Panerai et aL, 1983). Although these
observations are in need of further confirmation, they do

throw some doubt on the exclusive selectivity of capsaicin

for primary afferent neurons.

The unmyelinated neurons of the enteric nervous sys-

tem seem to be insensitive to the neurotoxic effect of

neonatal capsaicin insofar as gastrointestinal tissue 1ev-

els of peptides associated with the enteric nervous system

such as substance P and calcitonin gene-related peptide

do not change (Holzer et al., 1980; Geppetti et al., 1988a),
except in the upper gastrointestinal tract where sensory
nerve endings contribute significantly to the tissue con-

tent of these peptides (Sharkey et al., 1984; Sternini et

a!., 1987; Su et al., 1987; Green and Dockray, 1988;
Geppetti et al., 1988a). The tissue levels of vasoactive

intestinal polypeptide in the gut remain unchanged after
neonatal capsaicin treatment (McGregor and Conlon,

1991), but an immunohistochemical study has shown

that, although this peptide is depleted from fibers, but
not somata, of submucosal neurons, a lactoseries carbo-

hydrate antigen colocalized with the peptide is lost from

both fibers and somata (Kirchgessner et al., 1988). This

finding suggests that capsaicin might have some neuro-

toxic effect on certain enteric nerve fibers, but further

proof of such a target of the drug is needed.

b. OTHER MAMMALS. The neuropharmacological ef-
fects of neonatal capsaicin treatment have been studied

most extensively in the rat, but there is some information

that treatment of newborn mice (Scadding, 1980; Jancs#{243}
et al., 1985a; Hiura and Sakamoto, 1987b; Hiura and
Ishizuka, 1989; Hiura et al., 1990b) and dogs (Jancs#{243}et

al., 1985a) also causes degeneration of small- to medium-

sized afferent neurons.
In the lumbar dorsal root ganglia of the newborn

mouse, 50 mg/kg capsaicin leads to rapid degeneration

of a proportion of B-type somata sending unmyelinated
fibers into the dorsal roots (Hiura and Ishizuka, 1989).
Later, ultrastructural and degenerative changes also take

place in A-type somata with myelinated fibers. This

sequence of events is interpreted to indicate that degen-
eration of A-type somata is not due to a direct action of
capsaicin on these neurons, however this contention

needs to be proven. Doses of 50 to 150 mg/kg capsaicin

cause a 41 to 75% reduction of unmyelinated fibers and
a 6 to 12% loss of myelinated fibers in the dorsal roots;
the number of small dorsal root ganglion cell bodies
decreases by 51 to 77% and that of large somata by 14

to 52% (Hiura and Sakamoto, 1987b). These degenera-
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tive changes are accompanied by a 50% loss of unmyeli-

nated fibers from the sural nerve, whereas the number
of myelinated fibers stays the same in response to 50

mg/kg capsaicin given to newborn mice (Scadding, 1980).

A loss of nerve axons also is seen in the cornea (Fujita
et al., 1984) and in the superficial dorsal horn (Hiura et

a!., 1990b) of the mouse. The neurotoxic action of cap-

saicin in the newborn mouse is associated with depletion

of substance P from the dorsal spinal cord and cornea
and with deficits in chemo- but not thermonociception

(Hayes et al., 1981a; Gamse, 1982; Keen et al., 1982).

Vascularization of, and lesions in, the cornea (Keen et

a!., 1982; Shimizu et al., 1984, 1987; Fujita et al., 1984)

and changes of the somatotopic maps in the cerebral
cortex (Wall et al., 1982a) are considered to represent
changes secondary to the removal of sensory neurons.

The gustatory afferent and parasympathetic efferent

nerve fibers in the chorda tympani are not affected by

50 mg/kg capsaicin given to newborn mice (Hiura et aL,

1990a).
Administration of 70 mg/kg capsaicin to newborn rab-

bits fails to cause any long-term depletion of substance

P from the spinal cord and eye, although the miotic and

hyperaemic effects of acute intracameral injection of
capsaicin are inhibited (Tervo, 1981). No morphological

study of the neurotoxic effect of capsaicin in the newborn

rabbit has yet been carried out. In contrast, administra-

tion of 200 mg/kg capsaicin to newborn cats has been

found to induce neuronal degeneration in the small in-

testine when examined 24 to 72 h later (Feh#{233}rand Vajda,

1982). Degenerating axons were seen in the myenteric
and submucosal plexuses, and a few cell bodies in the

two plexuses also were severely damaged. Whether this

observation points to degeneration of enteric neurons

awaits further verification, particularly because no fur-

ther analysis of the effect of capsaicin on primary affer-
ent neurons of the newborn cat has been made.

2. Effects of systemic capsaicin in adult mammals. a.

RAT. i. Morphological changes compared with those
produced by neonatal capsaicin. In the rat, unmye-
linated primary afferent neurons are particularly sensi-

tive to the neurotoxic action of capsaicin at the age of 1
to 12 days, whereas when capsaicin is given at the age of

14 days or more no major degeneration of nerve fibers is

noticeable (Jancs#{243}and Kir#{225}ly,1981). Accordingly, cap-

saicin treatment of 2- to 10-day-old rats leads to a

permanent depletion of substance P from primary affer-

ent pathways, a permanent deficit in chemonociception,

and a permanent absence of sensory nerve-mediated

increases in vascular permeability (Jancs#{243}et al., 1977,
1980a; Gamse et al., 1980; Nagy et al., 1980). In contrast,

treatment of 20-day-old or adult rats reversibly reduces
chemonociception (Jancs#{243}, 1960), sensory nerve-me-
diated increases in vascular permeability (Jancs#{243}et al.,
1977), and substance P levels in sensory pathways

(Gamse et al., 1980). Thus, there is a critical period

during the ontogeny of unmyelinated primary afferent

neurons during which they are especially vulnerable to

capsaicin. However, capsaicin can have a long-lasting
sensory neuron-blocking effect also when it is given to

adult rats (Jancs#{243} et al., 1967), and some functional
deficits produced by capsaicin in the adult rat are vir-

tually irreversible (Jancs#{243}-G#{225}boret al., 1970; Szolcs#{225}nyi

et al., 1975). Adult rats given capsaicin show recovery
which may take several weeks to several months
(Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1976; Jancs#{244}et al., 1977;

Gamse et al., 1980, 1981b; Gamse, 1982; Bittner and
LaHann, 1985; Maggi et al., 1987d; South and Ritter,

1988; Gardner et al., 1989; Szallasi et al., 1989).

Ultrastructurally, subcutaneous administration of 35

to 300 mg/kg capsaicin to adult rats causes swelling of
mitochondria in B-type sensory neurons, but not in A-
type afferent or sympathetic efferent neurons, when ex-

amined 1 to 60 days posttreatment (Jo#{243}et al., 1969;

Szolcs#{225}nyi et a!., 1975; Chiba et a!., 1986). Although
destruction of cell bodies was not identified in these

studies, G. Jancs#{243}and his associates found that within
a few hours after systemic administration of similar

capsaicin doses a proportion ofthe B-type somata exhibit

severe ultrastructural changes thought to reflect degen-
eration (Jancs#{243}et al., 1985b). The effect of capsaicin is

dose dependent; the dose of 100 mg/kg capsaicin is

maximally effective and damages 17% of the B-type cell

bodies in the dorsal root ganglia. In addition, degener-

ating axon terminals are seen in those areas of the spinal

cord and brainstem that are known to be the central

projection areas of thin primary afferent neurons (Jancs#{243}
et al., 1985b; Jancs#{244}and Maggi, 1987; Ritter and Dinh,
1988). Six days after capsaicin treatment, the number of

unmyelinated fibers in the rat saphenous nerve is dimin-

ished by 45%, whereas the number of myelinated fibers
is reduced by only 16% (Jancs#{243}et al., 1985b).

Extensive degeneration of axons and axon terminals

is also observed in the ureter, duodenum (Hoyes and

Barber, 1981), and trachea (Hoyes et aL, 1981) 24 h after

subcutaneous injection of 50 mg/kg capsaicin to adult
rats. Degeneration is confined to axons with terminals

containing mainly large dense-cored vesicles. In the ure-

ter as many as 90% of all axons degenerate, whereas no

appreciable degeneration in the dorsal roots is noted

(Chung et a!., 1985b). Likewise, 49% of the axons in the

subepidermal nerve plexus are lost 1 to 112 days after

treatment with 50 mg/kg capsaicin, whereas the number

of axons in the sural nerve is not significantly altered
(Chung et a!., 1990).

Thus, capsaicin treatment of adult rats can lead to
severe morphological changes in some small sensory
neurons and predominantly unmyelinated afferent nerve
fibers. A very important point is that, although somata

and nerve fibers show no or only moderate degeneration,
axon terminals in the periphery are destroyed to a much
larger extent (Hoyes and Barber, 1981; Chung et al.,
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1985b, 1990). Therefore, the extent of degeneration of
somata and axons in the adult rat is clearly less pro-

nounced than when capsaicin is given to the newborn

animal (Jancs#{244}et al., 1977, 1980a, 1985b, 1987a), and
only a subpopulation of capsaicin-sensitive afferent neu-

rons appears to undergo degeneration (Jancs#{244} et al.,

1985b).

ii. Neurochemical and histochemical changes
compared with those produced by neonatal capsai-.
cm. The neurochemical consequences of systemic cap-
saicin treatment of adult rats are qualitatively similar to
those in newborn rats, whereas the extent and reversi-

bility of the neurotoxic effect of capsaicin may differ.
Depletion of substance P from sensory nerve pathways

is produced by 50 to 125 mg/kg capsaicin given subcu-

taneously or intraperitoneally to adult rats (Gamse et

al., 1981b; Gamse, 1982), the intraperitoneal route being

more effective than the subcutaneous one (Gamse et al.,

1981b). Subcutaneously, the dose of 125 mg/kg capsaicin

seems to be maximally effective (Gamse et a!., 1981b),
making it unnecessary to use doses as high as 950

mg/kg (Jessell et al., 1978) which may give rise to cell-

nonselective neurotoxic effects (Harti, 1988). The deple-

tion of substance P and somatostatin from sensory

pathways produced by 125 mg/kg capsaicin in adult

Sprague-Dawley rats is less than that caused by 50 mg/
kg capsaicin in newborn animals (Gamse et al., 1981b;
Gamse, 1982; Priestley et a!., 1982). Likewise, neonatal

capsaicin treatment is more effective in depleting vaso-

active intestinal polypeptide from the dorsal spinal cord
than adult capsaicin treatment (Skofitsch et al., 1985).

In MRC Porton and Wistar rats, however, the depletion

of substance P and calcitonin gene-related peptide is the

same when capsaicin is given to newborn or adult rats

(Salt et a!., 1982; Geppetti et al., 1988a), and 125 mg/kg

capsaicin given to adult animals is no more effective than

50 mg/kg (Geppetti et a!., 1988a). Opiate receptor bind-

ing in the dorsal horn of the spinal cord remains unal-

tered after capsaicin treatment of adult rats (Jessell et

a!., 1978) but is decreased by neonatal capsaicin (Gamse

et al., 1979a; Nagy et a!., 1980).
After capsaicin treatment of newborn rats, peptide

markers (table 1) are permanently depleted from sensory

pathways, but partial or total recovery of the marker
levels takes place following capsaicin treatment of adult
rats, although the recovery rates differ with tissue and

peptide. After administration of 125 mg/kg capsaicin to

adult rats, substance P recovers completely within 4
months in the saphenous nerve, dorsal root ganglia, and

dorsal roots, whereas in the cornea, vagus nerve, dorsal

spinal cord, and brainstem recovery is not complete even

after 9 months (Gamse et al., 1981b). In other studies,

however, a complete replenishment of substance P was
found in the spinal cord and urinary bladder 39 to 60

days after administration of 50 to 100 mg/kg capsaicin

to adult rats (Bittner and LaHann, 1985; Maggi et al.,

1987d). The depletion of somatostatin is completely re-
versible within 4 months in all tissues investigated

(Gamse et al., 1981b). A relationship, if any, between

replenishment of neurochemical markers and morpho-

logical recovery of sensory neurons is not known.

iii. Functional changes compared with those pro-.
duced by neonatal capsaicin. There are some very
important age-dependent differences in the functional
consequences of systemic capsaicin treatment. Whereas

capsaicin treatment of newborn rats does not change the
proportion of relative receptor types in afferent nerves

(Lynn, 1984; Welk et al., 1984; Cervero and Sharkey,
1988), there is a significant reduction in the proportion

of C-fiber polymodal nociceptors in the rat saphenous
nerve following capsaicin treatment of adult rats (Lynn

et a!., 1984; Szolcs#{225}nyi et al., 1988). The responsiveness

of the remaining C-fiber polymodal nociceptors to close

arterial injection of capsaicin is diminished but not abol-
ished (Szolcs#{225}nyi et al., 1988). In contrast, thermonoci-

ception seems to be impaired only temporarily by sys-

temic capsaicin treatment of adult rats (Hayes et al.,

1981b; Buck et a!., 1982; Gamse, 1982; Bittner and

LaHann, 1985; Szolcs#{227}nyi, 1990), whereas permanent

changes may occur after neonatal treatment (Holzer et

a!., 1979; Nagy et al., 1980; Gamse, 1982). Chemonoci-

ception, however, is reduced for a long time after capsai-

cm treatment of adult rats (Szolcs#{225}nyi et al., 1975;
Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1976; Hayes and Tyers,

1980; Gamse et al., 1981b; Gamse, 1982). In contrast,

mechanonociception is either unchanged (Barth#{243}et al.,
1990), facilitated (Szolcs#{227}nyi, 1985), or inhibited (Hayes

and Tyers, 1980; Gamse, 1982), this variability being

probably due to different nociception tests (Barth#{243}et a!.,
1990). Mechanical hypera!gesia associated with chronic

paw inflammation, however, is markedly reduced by sys-

temic administration of capsaicin to adult rats (Barth#{243}

et a!., 1990).

The differences between the effects of neonatal and

adult capsaicin treatment can be explained in at least
two different ways. On the one hand, they could mirror

different degrees of morphological and functional abla-
tion of sensory neurons. Such a difference, for instance,
is reflected by the finding that capsaicin-induced release

of substance P from the dorsal spinal cord in vitro is
inhibited to a greater extent by neonatal capsaicin pre-
treatment than by pretreatment of adult animals (Gamse

et al., 1981a; Gamse, 1982). A further example relates to

the catecholamine secretion from the adrenal gland in-
duced by an acute intravenous infusion of capsaicin. This

effect, which is due to a neural reflex (Watanabe et al.,
1988b), is reduced by capsaicin pretreatment of newborn

rats to a larger extent than by pretreatment of adult

animals (Watanabe et a!., 1988a). On the other hand,

certain differences such as that found with thermonoci-
ception may be accounted for by changes at the level of

second-order neurons in the spinal cord and medulla
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(Salt et al., 1982). Thus, neonatal capsaicin treatment

greatly reduces the number of brainstem cells responding

to noxious pressure and heat, whereas after treatment of
adult rats no major change is observed (Salt et al., 1982).

An analogous explanation could hold true for the obser-
vation that analgesia induced by mechanical stimulation

of the rat vagina is blocked by neonatal, but not adult,

capsaicin treatment (Rodriguez-Sierra et al., 1988).

Very pronounced differences in the long-term effects

of capsaicin when given to newborn or adult rats are

evident with the micturition reflex. Capsaicin treatment
at any age impairs this reflex, probably by interfering

with its afferent arc only (Sharkey et a!., 1983; Holzer-
Petsche and Lembeck, 1984; Maggi et al., 1984, 1987d,

1989b; Santicioli et al., 1985; Maggi and Meli, 1986).
Although the depletion of substance P from the urinary
bladder is similar (Hoizer et al., 1982; Maggi et al., 1987d;

Geppetti et al., 1988a), neonatal capsaicin treatment
leads to a permanent abolition of distension-induced

micturition and to pronounced hypertrophy of the blad-

der (Sharkey et al., 1983; Santicioli et a!., 1985; Maggi et

a!., 1989b), whereas treatment of adults with 25 to 350

mg/kg capsaicin causes only a reversible increase in the

pressure threshold of micturition (Maggi et a!., 1984,

1987d, 1989b). This has been taken to suggest that there
are two populations of capsaicin-sensitive afferent neu-

rons in the rat urinary bladder, one population being

sensitive to the neurotoxic action of capsaicin at all ages

of life and the other vulnerable to capsaicin only in the

newborn rat (Maggi et a!., 1987d, 1989b; Maggi and Meli,
1988; Szolcs#{225}nyi, 1990). Because morphological evidence

for this proposition is not available, however, it ought to
be considered that there is only one population of affer-

ent neurons whose sensitivity to the neurotoxic effect of

capsaicin diminishes as they mature.

Differences also exist with respect to inhibition of local
effector functions of sensory nerve endings in peripheral

tissues. The exudation of plasma proteins induced by

cutaneous application of mustard oil can be inhibited for

a much longer time when capsaicin is administered to
newborn rather than to adults rats (Jancs#{244}et al., 1967,

1977). Similarly, capsaicin treatment of newborn rats

results in a decreased basal blood flow in the superior

mesenteric artery of adult rats, whereas treatment of
adults is without effect (Hottenstein et al., 1991). In the

perfused hindquarter from rats treated with capsaicin as

adults, substance P is able to release histamine as it does

in untreated rats, whereas in rats treated with capsaicin

as neonates the peptide is inactive (Skofitsch et al.,

1983). An appraisal of these differences has to take into

account that some of the functional alterations caused

by neonatal capsaicin treatment probably reflect changes

not only in sensory neurons but also in systems closely

related to these neurons. It needs to be stressed, however,
that capsaicin treatment of newborn and adult rats does
not necessarily result in different degrees of functional

ablation of sensory neurons. Thus, the vulnerability of

the rat gastric mucosa by acid, ethanol, or indomethacin

seems to be aggravated to the same degree in rats treated
with capsaicin either as neonates (Holzer and Sametz,

1986) or as adults (Szolcs#{227}nyi and Barth#{243},1981; Evan-
gelista et a!., 1986; Esplugues et al., 1989; Hoizer et a!.,

1991).

iv. Comparison of the onset of morphological,
neurochemical, and functional changes. Degenera-

tion of B-type sensory neurons takes place within 1 h

after subcutaneous administration of capsaicin to adult

rats (Jancs#{243}et al., 1985b), and inhibition of the afferent

and local effector functions of sensory neurons is ob-

served within a few minutes to 1 h after capsaicin treat-
ment (Hayes et al., 1981b; Lembeck and Donnerer, 1981;
Bittner and LaHann, 1985; Maggi et a!., 1987d; Dicken-

son et al., 1990a,b). In contrast, depletion of substance

P from peripheral targets of sensory neurons is not
appreciable until 3 h posttreatment (Bittner and La-

Hann, 1985; Maggi et al., 1987d,e) or later (Lembeck and

Donnerer, 1981). Peptide depletion from the sensory
ganglia of adult rats can be preceded by an increase in

the ganglionic levels of substance P (Lembeck and Don-

nerer, 1981; Gamse et al., 1981b; Geppetti et al., 1988a)

and calcitonin gene-related peptide (Geppetti et a!.,
1988a) during the first 4 days after capsaicin treatment.

v. Selectivity of the action of capsaicin. The cap-

saicin-induced depletion of substance P appears to be

restricted to areas containing primary afferent neurons

because the peptide concentrations in the ventral spinal
cord and in the brain above the brainstem remain unaf-

fected (Hayes and Tyers, 1980; Gamse et a!., 1981b;
Gamse, 1982; Virus et al., 1982). Similarly, levels of
glutamic acid decarboxylase and choline acetyltransfer-

ase in the dorsal spinal cord (Jesse!! et al., 1978; Holzer-

Petsche et a!., 1986) and of neurotensin and methionine-

enkephalin in the central nervous system (Gamse et a!.,
1981b; Priestley et a!., 1982) are not altered by capsaicin

treatment of adult rats. The tissue concentrations of
noradrenaline, dopamine, and 5-hydroxytryptamine in

the spinal cord and brain either stay unchanged (Haj#{243}s
et a!., 1986b) or may even increase (Virus et a!., 1983) in

response to systemic capsaicin application. This obser-
vation indicates that monoamine systems in the central

nervous system are not damaged by the drug.
A synopsis of the literature supports the assumption

that the neurotoxic effect of capsaicin given to adult rats
is more selective for fine sensory neurons than when

given to newborn rats. This contention derives from the

relative inability of the drug to induce secondary changes
in sensory neuron-related systems of the adult rat, a

finding that could be due to the weak effect of capsaicin

in producing morphological ablation of primary afferent

neurons and/or to the lack of plasticity of the nervous
system in the adult animal. However, a systematic com-

parison of this issue in newborn and adult rats has not
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yet been made, and there is some indirect evidence that
capsaicin treatment of adult rats can lead to functional

changes in both the central and autonomic nervous sys-

tems (Jancs#{243}-G#{225}bor,1980; Miller et a!., 1983; Holzer,

1986) as well as nonneural tissues (Cui et a!., 1990).

The absence of any capsaicin-induced depletion of

neurochemical markers from central neurons is at van-

ance with the finding that intnapenitoneal administration

of 50 to 90 mg/kg capsaicin to adult rats can induce

nerve terminal degeneration not only in areas of the

spinal cord and bnainstem known to be innervated by
primary sensory neurons but also in certain discrete fore-

and hindbrain areas not yet associated with terminations

of primary afferents (Ritter and Dinh, 1988). The obser-
vation of degenerating cell bodies in the ventromedial
midbrain tegmentum, supnamammillary nucleus, and
posterior hypothalamus points to a permanent destruc-

tion of some central neurons by capsaicin (Ritter and

Dinh, 1988). Because capsaicin-induced degeneration of

central neurons has been reported by one research group

only (Dinh and Ritter, 1987; Ritten and Dinh, 1988,
1990), it will be important to see this finding confirmed

by an independent laboratory.

One group of central neurons that have long been
recognized as being sensitive to capsaicin lie in the

preoptic region of the hypothalamus. Administration of
30 to 70 mg/kg capsaicin to adult rats produces ultra-

structural changes in these neurons including swelling of

mitochondnia (Szolcs#{225}nyi et a!., 1971). These neurons

are thought to be thermosensitive neurons involved in

central thermoregulation (Szolcs#{225}nyi, 1982). Investiga-

tion ofthe effect of capsaicin on thermonegu!ation, there-

fore, is complicated by the fact that both peripheral C-

fiber warmth receptors and central thermosensitive neu-

rons are affected by the drug (for reviews see Szolcs#{225}nyi,

1982; Honi, 1984). Whereas warmth sensitivity mediated
by primary afferents is impaired by capsaicin treatment

ofboth newborn and adult rats (Haj#{243}set a!., 1986a), only
treatment of adult rats produces a long-term defunction-

alization of central thermosensitive neurons (Honi, 1981;

Dib, 1983; Haj#{243}set a!., 1983; Ob#{225}let a!., 1983). Likewise,

only treatment of adult but not newborn rats with sys-
temic capsaicin abolishes the increases in the synthesis

rate and tissue level of monoamines produced by acute

capsaicin application in the area of the preoptic region
and hypothalamus (Haj#{243}set a!., 1986b).

The entenic nervous system seems to be spared by

treatment of adult rats with capsaicin unless excessively
high doses (950 mg/kg) are used. Such doses can cause

the disappearance of some nerve fibers containing sub-

stance P from the myentenic plexus of the small intestine
(Harti, 1988). There is no direct evidence that entenic

neurons are damaged by 50 mg/kg capsaicin because the

degeneration of axon terminals seen in the enteric plex-
uses probably reflects destruction of primary afferent

nerve endings only (Hoyes and Barber, 1981); the levels

of substance P and calcitonin gene-related peptide in the
enteric nervous system remain unaltered (Holzer et al.,

1980; Geppetti et al., 1988a). Furthermore, morphological

(Szolcsmnyi et al., 1975) and functional (Stein et a!.,
1986) observations indicate that neurons of the sympa-

thetic nervous system are not susceptible to the neuro-

toxic action of capsaicin in the adult rat.

b. GUINEA PIG. i. Morphological, neurochemical,
and histochemical changes. Systemic administration
of capsaicin to adult guinea pigs produces extensive axon

terminal degeneration in the dorsal spinal cord, brain-
stem (Jancs#{243}et a!., 1987a), and periphery (Papka et al.

1984). Perivascular nerve endings containing substance
P deteriorate within 5 mm after the subcutaneous injec-

tion of 50 mg/kg capsaicin, and by 4 h posttreatment the
number of substance P-containing nerve fibers is visibly

diminished (Papka et a!., 1984). Depletion of substance
P and ultrastructura! signs of axon degeneration are

appreciable for at least 1 year (Papka et a!., 1984), which
is in keeping with virtually irreversible functional deficits

produced by capsaicin in the adult guinea pig (Jancs#{243},
1968; Jancs#{243}-G#{225}boret al., 1970). Quantitatively, a dose

of 2.5 mg/kg capsaicin given subcutaneously appears to
be suprathreshold, whereas 10 mg/kg capsaicin is capable

of producing maximal depletion of substance P from

afferent neurons (Miller et a!., 1982b; Buck et a!., 1983).
With low doses of capsaicin (�5 mg/kg) depletion does

not become apparent before 2 days posttreatment, but

following administration of 50 mg/kg capsaicin the sub-

stance P content of dorsal root ganglia and dorsal spinal
cord is significantly diminished within 12 h (Buck et al.,

1983). Depletion of substance P proceeds with time to

reach a maximum of 10 days after capsaicin treatment.

The loss of substance P from the dorsal root ganglia

induced by 10 mg/kg capsaicin can be approximately 80

to 90%; this degree of depletion is not surpassed even by
doses up to 1250 mg/kg capsaicin (Gamse et a!., 1981c;

Miller et al., 1982a,b; Buck et a!., 1983).
The tissue levels of vasoactive intestinal polypeptide

(Buck et a!., 1983; Della et a!., 1983) and somatostatin

(Buck et a!., 1983) and those ofsubstance P in the ventral

spinal cord and brain above the brainstem are not af-
fected (Buck et a!., 1983). However, calcitonin gene-

related peptide (Gibbins et a!., 1985, 1987; Lundberg et

al., 1985; Franco-Cereceda et al., 1987b), cholecystokinin
(Buck et a!., 1983; Gibbins et a!., 1987), and dynorphin

(Gibbins et al., 1987) are depleted from sensory neurons.

The loss of substance P and calcitonin gene-related
peptide is seen in all areas containing primary afferent

pathways including medulla oblongata, dorsal spinal
cord, dorsal roots, sensory ganglia, afferent nerves, and

peripheral targets of sensory neurons such as skin, car-

diovascular system, respiratory tract, urogenital system,

and parasympathetic and sympathetic gang!ia (Gamse et
al., 1981c; Furness et al., 1982; Matthews and Cuello,

1982; Miller et a!., 1982a,b; Buck et a!., 1983; Papka et
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al., 1984; Gibbins et a!., 1985, 1987; Lundberg et al., 1985;

Franco-Cereceda et a!., 1987b).
ii. Functional changes. The sensitivity of the cornea

to chemical noxious stimuli is abolished by the same
doses of capsaicin that reduce the substance P content
ofsensory neurons (Buck et a!., 1983). Chemonociception

may be impaired lifelong (Jancs#{243}, 1960). Unlike in the

rat, capsaicin treatment of adult guinea pigs also is

followed by cutaneous insensitivity to nonnoxious and
noxious heat, but these changes require doses of at least

10 mg/kg capsaicin (Miller et a!., 1982a; Buck et al.,
1983). In contrast, the cutaneous sensitivity to nonnox-

ious and noxious cold and to nonnoxious and noxious

mechanical stimuli is not changed by doses of capsaicin
as high as 950 mg/kg (Buck et a!., 1983). The loss of
sensitivity to thermal noxious stimuli induced by 50 mg/

kg capsaicin precedes the depletion of substance P from

the dorsal root ganglia (Miller et a!., 1982a). Local effec-

tor functions of sensory nerve endings are also inhibited

by systemic pretreatment of adult guinea pigs with cap-

saicin, defunctionalization being best documented for
sensory nerve-mediated neurogenic inflammatory and

constrictor processes in the respiratory tract (Szolcs#{225}nyi

and Barth#{243},1982; Lundberg and Saria, 1983, 1987; Saria
et a!., 1983b; Manzini et a!., 1987).

iii. Selectivity of the action of capsaicin. A selec-

tive action of capsaicin on primary afferent neurons is

supported by the absence of effects of capsaicin on non-

sensory central neurons (Buck et a!., 1983), autonomic

efferent neurons (Matthews and Cuello, 1982; Della et
a!., 1983), and enteric neurons (Gamse et al., 1981c;

Furness et a!., 1982; Matthews and Cuello, 1982; Gibbins
et a!., 1985; Harti, 1988). Neurotransmission processes
in autonomic efferent and enteric pathways also are

spared by capsaicin (Szolcs#{225}nyi and Barth#{243},1978; Barth#{243}

et a!., 1982b; Donnerer et a!., 1984; Szolcs#{225}nyi, 19Mb).
It is not known, however, whether the cornea! and cu-

taneous lesions produced by 950 mg/kg capsaicin (Buck

et a!., 1983) reflect a trophic role of sensory neurons in
these tissues or other effects of the drug. Capsaicin-

induced changes in the number of substance P-binding

sites in the vas deferens are considered to arise from the
elimination of presynaptic substance P receptors on sen-

sory nerve endings and the upregulation of postsynaptic
receptors in response to sensory denervation (Mussap et

a!., 1989).

c. OTHER MAMMALS. Systemic treatment of mice at
the age of 2, 4, and 7 days and of adult mice with 50 mg/

kg capsaicin results in inhibition of thermo- and che-

monociception, the magnitude of which increases with

the age at the time of the treatment (Gamse, 1982).

Chemonociception is almost completely abolished by

capsaicin treatment of 10-day-old or older mice (Gamse,

1982). Although the capsaicin-induced release of sub-

stance P from the isolated spinal cord also is inhibited
to a larger degree in mice pretreated with capsaicin as

adu!ts than those pretreated as neonates, the degree of
substance P depletion from the spinal cord and sciatic

nerve is the same. A lower dose of capsaicin, 10 mg/kg,
given to adult mice reduces the substance P content of

the spinal cord, but not the sciatic nerve, and fails to

cause long-term changes in thermonociception (Gamse,

1982). These observations suggest that primary afferent

neurons in the newborn mouse are not as susceptible to

the neurotoxic action of capsaicin as they are later in
life. However, morphological data concerning this issue

are not yet available, except that a marked loss of axons
is seen in the cornea, this effect being associated with

corneal lesions (Fujita et a!., 1984). Subcutaneous treat-
ment of adult cats with 50 mg/kg capsaicin is followed

by extensive axon terminal degeneration in areas of the
brainstem and spinal cord known to be the central pro-
jection areas of primary sensory neurons (Jancs#{243}et a!.,

1987a). Injection of the same dose of capsaicin to adult

rabbits does not alter the heat thresholds of primary

afferent neurons in the saphenous nerve but abolishes

the acute excitatory effects of capsaicin application to
the skin (Lynn et a!., 1984). Subcutaneous administra-

tion of up to 280 mg/kg capsaicin to adult rabbits does

not alter the substance P content of the spinal cord and
eye (Tervo, 1981) but reduces the miotic and hyperemic
effects of acute intracameral injection of capsaicin

(Tervo, 1981) and the contractile effect of capsaicin on

isolated bronchi (Manzini et a!., 1990). Administration

of a cumulative dose of 50 mg/kg capsaicin to pigs results

in a 50 to 90% depletion of ca!citonin gene-related pep-
tide and neurokinin A from the skin, respiratory tract,

and skeletal muscle and blocks the vasodilator effect
of an acute intradermal injection of capsaicin (Franco-

Cereceda and Lundberg, 1989; A!ving et al., 1991) or
exposure to a capsaicin aerosol (Matran et a!., 1990;

Alving et al., 1991). Data from other mammalian species
are not available.

3. Effects of periaxonal administration of capsaicin. In

this article, periaxonal or perineura! administration of
capsaicin denotes application of the drug to nerve trunks
as opposed to application to cell bodies or endings of

sensory neurons.

a. RAT. i. Morphological changes. Application of

capsaicin to axons of afferent neurons not only results
in acute excitation and reversible inhibition of nerve

conduction in C- and some A-fibers but also is followed
by long-term ablation of primary afferent C-fiber neu-

rons. One to several days after periaxonal application of

1% (33 mM) capsaicin to the saphenous and sciatic

nerves swelling of numerous unmyelinated fibers is ob-

served both distal and proximal to the application site,

and 2 to 3 weeks posttreatment the structural organiza-

tion of the nerves is changed (Handwerker et al., 1984;

Jancs#{243}et a!., 1985a). This damage is confined to unmye-

linated fibers (Handwerker et a!., 1984) and involves the
whole sensory neuron (Lynn et a!., 1987; Jancs#{243}and
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Lawson, 1990; Pini et al., 1990). Quantitatively, periax-
onal administration of capsaicin to the rat saphenous

and sciatic nerves leads to a 34% reduction of cell bodies

in the corresponding dorsal root ganglia (Jancs#{243} and
Lawson, 1990) and a 32 to 40% reduction of unmyeli-

nated fibers in the treated nerve (Lynn et al., 1987;

Jancs#{244}and Lawson, 1990), whereas the number of mye-
linated fibers remains unaltered. The degeneration ex-

tends transganglionically to the central terminals of sen-

sory neurons in the dorsal spinal cord (Jancs#{243}and Law-
son, 1990). Thus, a considerable proportion of fine
afferent neurons is eliminated in response to periaxonal

capsaicin application in the rat.
ii. Neurochemical and histochemical changes. In

keeping with the degeneration of thin afferent neurons,

the neurochemical changes caused by periaxonal capsai-

cm persist for a long time (Jancs#{243}and Lawson, 1988).

Three months after application of capsaicin to the rat

sciatic nerves, the proportions of small-sized cell bodies

immunoreactive for substance P, calcitonin gene-related

peptide, somatostatin, carbohydrate epitopes, or sensory
neuron-specific acid phosphatase in the fifth lumbar

dorsal root ganglia are decreased by 24 to 61%. To the
contrary, the percentage of large-sized somata immuno-

reactive for neurofilament protein is enhanced (Jancs#{243}
and Lawson, 1988). Peptide depletion from the axons

and endings of sensory neurons is most probably related

to the fact that application of capsaicin to nerve trunks
blocks the ortho- and retrograde transport of peptides

and macromolecules in afferent fibers in a dose-related

manner (for a review see Jancs#{244}et a!., 1987b). Thus,

when capsaicin is applied to the rat sciatic nerve, the

axoplasmic flow of substance P and somatostatin is

inhibited (Gamse et a!., 1982; Handwerker et a!., 1984).

This effect is seen 1 day posttreatment and depends on

the dose of capsaicin (0.33 to 33 mM) (Gamse et a!.,

1982). The retrograde transport of horseradish peroxi-

dase toward the dorsal root ganglia also is significantly

reduced by perineural capsaicin (Jancs#{243}et a!., 1985a,

198Th). In contrast, the axoplasmic flow of acetylcholin-

esterase and noradrenaline is not interrupted, indicating
that efferent motor and sympathetic nerve fibers are not

affected (Gamse et a!., 1982). During the 1 to 13 days

after periaxonal capsaicin application to the sciatic

nerve, substance P is progressively lost from all parts of
afferent neurons, although distal to the treatment site

the loss is maximal already by 4 days posttreatment

(Gamse et al., 1982). Proximal to the treatment site,

peptide depletion becomes maximal 2 weeks posttreat-

ment and shows various degrees of recovery during the

following 4 to 6 months (Gamse et a!., 1982; Gibson et

a!., 1982). In the spinal cord substance P and somato-
statin, cholecystokinin-like immunoreactivity which in

fact may represent calcitonin gene-related peptide (Ju et
al., 1986) and fluoride-resistant acid phosphatase, are

depleted (Ainsworth et a!., 1981; Gamse et a!., 1982;

Gibson et a!., 1982) in a concentration-dependent man-

ner (0.1 to 49 mM). In contrast, vasoactive intestinal

polypeptide levels in the sciatic nerve and dorsal horn of

the spinal cord are increased following periaxonal appli-

cation of capsaicin (Anand et al., 1990). Substance P in

spinal cord regions not receiving primary afferent input,

as well as peptides primarily present in intrinsic neurons

of the spinal cord (neurotensin, neurophysin, methio-

nine-enkepha!in, bombesin), remains unchanged by per-

ineural capsaicin (Ainsworth et a!., 1981; Gibson et a!.,
1982). Likewise, noradrenergic sympathetic efferent neu-
rons are spared by perineural capsaicin treatment (Ga-
zelius et a!., 1983; Jancs#{243}et a!., 1987b).

iii. Functional changes. Perineural capsaicin inhib-

its chemo- and thermonociception in the areas supplied
by the treated nerve (Jancs#{244}et al., 1980b, 1987b; Fitz-

gerald and Woolf, 1982; Gamse et a!., 1982; Gibson et

a!., 1982; Coderre et a!., 1984; McMahon et a!., 1984;
Szolcs#{225}nyi, 1990); this effect is seen as early as 5 h

posttreatment, i.e., before substance P is depleted from

afferent nerve fibers (Gamse et a!., 1982). The sensitivity
to noxious cold and noxious and nonnoxious mechanical
stimuli is not affected by periaxonal capsaicin (Fitzgerald

and Woo!f, 1982; Coderre et a!., 1984). The early onset

of functional inhibition is in keeping with the prompt

blockade of nerve conduction caused by periaxonal cap-
saicin (Petsche et aL, 1983; Lynn et a!., 1984; Chung et

a!., 1985a; Marsh et al., 1987; Waddell and Lawson,

1989). Initially, nerve conduction in polymodal C- and

A#{244}-fibernociceptors is inhibited at the treatment site

only (Petsche et a!., 1983; Lynn et a!., 1984; Chung et

a!., 1985a). Whereas conduction in the A-fibers is soon

resumed, the polymoda! C-fiber nociceptors remain un-
responsive to their natural sensory modalities (Welk et

a!., 1983; Handwerker et a!., 1984; Lynn et a!., 1984).

The proportion of C-fibers responding only to noxious
heat can be increased 1 day after perineural capsaicin

treatment (Welk et a!., 1983), which may reflect a tran-

sient stage in the gradual defunctionalization of poly-

modal C-fiber nociceptors (Handwerker et al., 1984).

Thirteen to 21 days posttreatment nerve conduction in

the surviving C-fibers appears to be rather normal, a!-
though the conduction velocity may still be slowed (Wall

and Fitzgerald, 1981; Lynn et a!., 1984).

As is expected from the degeneration of sensory neu-
rons (Lynn et a!., 1987; Jancs#{243} and Lawson, 1990),

defunctionalization of afferent C-fibers persists for 5ev-

era! months (Lynn and Pini, 1985; Pini et a!., 1990).

Both the afferent functions of sensory neurons (Jancs#{243}

et a!., 1980b; Gamse et a!., 1982; Gibson et a!., 1982;

Raybould and Tach#{233},1988, 1989; South and Ritter, 1988;
Esplugues et a!., 1990) and the local effector functions of

peripheral sensory nerve endings are inhibited. Thus,

vasodilatation and increase in vascular permeability in-

duced by electrical or chemical stimulation of sensory
nerve endings are strongly reduced by periaxonal capsai-
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cm treatment (Jancs#{243}et a!., 1980b, 1987b; Gamse et a!.,

1982; Coderre et a!., 1984; Pertovaara, 1988; Raybould et

a!., 1991). The onset of this effect of perineural capsaicin

parallels that of substance P depletion from afferent

nerve fibers distal to the treatment site (Gamse et al,
1982). The reduction of thermonociception does not re-

verse within 3 months (Szolcs#{225}nyi, 1990), and cholecys-

tokinin-induced satiety, which is attenuated by perivagal

capsaicin, takes as many as 5 months for full recovery
(South and Ritter, 1988). Functional recovery may not

take place even within 1 year from perineural capsaicin
treatment (Jancs#{243}and Kir#{227}ly,1984; Jancs#{244}et al., 1987b).

The processing of sensory information in the spinal

cord also is altered by perineural capsaicin. The number
of cells in the dorsal horn of the spinal cord that respond
to noxious heating of the skin is significantly reduced 1

day after capsaicin application to the rat sciatic nerve

(Fitzgerald and Woolf, 1982). In contrast, the number of

dorsal horn cells responding to electrical stimulation of

afferent C-fibers does not decrease until day 3 posttreat-
ment, this effect reaching a maximum on day 7 (Fitzger-

ald and Woolf, 1982) and remaining constant up to 3

weeks (Wall and Fitzgerald, 1981; Fitzgerald, 1982;

McMahon et a!., 1984). The number of dorsal horn cells
responding to noxious mechanical stimulation of the skin

(Fitzgerald, 1982; Fitzgerald and Woolf, 1982) or electri-

cal stimulation of afferent A-fibers (Wall and Fitzgerald,
1981) is not altered. In addition, the size of cutaneous

receptive fields is increased for many dorsal horn cells

ipsilateral to the sciatic nerve treated with periaxonal
capsaicin (Fitzgerald, 1982; Wall et a!., 1982b), whereas

other dorsal horn cells may have an ill-defined receptive
field (McMahon et a!., 1984). Furthermore, excitatory
receptive fields are seen not only in the ipsilateral but

also in the contralateral dorsal horn of the spinal cord,

whereas in control rats these contralateral inputs are

invariably inhibitory (Fitzgerald, 1982; Wall et a!.,

1982b).

iv. Topical selectivity of the action of periaxonal

capsaicin. Periaxonal capsaicin produces a selective

long-term ablation of primary afferent C-fibers with

polymodal nociceptors, whereas other afferent or non-
sensory (efferent motor and autonomic) nerve fibers are
not directly affected. The question arises, however, as to

whether the actions ofperiaxonal capsaicin are restricted

to afferent fibers of the treated nerve or whether afferent

fibers in other nerves are affected as well. The latter

possibility is not unlikely because systemic parenteral
administration of capsaicin to the rat results in rapid

distribution of the drug throughout the body (Saria et

al., 1982). Indeed, 30 mm after application of a 33 mM
solution of capsaicin (maximal estimated dose: 1.6 �tmol)

to the rat sciatic nerve, the drug is found not only in the
treated nerve segment and the adjacent distal and prox-
imal segments but also in the blood (Gamse et a!., 1982;

Petsche et a!., 1983), indicating absorption and delivery

of capsaicin to other tissues. However, the amounts of
capsaicin delivered to other tissues are too small to exert

a long-term neurotoxic effect on nerves other than the

treated one (Jancs#{243}et a!., 1980b, 1987b; Gamse et a!.,

1982; South and Ritter, 1988).
A particularly valuable study in this respect was one

in which the effects of capsaicin were compared when

given intraperitoneally (225 mg/kg), perivagally (165
mM), peripylorically (165 mM), intracerebroventricular!y
(330 nmol), or intrathecally (330 nmol) on cholecysto-

kinin-induced satiety, chemosensitivity of the eye, and
substance P tissue levels in the spinal cord and brainstem
(South and Ritter, 1988). Consistent with the conclusion

that cholecystokinin-induced inhibition of food intake is
mediated by vagal afferent neurons, satiety is prevented

by perivagal, intracerebroventricular, and intraperito-
neal capsaicin and peripyloric and intrathecal capsaicin

are without effect. The sensitivity of the cornea to chem-
ica! noxious stimuli, on the other hand, is abolished by

intraperitoneal and intracerebroventricular capsaicin

only, which is in keeping with trigemina! afferents me-

diating cornea! nociception (South and Ritter, 1988).
Finally, substance P in the brainstem is depleted by

intraperitoneal and intracerebroventricular administra-

tion of capsaicin, whereas the substance P content of the

spinal cord is reduced by intraperitoneal and intrathecal
capsaicin only. The perivagal and peripyloric administra-

tion of capsaicin has no effect on spinal or medullar

substance P levels as measured by immunohistochemis-

try (South and Ritter, 1988). Thus, perineural capsaicin
ablates afferent nerve fibers in the treated nerve only

and, hence, represents an important tool for functional
neuroanatomy.

b. OTHER MAMMALS. As in the rat, periaxonal appli-

cation of capsaicin (33 mM) to the sciatic nerves of guinea

pig, cat, and rabbit inhibits the axop!asmic transport of

substance P (Gamse et a!., 1982). However, whereas in

the rat, guinea pig, and cat the capsaicin-induced inhi-

bition of substance P transport is of the same degree as
that produced by nerve ligation, the effect of capsaicin

in the rabbit is less than one-half of that caused by nerve

ligation (Gamse et a!., 1982). In addition, capsaicin has

to be injected subepineurally in the rabbit to inhibit the
axonal transport of substance P, whereas perineura! ap-

plication with a cuff is ineffective (Gamse et al., 1982).
This observation is consistent with the absence of mor-

phological or functional signs of axon degeneration 10

days after application of capsaicin to the rabbit saphen-

ous nerve, although the substance P content of the skin

is diminished and sensory nerve-mediated increases in
vascular permeability are reduced (Lynn and Shakhan-

beh, 1988). Periaxonal application of capsaicin to so-

matic nerves of the guinea pig is followed by a long-
lasting inhibition of thermonociception (Szo!cs#{225}nyi,
1990). In the cat, perivagal capsaicin treatment impairs

vagal cardiovascular and respiratory chemoreflexes
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which are blocked 3 to 5 days posttreatment (Jancs#{243}and

Such, 1983).

4. Effects of capsaicin administered to the central end-

ings of afferent neurons. a. INTRATHECAL, INTRACISTER-

NAL, OR EPIDURAL APPLICATION OF CAPSAICIN. Local

administration of 100 to 130 nmol capsaicin into the rat

cisterna magna (Jancs#{243}, 1981; Gamse et a!., 1984) or
lumbar/cervical subarachnoid space (Palermo et al.,

1981; Ribeiro-da-Silva and Coimbra, 1984) leads to de-
struction of axon terminals in the primary afferent ter-
minal regions of the brainstem and spinal cord. Degen-

eration is confined to the glomerular C-type nerve ter-
minals (Palermo et a!., 1981) or glomerular type I nerve

terminals (Ribeiro-da-Silva and Coimbra, 1984) which

are considered to be terminations of unmyelinated affer-

ents. One to 2 days posttreatment 53 to 56% of the type

I nerve terminals have degenerated, whereas the number

of type II nerve terminals thought to arise from myeli-

nated afferents are reduced by only 2 to 5% (Ribeiro-da-

Silva and Coimbra, 1984). Importantly, the neurotoxic

effect of capsaicin administered into the subarachnoid

space is restricted to the central endings of primary
afferent neurons, because no signs of degeneration are

noted in the trigeminal roots, trigeminal gang!ion, and

maxillary nerve (Jancs#{244},1981; Gamse et a!., 1984).

The topical selectivity of intracisternal capsaicin is
underlined by a selective depletion of substance P and

neurokinin A from the sensory nerve terminal areas in

the medulla but not from the trigeminal roots, trigeminal

ganglion, and maxillary nerve of the rat and guinea pig

(Gamse et al., 1984, 1986). Intrathecal administration of

capsaicin (50 to 1000 nmol) at the lumbar level causes a

long-term depletion of substance P and somatostatin

from the dorsal spinal cord of rat and mouse (Yaksh et

a!., 1979; Nagy et a!., 1981a; Gamse, 1982; Micevych et
a!., 1983; Jhamandas et a!., 1984; South and Ritter, 1988).

Substance P also is depleted from the dorsal roots of the

rat but rather increased in the dorsal root ganglia and
sciatic nerve when measured 6 days posttreatment

(Gamse, 1982). Substance P levels in the ventral half of

the spinal cord and in areas remote from the injection
site, i.e., cervical spinal cord, brainstem, and forebrain,
are not changed by intrathecal capsaicin (Yaksh et a!.,

1979; Nagy et al., 1981a; South and Ritter, 1988). Other

markers of sensory and nonsensory neurons such as
vasoactive intestinal polypeptide and cholecystokinin

(Jhamandas et al., 1984), glutamic acid decarboxylase

(Yaksh et a!., 1979; Nagy et a!., 1981a), neurotensin

(Gamse, 1982), noradrenaline (Yaksh et a!., 1979), 5-
hydroxytryptamine, and methionine-enkephalin (Micev-

ych et al., 1983) remain grossly unaltered after intrathe-
cal capsaicin application.

Although the nociceptive functions of sensory neurons
are inhibited by intracisternal capsaicin for several
months, the local effector functions of peripheral sensory

nerve endings remain unaffected (Jancs#{243}, 1981; Gamse

et a!., 1984). Thus, sensory nerve-mediated increases in

vascular permeability in the skin of the rat cheek and

nose are virtually unchanged, whereas the sensitivity to

chemical noxious stimuli in the ears, eyes, and forepaws
of the rat and guinea pig is greatly diminished as early

as 1 h posttreatment (Jancs#{243},1981; Gamse et a!., 1984,

1986). Whereas chemonociception in the corresponding
ecteroceptive areas also is lost after intrathecal or epi-
dural application of capsaicin (Yaksh et al., 1979; Jancs#{243},

1981; Gamse, 1982; Eimerl and Papir-Kricheli, 1987),

thermonociception is either reduced for up to 5 months

after intrathecal or epidural injection of capsaicin in the
rat and mouse (Yaksh et al., 1979; Palermo et a!., 1981;

Gamse, 1982; Micevych et a!., 1983; Jhamandas et al.,

1984; Eimerl and Papir-Kricheli, 1987) or not consist-
ently changed (Hayes et al., 1981b; Nagy et a!., 1981a).

These discrepancies may be related, in part, to variability

between different experimental animals (Yaksh et al.,
1979; Nagy et al., 1981a; Palermo et a!., 1981), different

nociception tests (Gamse, 1982), nonspecific interactions

between capsaicin and its vehicle (Jancs#{243}, 1981), or the
catheterization procedure (Nagy et al., 1981a). Mechano-

nociception is only temporarily diminished by intrathe-

cal capsaicin (Hayes et al., 1981b) but unchanged in the
long term (Yaksh et al., 1979).

Taken together, only the central terminals of unmye-

linated afferent neurons in the vicinity of the injection

site are ablated after intrathecal or intracisternal appli-

cation of capsaicin, whereas the cell bodies and periph-

era! processes of these neurons are left intact. When

doses of capsaicin shown to be effective intratheca!!y or

intracisternally are administered intravenously or intra-

peritoneally, no long-term neurotoxic effects are noted
(Yaksh et al., 1979; Gamse et al., 1986).

b. INTRACEREBROVENTRICULAR APPLICATION OF CAP-

SAICIN. Morphological changes that might occur in re-

sponse to intracerebroventricular application of capsai-

cm have not yet been examined. Intracerebroventricular
injection of 650 to 1000 nmol capsaicin reduces the

content of substance P, but not somatostatin and neu-
rotensin, in the medulla oblongata, with no changes in

other brain areas, spinal cord, and trigeminal ganglion

(Gamse et a!., 1981b; Bodnar et a!., 1982; South and

Ritter, 1988). The reduction (30%) of the substance P

content in the medulla is rather small (Gamse et a!.,
1981b), making it difficult to be picked up by immuno-

histochemistry (Bodnar et a!., 1982). In the hypothala-

mus, however, �9-endorphin is depleted by intracerebro-
ventricular injection of capsaicin for 2 weeks, whereas

the f3-endorphin content of other brain areas and the

hypothalamic content of substance P, somatostatin, and

methionine-enkephalin are left unaltered (Panerai et a!.

1983). Functionally, chemonociception in the cornea
(Gamse et a!., 1981b; South and Ritter, 1988), but not in
skin areas supplied by the lumbar spinal cord (Yaksh et

a!., 1979), is greatly impaired. Intracerebroventricular
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capsaicin also attenuates cholecystokinin-induced sa-

tiety; this functional deficit takes as many as 5 months
for full recovery (South and Ritter, 1988).

c. TOPICAL ADMINISTRATION OF CAPSAICIN TO SPE-

CIFIC BRAIN REGIONS. Microinjection of 2 to 83 nmol

capsaicin into the preoptic region of the rat hypothala-

mus causes hypothermia; this response is absent after

systemic or intrahypotha!amic treatment of the animals

with this drug (see Szo!cs#{225}nyi, 1982). Furthermore, in-
trahypothalamic injection of nanomole to micromole

doses of capsaicin results in a long-lasting impairment

of thermoregulation against overheating in rats and cats

(see Szolcs#{225}nyi, 1982). Topical administration of a cap-
saicin solution (320 �.tM) to the brainstem of the cat
causes degeneration of nerve terminals in a specific re-

gion of the ventral medulla oblongata, these structures
being involved in the regulation of the cardiovascular

and respiratory systems (Jancs#{243}and Such, 1985). Injec-

tion of 80 nmol capsaicin into the area postrema and

adjacent nucleus tractus solitarii of the rat brainstem

results in overconsumption of preferred food (South and

Ritter, 1983). No other long-term effects of capsaicin

injected topically into the central nervous system have

been reported. The behavioural and biochemical altera-

tions involving 5-hydroxytryptamine and dopamine neu-
rons in the substantia nigra and striatum, observed after

injection of 100 nmol capsaicin into the rat substantia

nigra, are only short lasting and have abated by day 6

posttreatment (Dawbarn et a!., 1981).

5. Effects of capsaicin administered to peripheral end-

ings of sensory neurons. Repeated administration of cap-

saicin (66 flM to 33 mM) to the cornea of rats and guinea
pigs causes insensitivity to further instillation of capsai-

cm-related drugs (Jancs#{243}, 1968; Szolcs#{225}nyi et a!., 1975;

Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1976; Gamse et a!., 1981b).

Inhibition of cornea! chemonociception may last for days
or weeks, depending on the dose applied, but is of shorter

duration than that produced by systemic administration

of 50 mg/kg or higher doses of capsaicin (Szolcs#{225}nyi et

al., 1975; Gamse et a!., 1981b). Although capsaicin does
not induce any gross or ultrastructural damage of the

cornea! epithelium, it produces swelling of mitochondria,

disorganization of mitochondrial cristae, and a 90% re-

duction of the number of microvesicles in unmyelinated

nerve endings of the cornea (Szo!cs#{227}nyi et a!., 1975).

These ultrastructura! changes, which are observed 5 h

after repeated instillation of 33 mM capsaicin, are strictly
confined to nerve endings which in the cornea are all

unmye!inated (Szolcs#{225}nyi et al., 1975). No direct sign of

axonal degeneration was seen by Szolcs#{225}nyi et a!. (1975),

but this issue calls for reinvestigation and confirmation.
Repeated topical application of 33 mM capsaicin to the

rat eye also is followed, within 4 h, by an 80% depletion

of substance P from the cornea, which reverses over the
following 3 weeks as does the corneal sensitivity to

chemogenic pain (Gamse et al., 1981b).

Local application of capsaicin to the skin of primates

and rodents is followed by a long-term defunctionaliza-

tion of sensory neurons supplying the treated area. Re-

peated administration of 33 mM capsaicin to the monkey

skin results in a significant reduction of the cutaneous
substance P content and in inhibition of neurally me-

diated increases in vascular permeability (Alber et a!.,

1989). Likewise, application of several doses of 3.3 to 33

mM capsaicin to the human skin inhibits the axon reflex
vasodi!atation induced by histamine, substance P, so-

matostatin, vasoactive intestinal polypeptide (Bernstein
et al., 1981; Anand et a!., 1983; T#{243}th-K#{226}saet a!., 1983;

Szolcs#{225}nyi, 1988), allergen (Lundblad et al., 1987; Mc-
Cusker et al., 1989), heat injury, or mechanical trauma
(Carpenter and Lynn, 1981). In addition, chemo- and

thermonociception (Jancs#{243},1960, 1968; Bernstein et a!.,

1981; Carpenter and Lynn, 1981; Anand et a!., 1983;

T#{243}th-K#{225}saet a!. 1983, 1986; Szolcs#{225}nyi, 1990) are im-

paired for several days to weeks in the skin area treated

with capsaicin, whereas mechanonociception and percep-

tion of touch and temperature remain unaltered in the

long term (Jancs#{243}, 1960, 1968; Bernstein et a!., 1981;

T#{243}th-K#{225}saet a!., 1983; Szolcs#{225}nyi, 1990). Repeated top-

ical application of capsaicin (33 mM) to exposed blister

bases on the human forearm blocks the algesic effects of
capsaicin, bradykinin, and acetylcho!ine (Szolcs#{227}nyi,

1977).
Topical application of 3 to 30 mM capsaicin to the

nasal mucosa of the guinea pig results in long-lasting

depletion of substance P from the nasal mucosa, inhibi-
tion of protective reflexes in response to nasal irritation,

and block of sensory nerve-induced extravasation of
plasma proteins (Lundblad, 1984). These changes are of

the same magnitude as those produced by systemic cap-

saicin treatment; they are evident for at least 2 months

after the topical application of capsaicin and are re-
stricted to the treated organ as no neurochemical or

functional alterations are seen, for example, in the ureter

(Lundblad, 1984). Similarly, repetitive administration of
250 nmol capsaicin to the human nasal mucosa leads to
abolition of the irritating and secretory effects of the

drug, which lasts for several weeks and is confined to the

treated nostril (Geppetti et al. 1988b). When applied 10
times within 40 mm to the human tongue, capsaicin (33

mM) abolishes the burning sensation evoked by capsaicin

or mustard oil; responsiveness to these chemicals re-

covers during the following 2 days. However, taste, sen-

sitivity to tactile stimuli, and the cold sensation evoked

by menthol remain unaltered (Szolcs#{225}nyi, 1977). Thus,

consumption of hot food rich in capsaicin is unlikely to

be toxic for the tongue, and there is, in fact, no evidence
that ingested capsaicin exerts any neurotoxic effect in
humans.

The selective and reversible effects of capsaicin applied
locally to the skin or nasal mucosa are beginning to be

used as a treatment for certain neurological disorders

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CAPSAICIN 165

involving sensory neurons. Thus, several applications of

capsaicin into the nasal mucosa have been reported to

cure vasomotor rhinitis (Marabini et a!., 1988; Saria and
Wolf, 1988) and to be beneficial in cluster headache

(Sicuteri et a!., 1989). In some, but not all, patients

topical administration of 0.8 mM capsaicin to the skin is
able to relieve pain associated with postherpetic neural-

gia (Bernstein et a!., 1987; Don, 1988; Watson et a!.,
1988; Bjerring et a!., 1990), pain associated with diabetic
neuropathy (Ross and Varipapa, 1989), pain associated

with psoriasis (Bernstein et al., 1986), postmastectomy

pain (Watson et a!., 1989), and local stump pain (Rayner
et a!., 1989). Treatment for several days may suppress

pain for several weeks.

Local injection of capsaicin into tissues is another

route by which peripheral sensory nerve endings can be

defunctionalized, although in this case an axonal site of
action may also play a role. Injection of 25 nmol dihy-

drocapsaicin, a congener of capsaicin, into the footpad

skin of guinea pigs causes a prompt and long-lasting
inhibition of thermonociception in the area surrounding
the site of injection but does not deplete substance P

from dorsal root gang!ia or inhibit the retrograde trans-

port of nerve growth factor (Miller et a!., 1982a). How-

ever, injection of a much higher dose of capsaicin (8

�smo!) into the skin of the rat scrotum inhibits the

retrograde transport of horseradish peroxidase in the

pudendal nerve toward the sixth lumbar and first sacral

dorsal root ganglia (Taylor et a!., 1984, 1985). This effect,

which involves predominantly small afferent neurons

(Taylor et a!., 1985), seems to be permanent because it

is seen even 1 year posttreatment, although no sign of

cell body degeneration in the dorsal root ganglia is ob-
served (Taylor et al., 1984). Retrobulbar injection of

capsaicin (16 �tmol) into the rabbit eye inhibits ocular
inflammation in response to various irritant stimuli for

several weeks, this effect being confined to the treated

eye (Camras and Bito, 1980; Bynke, 1983). Likewise,

topical application of 33 mM capsaicin to the exposed

urinary bladder of the adult rat depletes substance P

from the urinary bladder, but not from the adjacent

ureter, and leaves chemonociceptive and local effector

functions of sensory neurons unaltered in organs distant

from the urinary bladder such as the skin and eye (Maggi

et a!., 1989b). The neurochemical and functional changes
produced by local application of capsaicin to the rat

urinary bladder are of the same magnitude as those

produced by systemic capsaicin treatment (Maggi et a!.,

1989b).

6. Effects of capsaicin on sensory neurons in vitro. After

only a 5-mm exposure to 640 �M capsaicin, nerve fibers

in the epithelium of the isolated rat trachea exhibit

ultrastructural changes that are indicative of degenera-
tion (Hoyes et a!., 1981). A significant increase in axon

diameter, a reduction in axoplasmic density, a loss of

microtubules, and a disruption of axonal membranes are

the most prominent morphological features. These de-

generative alterations are confined to axons with termi-

nals containing a high proportion of large dense-cored

vesicles and only scattered small vesicles, whereas axons

with terminals containing large numbers of closely
packed small vesicles are not affected (Hoyes et al., 1981).

Exactly similar changes are seen in the isolated guinea
pig ureter (Sikri et al., 1981) in which concentrations of

1 to 10 �tM capsaicin are able to produce degeneration of

up to 70% of all axonal profiles when examined 1 h after
a 6-mm exposure to the drug (Kir#{225}lyet a!., 1991). Al-

though the origin of the degenerating axons has not been
identified, it is likely that they are of primary afferent

origin, because the same concentrations of capsaicin (1

to 10 tiM) induce ultrastructural damage of most small

cell bodies in the isolated nodose ganglion of the rat

(Marsh et a!., 1987). Within 5 mm of exposure to the

drug, ultrastructural changes including swelling of mi-

tochondria, disruption of neurofilament organization,

and fiber enlargement take place (Marsh et al., 1987).
All of these observations indicate rapid in vitro degen-

eration of sensory neurons exposed to capsaicin.

The rapidity with which morphological changes take
place after in vitro exposure to capsaicin is paralleled by

the quick onset of functional changes. Isolated muscle

tissues including cardiac muscle (Zernig et a!., 1984;

Franco-Cereceda and Lundberg, 1988), visceral smooth

muscle (Barth#{243} and Szolcs#{225}nyi, 1978; Barth#{243} et a!.,

1982a, 1987; Chahl, 1982; Hua and Lundberg, 1986;

Lundberg and Saria, 1987; Maggi et al., 1987c), vascular

smooth muscle (Toda et a!., 1972; Duckles, 1986; Saito

et a!., 1988; Edvinsson et a!., 1990), and the iris sphincter

muscle (Ueda et a!., 1984) promptly respond to capsaicin

with neurogenic contraction or relaxation. In the isolated

inferior mesenteric ganglion of the guinea pig capsaicin

elicits a slow depolarization of the principal ganglion
cells (Tsunoo et al., 1982; Dun and Kiraly, 1983). All of

these acute effects of capsaicin are short lasting and,
within a few minutes, the tissues become unresponsive

to both capsaicin and other means of sensory nerve

stimulation. It can be assumed that this state of “desen-

sitization” reflects not only defunctionalization but also

degeneration of sensory nerve fibers because desensiti-

zation to capsaicin is achieved by in vitro concentrations

of capsaicin in the range of 0.3 to 10 �zM which are of the

same magnitude as those producing degenerative changes

in the isolated ureter (Kir#{225}lyet aL, 1991) and nodose

ganglion of the rat (Marsh et a!., 1987) and in dorsal root
ganglia grown in tissue culture (Wood et a!., 1988).

Furthermore, a 5-mm exposure ofthe isolated rat urinary

bladder to a solution containing 1 to 10 �tM capsaicin

leads to substantial depletion of substance P, which does

not become appreciable, however, until 3 h posttreatment
(Maggi et a!., 1987e).

7. Effects of capsaicin on sensory neurons in culture.

The sensitivity to the acute and neurotoxic effects of
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capsaicin is maintained when dorsal root ganglia are
grown in tissue culture. Like in vivo, two populations of
neurons, large light and small dark cell bodies, can be

distinguished in cultures of dorsal root ganglia from
newborn or adult rats (Winter, 1987; Wood et a!., 1988;
Winter et a!., 1990). The large light neurons are selec-

tively labeled with an antibody to neurofilament protein,
whereas the small dark cell bodies are neurofilament
negative. Capsaicin stimulates a certain proportion of

the cultured dorsal root ganglion cells, excitation being
visualized by a cobalt uptake stain (Winter, 1987; Wood
et a!., 1988; Winter et a!., 1990). Those cells that are

sensitive to capsaicin are usually neurofilament negative

and fall totally within the population of small dark cells.
Approximately 50% of the neurona! cell bodies derived

from neonatal dorsal root ganglia are sensitive to cap-
saicin, and overnight treatment of cultures with 2 �zM

capsaicin results in the loss of most cell bodies which

show cobalt staining in response to acute capsaicin or
the related resiniferatoxin (Winter, 1987; Wood et a!.,
1988; Winter et a!., 1990). Because prolonged exposure
to capsaicin also leads to a 37% reduction in the total
number of cell bodies in the culture, it follows that most

of the capsaicin-sensitive cells are killed (Wood et a!.,
1988). Thus, degeneration of sensory neurons also takes
place in tissue cultures of dorsal root ganglia and the

extent of cell loss is similar to that seen after systemic
capsaicin treatment of newborn rats (Otten et a!., 1983;

McDougal et a!., 1985; Arvidsson and Ygge, 1986). The

cellular specificity of capsaicin’s and resiniferatoxin’s

effects on cultured dorsal root ganglia is underlined by
the finding that cultures of large light neurons and
nonneuronal cells from rat dorsal root ganglia, nonneu-
ronal cells from the rat sciatic nerve, rat sympathetic
neurons, neural crest-derived neuroblastoma cells, and

hybrid cells derived from embryonal carcinoma cells are

not affected by the drugs (Bevan et a!., 1987; Winter et

a!., 1988, 1990; Wood et a!., 1988).

E. Differences in the Sensitivity to Capsaicin among

Mammalian Species

Although capsaicin acts as a stimulant of thin sensory
neurons in all mammalian species that have been inves-
tigated so far including humans, rat, mouse, guinea pig,
hamster, rabbit, cat, dog, goat (Glinsukon et a!. 1980;
Szolcs#{225}nyi 1990), pig (Franco-Cereceda et al. 1987c;
Franco-Cereceda and Lundberg, 1989; Matran et a!.,

1989, 1990; Pierau and Szo!cs#{225}nyi, 1989; Alving et a!.,
1991), and bear (Rogers, 1984), there are considerable

species differences in the sensitivity of afferent neurons
to capsaicin which have not yet been examined system-
atically. While sensory neurons in the cornea of guinea
pig and rat are similarly sensitive to the irritant effect of
capsaicin (Szolcs#{227}nyi et a!., 1986), there are some differ-
ences in capsaicin’s neurotoxic effect. As judged from
dose-response relationships, thin afferent neurons of the
adult guinea pig (Buck et a!., 1983) appear to be slightly

more sensitive to the neurotoxic action of systemic cap-

saicin than are those of newborn rats (Nagy et a!., 1983).
Inhibition of the micturition reflex is more pronounced

in guinea pigs treated as adults than in rats treated at

the same age (Maggi et a!., 198Th), and the reduction of
thermonociception is definitely more marked in adult

guinea pigs (Buck et a!., 1983) than in rats and mice
treated as neonates or as adults (Gamse, 1982). However,
when capsaicin is administered perineurally, afferent C-

fibers of the guinea pig are significantly less sensitive to

a conduction block than are C-fibers in the rat and ferret
(Baranowski et a!., 1986), although axoplasmic transport

of substance P is inhibited to the same degree in rat and

guinea pig (Gamse et a!. 1982) and thermonociception in

the guinea pig is even more inhibited than in the rat
(Szolcs#{225}nyi, 1990).

Afferent C-fibers of the rabbit also are less sensitive

to a conduction block than those in the rat (Baranowski
et a!., 1986), but this observation is consistent with a

weaker inhibition of the axoplasmic transport of sub-
stance P in the rabbit when compared with the rat

(Gamse et aL, 1982). Furthermore, no degeneration of

axons is seen after application of capsaicin to afferent

nerve axons of the rabbit (Lynn and Shakhanbeh, 1988),
whereas a considerable proportion of C-fibers degenerate

in the rat (Lynn et a!., 1987; Jancs#{243}and Lawson, 1990;

Pini et a!., 1990). Thus, afferent neurons in the rabbit
are in general resistant to a long-term ablation by cap-

saicin, although this drug is able to produce acute effects

indicative of sensory neuron stimulation, desensitization,

and defunctiona!ization (Barth#{243} and Szolcs#{225}nyi, 1980;

Camras and Bito, 1980; Tervo, 1981; Bynke, 1983; Bar-
anowski et a!., 1986; Lynn and Shakhanbeh, 1988; Mor-
itoki et a!., 1990; Manzini et a!., 1990; Trad et a!., 1990).

However, the rabbit is about 20 times less sensitive to

the irritant effect of capsaicin than is the rat (Szo!cs#{225}nyi,

1987). There also are species differences in the sensitivity

of afferent A-fibers to capsaicin. Whereas perineura!

capsaicin induces a reversible conduction block primarily
in M-fibers of the rat, guinea pig, rabbit, cat, and monkey

(Lynn et a!., 1984; Chung et a!., 1985a; Baranowski et

a!., 1986; Such and Jancs#{243}, 1986; Marsh et a!., 1987),
only C-fibers are blocked in the ferret (Baranowski et

a!., 1986).

Other species differences in the excitatory and long-

term effects of capsaicin are not necessarily due to dif-

ferences in sensory neuron sensitivity to capsaicin but

rather to different distributions of capsaicin-sensitive

afferent neurons, different neurotransmitter contents,

different actions and functions of these afferent neurons,
or species differences in the metabolic effects (Miller et

al., 1983) and pharmacokinetic fate of capsaicin. One
example refers to the indirect contractile effects of cap-

saicin on isolated cardiac muscle, which is thought to
reflect a local effector function of sensory neurons in this

organ. Although in the rat (Sigrist et a!., 1986) and guinea
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pig (Zernig et a!., 1984; Franco-Cereceda and Lundberg,

1988) capsaicin causes a positive mo- and chronotropic

effect, no such effect is apparent in the cardiac muscle
of rabbit, dog (Toda et a!., 1972), and man (Franco-

Cereceda et a!., 1987a). A similar situation applies to the
motor effects ofcapsaicin on tracheobronchial (Lundberg
and Saria, 1987) and gastrointestinal (Barth#{243}et a!., 1987;

Maggi et a!., 1986, 1987c, 1989d) smooth muscle which

varies among species.
Other examples include differences in the ability of

capsaicin to release substance P or calcitonin gene-re-
lated peptide in the ureter of rat and guinea pig, the

tissue levels of these peptides being profoundly dissimilar

in the two species (Amann et a!., 1988). Because the two

peptides exert either relaxant (calcitonin gene-related
peptide) or contractile (substance P) effects on the ureter

(Hua and Lundberg, 1986), it is not unexpected that the

contractile effects of capsaicin also differ in the ureter of
the rat and guinea pig (Amann et a!., 1988). Unlike in

the rat skin in which intravenous capsaicin induces
leakage of plasma proteins (Saria et a!., 1983b), intra-

dermal capsaicin fails to produce extravasation in the

skin of humans (Lundb!ad et a!., 1987) and pigs (Alving

et a!., 1991). However, capsaicin gives rise to chemosis�

(conjunctival edema) when it comes into contact with

the human eye (J. Szolcs#{225}nyi, personal communication).
Furthermore, capsaicin increases vascular permeability

in the urinary bladder of rat, mouse, and guinea pig but

fails to do so in the hamster bladder (Maggi et a!., 1987b).
Similarly, capsaicin elicits sensory nerve-mediated con-

tractions of urinary bladders from rat, mouse, and guinea

pig but not from rabbit and hamster (Maggi et a!., 1987b).

Substance P is considered to be the main mediator of
sensory neurons for increasing vascular permeability and

causing smooth muscle contraction (Lundberg and Saria,
1987; Chah!, 1988; Holzer, 1988; Maggi and Meli, 1988),
and it has been speculated that the inactivity of capsaicin

in the rabbit and hamster bladder is related to the low

substance P content of the rabbit bladder and the ab-

sence of this peptide from the hamster bladder (Maggi

et a!., 1987b). Altogether, the hamster seems to be a

mammalian species that is comparatively insensitive to

capsaicin because even systemic treatment with the drug

is relatively we!! tolerated (Glinsukon et a!., 1980) and

does not result in, for example, changes ofthe micturition
reflex (Maggi et a!., 198Th).

Finally, the overall toxicity of capsaicin, when admin-
istered systemically to mammals (Glinsukon et a!., 1980),

does not necessarily correlate with the species sensitivity
of afferent neurons to the drug. Capsaicin is an extremely

irritating substance that, by stimulating sensory neurons,
gives rise not only to nociception and nociception-asso-

ciated reactions but also to peripheral release of neuro-

peptides that cause generalized vasodilatation, extrava-

sation of plasma protein, and bronchoconstriction. The

guinea pig is particularly susceptible to these immediate

consequences of sensory neuron stimulation, and even

low doses of systemic capsaicin (<1 mg/kg) may be fatal.

Another limiting factor in the use of capsaicin in the rat
is the induction of the Bezold-Jarisch reflex which arises
from activation of pulmonary chemoreceptors and leads

to apnoea, hypotension, and bradycardia (Szolcs#{225}nyi et
a!., 1990). As a consequence, capsaicin has to be admin-
istered to animals under general anaesthesia to avoid

undue pain. Especially in the guinea pig, capsaicin-in-
duced bronchoconstriction, hypersecretion in the air-

ways, and leakage of plasma protein ought to be limited
by pretreatment of the experimental animals with drugs

such as theophy!!ine, fi2-adrenoceptor agonists, and atro-
pine (Jancs#{244}, 1960; Gamse et a!., 1981c; Buck et a!.,

1983). In addition, it is necessary to split the total dose
into a schedule of gradually increasing doses to keep the

adverse effects of the initial doses tolerable. The “ultra-

potent” analogue of capsaicin, resiniferatoxin, seems to

be comparatively less toxic because it does not elicit the
full Bezo!d-Jarisch reflex in the rat (Szolcs#{225}nyi et a!.,
1990).

F. Age and Strain Differences in the Capsaicin

Sensitivity of Mammalian Species

Age-dependent differences in the effects of capsaicin

on mammalian species are best documented in the rat,
with some information also available for the mouse. In

the newborn rat, thin primary afferent neurons are con-
siderably more susceptible to the neurotoxic action of

capsaicin than they are in the adult animal. This differ-
ence certainly is true for the cell bodies and nerve axons,
whereas degeneration of the peripheral terminals of thin

sensory neurons in the adult rat may be as extensive as
in the newborn animal (Chung et a!., 1985b, 1990).
Conversely, in the mouse it appears as if some functional

and neurochemica! consequences of the neurotoxic ac-
tion of capsaicin are more pronounced in adults than in
neonates (Gamse, 1982), although morphological evi-

dence for such a difference is not yet available. The
ontogenetic shift in the sensitivity of sensory neurons to

capsaicin also poses problems for the classification of
capsaicin-sensitive sensory neurons because the neurons

that are vulnerable to the drug in the newborn animal
are not completely identical with those affected in the

adult animal (Jancs#{243}et a!., 1987a; Maggi and Meli, 1988;
Szolcs#{227}nyi, 1990). Hence, the existence of more than one
population of capsaicin-sensitive afferent neurons has

been proposed, the groups differing in their age-depend-
ent sensitivity to capsaicin (Maggi and Meli, 1988;
Szolcs#{225}nyi, 1990).

The sensitivity to, and the effectiveness of, capsaicin
in the rat depends to some degree on the strain of the
animals and, in addition, may be influenced by experi-

mental conditions such as the anaesthetic used (J.
Szolcs#{225}nyi, personal communication). Following intra-

venous administration of capsaicin, Wistar and Sprague-
Dawley rats respond with similar blood pressure changes,
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but, whereas Wistar rats also exhibit bradycardia and

apnoea, these effects are absent in Sprague-Daw!ey rats
(Donnerer and Lembeck, 1982). Differences between

these two strains of rats also are noted after systemic
treatment of adult animals with a high dose of the

capsaicin congener, nonanoyl vanillylamide. The long-
term alterations include different weight losses posttreat-
ment, different degrees of tachycardia in response to

captopri!, and different changes in the sensitivity to the
anaesthetic methohexital (Gardner et a!., 1989).

The extent of long-term peptide depletion from sen-
sory neurons of Wistar rats may be independent of the

age of the animal treated with a high dose of capsaicin
(Geppetti et al., 1988a), whereas in Sprague-Daw!ey rats

treatment of newborn animals seems to be more effective
than is treatment of adults (Gamse et a!., 1981b). In

addition, following capsaicin treatment as neonates,

Charles River and Wistar-Morini rats develop persistent
skin wounds, whereas Sprague-Dawley rats do not

(Gamse et a!., 1981b; Maggi et al., 1987a). Differences
are also seen after capsaicin treatment of adult Wistar-
Kyoto and spontaneously hypertensive rats. Thermono-

ciception is impaired only in the spontaneously hyper-
tensive rats (Virus et a!., 1981); additionally these ani-
mals show a more pronounced substance P depletion and

5-hydroxytryptamine/noradrenaline accumulation in the
spinal cord than do Wistar-Kyoto rats (Virus et al.,
1983).

G. Acute and Long-term Effects of Capsaicin in

Nonmammalian Species

In contrast to mammals, which in genera! are sensitive
to the irritant and long-term inhibitory effects of capsai-
cm on sensory neurons, nonmammalian species appear

to be only poorly sensitive to the drug. In a marsupial
species, the North American opossum, acute exposure to
capsaicin has been found to release substance P from the
muscularis mucosae of the esophagus, whereas systemic
pretreatment does not change the tissue level of the

peptide (Daniel et a!., 1987).
Acute local or systemic administration of capsaicin in

pigeons and other birds, at concentrations of 33 mM or
doses up to 600 mg/kg, either fails to evoke pain or

reactions indicative of pain or is only weakly active
(Mason and Maruniak, 1983; Szo!cs#{225}nyi et al., 1986;
Sann et a!., 1987). Similar to the findings made in
mammalian species, both substance P and calcitonin
gene-related peptide are markers of primary afferent

neurons in the pigeon (Pierau et a!., 1987; Harti et a!.,
1987, 1989). Capsaicin (10 j.tM), however, is unable to
evoke a detectable release of substance P from the central
endings of these neurons in pigeon spinal cord slices
(Pierau et a!., 1987). No changes in chemonociception
have been noted after systemic capsaicin treatment of
pigeons (Szo!cs#{225}nyi et a!., 1986). Thermoregulation has
been examined in some avian species and was shown not

to be affected by the drug (Mason and Maruniak, 1983;
Geisth#{246}ve! et a!., 1986; Sann et a!., 1987).

In spite of the absence of persistent functional altera-

tions, systemic treatment of pigeons with 950 mg/kg

capsaicin gives rise to a partial depletion of substance P
and calcitonin gene-related peptide from nerve fibers in
the myenteric plexus of the small intestine (Harti, 1988),

ureter, and cornea (Harti et a!., 1989). A reduction of

peptide levels in the pigeon cornea also is seen after
topical application of 33 mM capsaicin to this tissue

(Harti et a!., 1989). Likewise, application of 330 nmo!

capsaicin to the sciatic nerve of the pigeon gives rise to
a 40% depletion of substance P and calcitonin gene-
related peptide from the nerve axons, whereas these

peptides accumulate in the dorsal horn of the spinal cord
(Harti et a!., 1987). Taken collectively, these neurochem-
ica! changes have been taken to suggest that systemic

capsaicin acts primarily on axons but not on nerve ter-

minals of sensory neurons (Harti et a!., 1989). It is not
known, however, whether peptide depletion in the pigeon

is associated at all with degenerative alterations in sen-

sory neurons.
Morphological changes are unlikely to occur because

systemic application of 500 mg/kg capsaicin to the new-

born chick fails to cause degeneration of dorsal root

ganglion cells (Jancs#{243}et al., 1985a). This lack of effect

is in keeping with the finding that cultured dorsal root

ganglia from the newborn chick do not respond to cap-

saicin or resiniferatoxin in the cobalt stain assay (Bevan

et a!., 1987; Wood et a!., 1988; Winter et a!., 1990). In

contrast, exposure (30 mm to 28 h) of cultured chick

sensory neurons to 32 to 160 zM capsaicin has been
reported to cause a concentration-dependent retardation

of neurite outgrowth (Hiura and Sakamoto, 1987a). This
retardation is associated with a disappearance of the

neurite tips due to degeneration but does not seem to be

permanent because quick neurite regeneration may occur

even in the continued presence of capsaicin (Hiura and
Sakamoto, 1987a). Because degeneration of nerve cell

bodies has not been noted, it would seem that the somata
of cultured chick sensory neurons are resistant to the

degenerative action of capsaicin, whereas neurites may
temporarily be damaged by the drug. This inference is in

line with the suggestion that in the pigeon capsaicin

receptors are present only on the axons but not on the
other parts of sensory neurons (Harti et a!., 1989).

Unlike birds, reptiles such as the African crocodile
seem to be extremely sensitive to the irritant effect of

capsaicin. When instilled into the crocodile’s eye, con-

centrations of capsaicin as low as 3.3 nM cause reactions
indicative of pain (Kanui et al., 1990). This reaction,
however, does not show any desensitization, because

repeated instillation of the drug produces consistent pain
reactions (Kanui et a!., 1990). In contrast, amphibian

species appear to be insensitive to the irritant (Szo!cs#{225}nyi

et a!., 1986) and neurotoxic effects of capsaicin. Follow-
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ing systemic treatment with up to 100 mg/kg of capsaicin,

frogs do not exhibit any long-term peptide depletion

from, or defunctionalization of, sensory neurons (Ch#{233}ry-

Croze et a!., 1985). However, overnight exposure of the
isolated ileum of the toad to 300 �sM capsaicin is followed

by the disappearance of most substance P-containing
nerve fibers from the intestinal wall and by inhibition of

contractions due to extrinsic nerve stimulation (Osborne
and Campbell, 1986). The cellular specificity of capsai-
cm’s effects in the toad has not yet been characterized.

H. Summary: Targets of Action

1. Capsaicin-serisitive neurons. It has become common
usage to refer to those afferent neurons which, in the

rat, are excited and subsequently inhibited by nanomolar

concentrations of capsaicin as “capsaicin-sensitive sen-
sory neurons” (Szolcs#{225}nyi and Barth#{243},1978; Szolcs#{225}nyi,

1982, 1984b). Their sensitivity to these actions of cap-

saicin appears to be mediated by a specific membrane
recognition site for the drug (see below). The main clas-
sification traits of the neurons that are the target of the
sensory neuron-selective effects of capsaicin are sum-

marized in table 2. Apart from the trait of capsaicin

sensitivity, however, capsaicin-sensitive afferent neurons
are difficult to define because they do not completely
overlap with any population of afferent neurons that

have been classified according to morphological, neuro-

chemical, or functional criteria.
First, the majority of capsaicin-sensitive afferent neu-

rons have small- to medium-sized cell bodies that are

connected to unmyelinated (C) or thinly myelinated (A#{244})
nerve fibers (Lawson and Harper, 1984). However, not

all unmyelinated afferent neurons conducting in the C-
and A#{244}-fiberrange are sensitive to capsaicin.

Second, capsaicin-sensitive afferent neurons contain a
variety of peptides that are thought to play a transmitter

or mediator role. The best known among these peptides

are substance P and calcitonin gene-related peptide, but
there is a long list of peptide and other markers of the
neurons under consideration (table 1). However, none of
these markers is an exclusive constituent of capsaicin-
sensitive sensory neurons because not all afferent neu-
rons containing, for example, substance P or calcitonin
gene-related peptide are sensitive to capsaicin, and these

peptides also are contained in nonsensory neurons. There
is, in fact, no specific histochemical marker for this group
of neurons (Lawson and Harper, 1984; Kirchgessner et

a!., 1988).
Third, capsaicin-sensitive afferent neurons are heter-

ogeneous in terms of their sensory modality and the

functions they subserve. The most consistent functional
change associated with the neurotoxic effect of capsaicin

is a long-term inhibition of chemonociception, which
underlines the concept that capsaicin-sensitive afferents
are chemoceptive neurons (Szolcs#{225}nyi, 19Mb). However,
the somatic capsaicin-sensitive afferents include not only

chemonociceptors and polymodal nociceptors but also

some warmth receptors. Viscera! afferent neurons sen-

sitive to capsaicin have been found to respond to noxious

or potentially noxious (Coleridge and Coleridge, 1977,

1984; Cervero and McRitchie, 1982; Longhurst et a!.,

1984; Szolcs#{225}nyi, 1984b; Stein et a!., 1986; Martling and

Lundberg, 1988; Geppetti et a!., 1990, 1991; Forster et

a!., 1990; Holzer et a!., 1991) as well as nonnoxious
“physiological” stimuli (MacLean, 1985; McCann et a!.,

1988; Raybould and Tach#{233},1988, 1989; South and Ritter,
1988; Yox and Ritter, 1988; R#{243}zsaand Jacobson, 1989;
Forster et a!., 1990).

Fourth, age, strain, and species differences in the sen-

sory neuron-selective effects of capsaicin are other fac-

tors that complicate the classification of capsaicin-sen-

sitive neurons.

2. Neurons not sensitive to the neurotoxic action of
capsaicin. Although some afferent neurons with thickly

myelinated axons conducting in the Aa and Afl range are
first stimulated and then blocked transiently by acute

administration of capsaicin, there is consistent evidence
that this population of afferent neurons is not sensitive

to the long-term neurotoxic action of the drug. Likewise,

efferent motor neurons and efferent neurons of the auto-

nomic nervous system are not directly sensitive to the

excitatory or neurotoxic action of capsaicin (Szolcs#{225}nyi

et a!., 1975; Ault and Evans, 1980; Jancs#{243}et a!., 1980a;

Cervero and McRitchie, 1982; Gamse et a!., 1982; Mat-
thews and Cuello, 1982; Della et a!., 1983; Sharkey et a!.,

1983; Handwerker et a!., 1984; Stein et a!., 1986; Such

and Jancs#{243},1986; Bevan et a!., 1987; Marsh et a!., 1987;
Takano et al., 1988; Wood et a!., 1988). The enteric

nervous system also is believed to be grossly insensitive

to capsaicin (Barth#{243}and Holzer, 1985), and the reports

that a minority of enteric neurons is susceptible to the

neurotoxic action of the drug (Feh#{233}rand Vajda, 1982;
Harti, 1988; Kirchgessner et al., 1988) need to be con-

firmed. A similar restriction applies to neurons in the

central nervous system, the majority of which are insen-
sitive to the acute and long-term effects of capsaicin.

However, the situation is not yet clear and calls for

further examination. It needs to be emphasized, there-

fore, that the selectivity with which capsaicin acts on a
group of unmyelinated and thinly myelinated primary

afferent neurons is exceptional but certainly not abso-

lute.
3. Cell-nonselective effects of capsaicin. Apart from its

sensory neuron-selective effects, capsaicin exerts a num-

ber of “nonselective” effects which can be differentiated
into three categories. (a) Capsaicin can, both acutely and

in the long term, affect neural and nonneura! systems

that are functionally related to primary afferent neurons.

Capsaicin-induced changes in these systems are inter-

preted to be secondary to the action of capsaicin on
primary afferent neurons. (b) Certain long-term neuro-
toxic actions of capsaicin on neurons in the central and

enteric nervous systems cannot be assessed in terms of
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a secondary sequel of sensory denervation but appear to

reflect a direct effect of the drug on these neurons. Thus,
a group of thermosensitive neurons in the preoptic region

of the hypothalamus is defunctionalized by systemic

capsaicin given to adult rats, and some neurons in other
nuclei of the brain appear to degenerate in response to
the drug (Dinh and Ritter, 1987; Ritter and Dinh, 1988).

(c) Capsaicin exerts a transient effect on many neural as

well as nonneural systems in both vertebrate and inver-
tebrate species, which seem to be unrelated to its excit-

atory action on thin primary afferent neurons. Although

the potency of capsaicin in producing these cell-nonse-
!ective effects is, in most cases, orders of magnitude lower
than that in exciting sensory neurons, it follows that the
acute effects of capsaicin are less selective for thin affer-
ent neurons than are its long-term effects.

III. Mechanisms of Action of Capsaicin

A. Evidence for the Presence of a Specific Recognition

Site for Capsaicin

1. Structure-activity relationship for the excitatory ef-

fect of capsaicinoid,s on sensory neurons. Ever since the

acutely stimulant and long-term inhibitory actions of
capsaicin on afferent neurons were disclosed, investiga-

tors were intrigued by the remarkable selectivity of these
actions for thin sensory neurons. The finding of

Szolcs#{225}nyi and Jancs#{243}-G#{227}bor(1975, 1976) that the ef-

fects of capsaicin are shared by structurally related an-
alogues of the drug first suggested that certain afferent

neurons are sensitive to capsaicin because they possess
a selective recognition site for capsaicinoids, a pharma-
co!ogical receptor that mediates the cellular responses to
the drug. As shown in fig. 1, capsaicin consists of a
vanillyl moiety, an acylamide group, and an alkyl chain,

certain features of which are required for capsaicin-like
activity.

The acutely stimulant activity of capsaicin is deter-

mined by the presence of a 4-hydroxy-3-methoxy benzy!
ring, the polar nature of the acylamide bond, and the

apo!ar nature of the a!ky! chain. The substituted aro-
matic ring is essential for the excitatory activity of cap-
saicin congeners (Szo!cs#{225}nyi and Jancs#{244}-G#{225}bor,1975;

Hayes et a!., 19Mb; Dray et aL, 1990c; Sza!!asi and
Blumberg, 1990b), and this structural requirement has

been confirmed by studying the activity of capsaicin-!ike
photoaffinity probes on neurons cultured from rat dorsal
root ganglia (James et a!., 1988). Thus, aryl azido ana-
logues of capsaicin produce a long-lasting stimulation of
calcium uptake after ultraviolet irradiation only if these

analogues contain a 4-hydroxy-3-methoxy benzy! ring
(James et a!., 1988).

There is some flexibility in the polar bond because the
acy!amide group can be replaced by an ester group
(Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1975), particularly in re-

siniferatoxin (Sza!!asi and Blumberg, 1989, 1990a,b). In
capsaicin congeners of the homovanil!yl a!kylamide type,

the position of the amide (NH) and carbonyl (CO) func-

tions is reversed, but excitatory activity is retained

(Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1975). However, a change
of the secondary to a tertiary amide function (replace-

ment of the H in the NH group by, for example, an alky!
group) strongly reduces noxious activity of capsaicinoids

on the rat cornea (Szo!cs#{225}nyi and Jancs#{243}-G#{225}bor,1975).

Most variability is permitted in the apolar residue which,

in capsaicin, is an a!ky! chain. It appears as ifthe optimal
chain length for activity on the rat cornea is approxi-

mately 8 to 10 carbon atoms because either an increase

or decrease in the chain length reduces activity, whereas

the introduction of a double bond in the alky! chain has
no effect (Szo!cs#{225}nyi and Jancs#{243}-G#{225}bor,1975). The pres-
ence of an alky! chain as such is not essential because its

substitution by a cyc!oa!kyl ring results in a compound
that retains much of its activity (Szo!cs#{225}nyi and Jancs#{244}-

G#{225}bor,1975); the exchange of the alky! chain by a
diterpene, as occurs in the resiniferatoxin molecule, leads

to a markedly increased activity in a number of assays
(de Vries and Blumberg, 1989; Szallasi and B!umberg,

1989, 1990a,b; Szal!asi et a!., 1989; Dray et a!., 1990a;

Maggi et a!., 1990c; Winter et a!., 1990).

Some exceptions to the described structural require-
ments for capsaicin-like activity need to be mentioned.

Removal of the 3-methoxy substituent in the resinifera-

toxin molecule, such as is found in tinyatoxin, results in
only a minor decrease in activity as compared with

resiniferatoxin (Szallasi and B!umberg, 1990b). Mustard

oil (ally! isothiocyanate, CH2 = CH-CH2-NCS) stimu-

lates capsaicin-sensitive afferent nerve fibers (Jancs#{243}et

a!., 1967, 1977, 1980a; Lembeck and Ho!zer, 1979; Gamse
et a!., 1980; Patacchini et a!., 1990) of both the C and A#{244}

type (Harris and Ryall, 1988), although its chemical

constitution is very different from that of capsaicinoids.

Furthermore, piperine which lacks a polar moiety in the
place of capsaicin’s acylamide retains considerable cap-

saicin-like activity in certain assays (Micevych et a!.,

1983; Jhamandas et a!., 1984; Miyauchi et al., 1989;
Takaki et a!., 1990). It is not totally clear, however,
whether the cellular site of action of these compounds is

identical with that of capsaicin. This shortcoming cur-

tails the validity of a!! structure-activity studies that do

not directly examine the stimulant effect of capsaicinoids

on sensory neurons but utilize effects subsequent to this
primary event, e.g., nociceptive reflexes or tissue re-

sponses to the local release of sensory neurotransmitters.
Despite these uncertainties, there is a good correlation

between the noxious activity of capsaicin congeners on

the rat cornea (Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1975) with

their potency in eliciting the Bezo!d-Jarisch reflex
(Szolcs#{225}nyi, 1982), producing hypothermia (Szo!cs#{225}nyi,
1982; Hayes et a!., 19Mb; de Vries and B!umberg, 1989;

Sza!!asi and Blumberg, 1990b), causing contraction of

the trachea (Szo!cs#{225}nyi, 1983b), and facilitating the re-
lease of substance P from the spinal cord (Bucsics and
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Lembeck, 1981; Jhamandas et a!., 1984). The situation

is different, however, when capsaicin and resiniferatoxin

are compared with each other. In some assays of capsai-

cm-like activity (Szallasi and Blumberg, 1989; Maggi et
a!., 1990c), resiniferatoxin is not or is only marginally

more active than capsaicin, whereas in other tests (de
Vries and B!umberg, 1989; Szallasi and Blumberg, 1989,
1990a,b; Sza!!asi et a!., 1989; Dray et a!., 1990a; Maggi et

a!., 1990c; Winter et a!., 1990), resiniferatoxin is 100 to
10,000 times more potent.

On the basis of the described structural requirements

for a capsaicin congener to stimulate sensory neurons,

Szo!cs#{225}nyi and Jancs#{243}-G#{225}bor(1975) proposed a hypo-

thetical mode! of a capsaicin receptor in which multiple

interactions between the capsaicin molecule and the

recognition site determine optimal activity. In this

mode!, the 4-hydroxy substitutent on the phenyl ring

and the carbony! and NH functions in the acylamide

moiety (or its polar equivalents) interact with polar

constituents of the receptor, whereas the pheny! ring, as
well as the alky! chain or its apolar substitution, provide

for apo!ar !igand-receptor interactions (Szo!cs#{225}nyi and
Jancs#{243}-G#{225}bor,1975). However, the capsaicin-like activ-

ities of irritant compounds with partial, little, or no

structural similarity to capsaicin such as xylene or mus-

tard oil are not accounted for by this model.

2. Structure-activity relationships for the desensitizing

and neurotoxic effects ofcapsaicinoids on sensory neurons.

The activities of capsaicin analogues in inducing desen-

sitization to their stimulant effect on sensory neurons

are still poorly defined but, as it appears, do not corn-

pletely overlap with their excitatory activities

(Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,1976; Hayes et a!., 19Mb;

Dickenson et a!., 1990b; Dray et a!., 1990c). These dif-

ferences are best illustrated by the fact that there are

capsaicin analogues such as zingerone and homovani!!ic
octy!ester that exhibit noxious activity but are devoid of

desensitizing activity on the rat cornea (Szolcs#{225}nyi and
Jancs#{243}-G#{225}bor,1976) and that, in contrast, other ana-
!ogues such as olvanil are able to desensitize against

capsaicin in the absence of stimulant activity (Dickenson

et a!., 1990b; Dray et a!., 1990c). Furthermore, in some
assays of capsaicin-like activity, such as cornea! nocicep-

tion (Szal!asi and Blurnberg, 1989) and contraction of

the rat urinary bladder (Maggi et a!., 1990c), resinifera-
toxin is orders of magnitude more potent in desensitizing

than in exciting sensory nerve fibers.
It is not yet clear how the divergence in the stimulant

and desensitizing activities of some capsaicin derivatives

is to be explained, but two possibilities are especially

worth considering. One line of evidence suggests that
excitation, desensitization, and neurotoxicity of capsai-

cinoids are mediated by a common site of action and that

mismatches in the activities of some congeners arise from
differences in their pharmacokinetic behaviour and/or
metabolic stability or from differences in the !igand-

receptor interactions with respect to binding forces and

binding reversibility (Szo!cs#{225}nyi and Jancs#{243}-G#{225}bor,

1976). Support for this contention comes from the find-

ings that the potencies of many capsaicin congeners to

stimulate and desensitize sensory neurons are grossly
correlated with each other (Szolcs#{225}nyi and Jancs#{243}-G#{225}-

bor, 1975, 1976; Szolcs#{225}nyi, 1982; Hayes et a!., 19Mb;
James et a!., 1988) and with their potency to induce
afferent neuron degeneration in the newborn rat (Jancs#{244}
and Kir#{227}ly,1981). Furthermore, the structure-activity

relationships of intratheca! capsaicinoids for the acute

release of substance P in the spinal cord, desensitization

to this effect, long-lasting antinociception, and long-term

depletion of substance P from afferent nerve terminals
in the spinal cord are comparable (Jhamandas et al.,

1984). The potency of a number of capsaicin congeners

in preventing labeling of cultured sensory neurons with

a photoaffinity probe also correlates we!! with their po-
tency as agonists in the calcium uptake assay (James et

al., 1988).
Other data prompt speculation that capsaicin-induced

excitation and desensitization of sensory neurons involve

two different sites of action. In line with this contention,

differences in the structural requirements for capsaicin

analogues to cause stimulation and desensitization of

sensory neurons are apparent. The most important dif-

ference seems to relate to the apo!ar moiety, because

changes in this group (e.g., olvanil) lead to a loss of

excitatory activity, whereas desensitizing potency is
maintained (Dickenson et a!., 1990b; Dray et a!., 1990c).

Furthermore, the optima! length of capsaicin’s a!kyl

chain for desensitizing potency (10 to 12 carbon atoms)
is somewhat longer than that required for excitatory

activity (8 to 10 carbon atoms) (Szolcs#{225}nyi and Jancs#{244}-

G#{225}bor,1976), and the especially high desensitizing activ-
ity of resiniferatoxin with its diterpene substituent

underlines the importance of the apo!ar moiety for de-

sensitization (Szallasi and B!umberg, 1989, 1990b). An-
other point concerns the acylamide linkage, the presence
of which was previously believed to be required for de-
sensitizing activity (Jancs#{243},1968; Szo!cs#{225}nyi and Jancs#{243}-

G#{225}bor,1976). This bond is not essential, however, be-

cause resiniferatoxin, which has an ester group instead

of the acy!amide, displays a particularly high desensitiz-

ing potency (Szallasi and Blurnberg, 1989).
3. Resiniferatoxin as a very potent capsaicin agonist.

Apart from capsaicin, there are a number of other natural

and synthetic pungent compounds, including zingerone,

shogaol, chavicine, piperine, guajaco!, isoeugeno!, eu-

genol, xy!ene, curcumin, and mustard oil, that show
variable degrees of structural and/or pharmacological
overlap with capsaicin (Jancs#{243}, 1968; Szolcs#{225}nyi and

Jancs#{243}-G#{225}bor,1975, 1976; Szolcs#{225}nyi, 1982; Abelli et a!.,

1988; Miyauchi et a!., 1989; Patacchini et a!., 1990;
Takaki et a!., 1990). Among these, capsaicin is by far the

most potent compound in terms of nociceptor stimula-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


172 HOLZER

tion and desensitization and sensory neuron ablation.

Another compound, resiniferatoxin, has been known for
some time to be a potent irritant whose mechanism of

action is not understood. It is a substance that occurs
naturally in the latex of certain species of Euphorbia.

Structurally, it combines characteristics of the phorbol
esters and ofcapsaicin (fig. 1). Like capsaicin, it contains

a 4-hydroxy-3-methoxy benzyl (vanillyl) moiety con-
nected to an ester group which, in the capsaicin molecule,

can replace the acy!amide group in reversed position

without loss of activity (Szolcs#{225}nyi and Jancs#{243}-G#{225}bor,

1975). This ester group connects the vanillyl moiety to
the 20-hydroxyl substituent of the complex diterpene

structure. Thus, unlike active phorbol esters, resinifera-

toxin lacks a free 20-hydroxyl group which is essential
for phorbol ester activity and thus fails to induce the

typical phorbol ester effects including tumor promotion,

binding to, and stimulation of, protein kinase C (Szallasi

and Blumberg, 1989, 1990b; Dray et a!., 1990a; Winter

et a!., 1990).
In keeping with the structural similarity between re-

siniferatoxin and capsaicin, resiniferatoxin appears to

share most, if not all, of the effects of capsaicin on
sensory neurons. Thus, resiniferatoxin depolarizes cu!-

tured neurons from rat dorsal root ganglia and increases
cation fluxes across the cell membrane but is approxi-

mately two orders of magnitude more potent than cap-

saicin (Winter et al., 1990). A similar activity of resini-

feratoxin relative to capsaicin is seen with resiniferatox-
in’s stimulant effect on cutaneous nociceptors in an in

vitro preparation of the neonatal rat tail-spinal cord

(Dray et a!., 1990a; Winter et a!., 1990) and on the release
of substance P and calcitonin gene-related peptide from

the rat urinary bladder, rat spinal cord, and rabbit ear

(Maggi et a!., 1990c). In other tests, such as induction of
hypothermia (de Vries and Blumberg, 1989; Szallasi and

B!umberg, 1989), induction of plasma protein extrava-

sation (Sza!lasi and Blumberg, 1989) and inhibition of
electrically induced twitch contractions of the rat vas

deferens (Maggi et a!., 1990c), resiniferatoxin is even
three to four orders of magnitude more potent than

capsaicin. To complicate the situation further, resinifer-

atoxin is not or only marginally more active than cap-

saicin in inducing cornea! nociception (Szal!asi and

Blumberg, 1989), reflex hypotension, and urinary bladder

contraction (Maggi et a!., 1990c) and, unlike capsaicin,

fails to evoke the full Bezo!d-Jarisch reflex in the rat

(Szo!cs#{225}nyi et a!., 1990). In the cat, however, the full

Bezold-Jarisch reflex is evoked by resiniferatoxin
(Szolcs#{225}nyi et a!., 1990). Thus, although the excitatory
effects of capsaicin and resiniferatoxin on sensory neu-

rons are qualitatively similar, there are some important

quantitative differences between the potencies of the two
drugs.

There also are similarities and differences between the

intermediate (desensitizing) and long-term neurotoxic

effects of the two drugs. In contrast to its stimulant

effect, resiniferatoxin is generally more active in produc-
ing desensitization to itself and capsaicin, the desensitiz-

ing potency of resiniferatoxin exceeding that of capsaicin

by three to four orders of magnitude (de Vries and
B!umberg, 1989; Szallasi and Blumberg, 1989, 1990b;

Dray et a!. 1990a; Maggi et a!., 1990c; Winter et a!., 1990;

Szolcs#{225}nyi et a!., 1991). In the rat, intravenous doses of
resiniferatoxin that are too low to evoke the Bezo!d-
Jarisch reflex are able to desensitize the pulmonary

chemoreceptors, which are responsible for this reflex,

against the excitatory action of capsaicin (Szolcs#{225}nyi et
a!., 1991). At low doses, desensitization involves only the

excitatory responses to resiniferatoxin and capsaicin

(Dray et a!., 1990a; Winter et a!., 1990), whereas at higher
doses insensitivity to a!! noxious stimuli of sensory neu-

rons is produced (Szallasi and Blumberg, 1989; Dray et
a!., 1990a; Winter et a!., 1990). Unlike capsaicin, resini-

feratoxin is also able to desensitize pulmonary chemo-

receptors to the excitatory effect of phenyldiguanide
(Szolcs#{225}nyi et a!., 1990).

Systemic treatment of adult rats with resiniferatoxin

(100 to 400 �tg/kg) causes defunctionalization of sensory

neurons as shown by the abolition of capsaicin- or resi-

niferatoxin-evoked hypothermia, leakage of plasma pro-
tein in the skin and trachea, and chemonociception in

the cornea (Sza!!asi and Blumberg, 1989; Sza!!asi et a!.,

1989; Szolcs#{225}nyi et a!., 1990). In contrast, cardiovascular

responses to stimulation of parasympathetic efferent

neurons are not affected by systemic resiniferatoxin pre-

treatment (Szolcs#{225}nyi et aL, 1990).

The defunctionalization of sensory neurons is due to
resiniferatoxin’s neurotoxic action as shown by morpho-

logical alterations in their cell bodies. Like capsaicin,

resiniferatoxin given to adult rats induces ultrastructura!

changes in small dark neurons of the dorsal root ganglia,
the alterations being characterized by swelling and dis-

organization of mitochondria, but resiniferatoxin is ap-
proximately three orders of magnitude more potent than
capsaicin (Sza!lasi et a!., 1989; Szolcs#{225}nyi et a!., 1990).

A-type neurons in dorsal root ganglia or sympathetic
ganglion cells in the superior cervical gang!ion are not

affected by resiniferatoxin (Szolcs#{225}nyi et a!., 1990). In

addition, systemic resiniferatoxin leads to the accumu-

lation of ionic calcium in some small sensory neurons,

an effect that is more marked than that occurring with

capsaicin (Sza!!asi et a!., 1989) and which, according to

Jancs#{244}et a!. (1978), could indicate that in the adult rat
resiniferatoxin causes more sensory neurons to degen-
erate than does capsaicin. Neurochemica!!y, resinifera-

toxin has been found to deplete calcitonin gene-related

peptide from the spinal and cranial sensory ganglia and

the dorsal horn of the spinal cord (Szolcs#{225}nyi et a!.,
1990).

Administration of resiniferatoxin (300 zg/kg) to new-

born rats leads to approximately a 50% degeneration of
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cell bodies in the dorsal root ganglia, which is associated

with an almost complete depletion of calcitonin gene-

related peptide from the spinal and crania! sensory gan-
glia and the dorsal horn of the spinal cord (Szallasi et
al., 1990). These morphological and neurochemica! alter-

ations induced by administration of resiniferatoxin to
newborn rats are paralleled by a complete loss of che-

monociception in the cornea and by inhibition of neu-
rogenic edema formation in the skin (Sza!!asi et a!.,

1990). The range and magnitude of the neurotoxic effects
produced by neonatal resiniferatoxin are similar to those

produced by neonatal capsaicin, but resiniferatoxin is at
least two orders of magnitude more potent than capsaicin

(Sza!lasi et a!., 1990). Similarly, a 50-mm exposure of
cultured sensory neurons from newborn rats to 10 to 100

nM resiniferatoxin causes the same extent of neuritic

damage as exposure to 1 to 10 �tM capsaicin (Winter et

a!., 1990).
Further differences between capsaicin and resinifera-

toxin concern the time course of their acutely excitatory
and long-term neurotoxic effects. Thus, resiniferatoxin’s
effects in depolarizing cultured sensory neurons (Winter

et a!., 1990), in producing cornea! nociception (Szallasi

and Blumberg, 1989), in inducing plasma protein extra-

vasation in the skin (Szallasi and Blumberg, 1989), and

in depressing electrically evoked contractions of the rat

isolated vas deferens (Maggi et a!., 1990c) are slower in

onset but longer lasting than those of capsaicin. Accord-
ingly, the inhibitory effects of systemic resiniferatoxin

on sensory nerve-mediated chemical pain, hypothermia,

and plasma protein leakage also take longer to recover

than do the equivalent effects of systemic capsaicin

(Sza!!asi et al., 1989). There is evidence that the slower
onset of resiniferatoxin’s acute effects is, at least in part,

due to a slower tissue penetration rate of this drug as

compared with that of capsaicin (Maggi et a!., 1990c).
This difference in the pharmacokinetic behaviour of

capsaicin and resiniferatoxin could explain why the rel-

ative potencies of the two drugs in acutely stimulating

sensory neurons vary so much in different assay systems,

whereas their relative activities in causing desensitiza-

tion and neurotoxicity are less variable. Whether, in

addition, a heterogeneity of receptors accounts for some

of the differences in the actions of capsaicin and resini-
feratoxin (Sza!!asi and Blumberg, 1990b) has not yet
been established. The two drugs have been found to bind

to a cellular recognition site, the kinetics of which are

best described by a one-site model (Szallasi and Blum-
berg, 1990a). However, following resiniferatoxin treat-

ment of newborn rats there is not only a permanent
reduction in the number of [3H]resiniferatoxin-binding

sites in sensory ganglia but also a 4- to 6-fold decrease

in the affinity of the remaining binding sites, a finding

that is consistent with a heterogeneity of resiniferatoxin/

capsaicin receptors (Sza!lasi et a!., 1990).

Cross-desensitization between the stimulant effects of

capsaicin and resiniferatoxin on sensory neurons (Szal-

!asi and Blumberg, 1989; Sza!!asi et a!., 1989; Dray et a!.,

1990a; Maggi et a!., 1990c; Winter et a!., 1990) is another
finding that may indicate a common site of action of the

two drugs. However, this argument is only valid for the
specific desensitization and cross-desensitization to cap-
saicin/resiniferatoxin (Amann, 1990; Winter et a!.,

1990). In the case of nonspecific desensitization, respon-

siveness to the drugs seems to be lost because of cell
damage. Consequently, no inference as to a common site

of action can be made, and all that can be deduced is

that the cross-desensitizing drugs act on the same group

of cells (Maggi et a!., 1990c; Winter et a!., 1990).
4. Capsazepine as a competitive antagonist of capsaicin.

An important step in proving the existence of a specific
recognition site for capsaicin was the development of a

competitive antagonist, capsazepine. This compound (2-

[2-(4-chloropheny!)ethylamino-thiocarbonylj-7,8-dihy-
droxy-2,3,4,5-tetrahydro-1H-2-benzazepine) is structur-

ally related to capsaicin and potently antagonizes all

sensOry neuron-selective effects of capsaicin but lacks

agonistic activity (Bevan et a!., 1991; Dray et a!., 1991).

In cultured dorsal root ganglion cells from newborn rats,

capsazepine reversibly antagonizes the excitatory action

of capsaicin. The concentration of the antagonist needed

to reduce capsaicin-evoked uptake and accumulation of

45Ca2� in these neurons is 0.5 zM (Bevan et a!., 1991).

Analysis of the inhibition of capsaicin-induced ssRb+
efflux from cultured dorsal root ganglion neurons and

[14C]guanidinium efflux from isolated rat vagus nerve

segments indicates that the antagonism exerted by cap-
sazepine is competitive. Thus, log concentration-effect

curves are shifted to the right in a parallel manner with
increasing concentrations of the antagonist. Schild plots

are linear, display a slope very close to 1, and give Kd

estimates of 0.1 to 0.7 �sM (Bevan et a!., 1991).
In keeping with these pharmacological properties, cap-

sazepine has been found to antagonize the effects of

capsaicin in various test preparations (Dray et a!., 1991).
Pain evoked by intradermal injection of capsaicin into

human skin is inhibited by 50% after intraderma! ad-

ministration of 10 to 100 pmol of the antagonist. The

concentration of capsazepine that is required to reduce

by one-half the capsaicin-evoked activation of nocicep-

tive C-fiber units in an isolated preparation of the rat
saphenous nerve and hindpaw skin is approximately 1

�tM (Dray et a!., 1991). This potency of capsazepine

compares well with its activity in antagonizing capsaicin-
evoked stimulation of nociceptors in the spinal cord-tail

preparation from the neonatal rat (IC50 0.2 �M) and
capsaicin-induced activation of afferent C-fiber termi-

nals in the isolated mouse spinal cord (IC50 1 to 5 �zM).

Furthermore, the antagonist blocks the capsaicin-in-

duced reflex decrease in rat blood pressure, 50% reduc-
tion being seen with doses of 10 nmol given intraarteri-

ally, and reduces sensory nerve-mediated contractions of
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the guinea pig isolated ileum with an IC� of 0.01 to 0.05

�iM (Dray et a!., 1991). Importantly, in all of these test

preparations only responses to capsaicin, but not to other
stimuli, are blocked by capsazepine.

The discovery of capsazepine as a competitive antag-
onist of capsaicin has added significant support to the

hypothesis that capsaicin’s actions on sensory neurons
are mediated by a specific recognition site with the

pharmacological properties of a receptor. The availability
of such an antagonist is a significant asset in the further

exploration of the sensory neuron-selective actions of

capsaicin, their mechanisms, and functional significance.

5. Biochemical characterization of the recognition site

for capsaicin. Biochemical characterization ofthe cellular

recognition site for capsaicin through a study of its
specific binding has not been possible because of tech-

nica! problems arising from the lipophi!ic nature of this

!igand (James et a!., 1988). This problem was overcome

when [3H]resiniferatoxin was used as the ligand (Szal!asi

and B!umberg, 1990a). Binding studies with this labeled
compound have indicated the presence of a single class
of specific saturable binding sites for [3Hjresiniferatoxin

on membranes from dorsal root and trigeminal ganglia

(Szallasi and B!umberg, 1990a). This neuronal binding
site for resiniferatoxin, characterized by a Kd of 0.13 to
0.27 nM, is distinct from protein kinase C which seems

to recognize a different aspect of the diterpene moiety

(Szallasi and Blumberg, 1990a,b). Subcellular!y, most of

the binding sites for resiniferatoxin are located in the

microsomal/p!asma membrane fraction of pig dorsal root

ganglia (Szallasi and Blumberg, 1990a). The specific

binding of [3H]resiniferatoxin to sensory gang!ion mem-
branes is displaced by resiniferatoxin, capsaicin, and
other capsaicinoids, their relative potencies being similar

to those in producing hypothermia and plasma protein

leakage in vivo (Szal!asi and B!umberg, 1989, 1990a).
Inorganic calcium channel blockers (nickel and cad-
mium) and ruthenium red, which can block certain

phases of capsaicin’s and resiniferatoxin’s stimulant ef-

fects on sensory neurons (Wood et al., 1988; Amann et
a!., 1989a; Maggi et a!., 1988d; Dray et a!., 1990d) appar-

ently do not inhibit [3H]resiniferatoxin binding (Szallasi

and Blumberg, 1990a,b). These compounds, therefore, do

not seem to interact with the recognition site for resini-
feratoxin per se. Sodium deoxycholate, which has been

reported to facilitate capsaicin’s acute effects (Jin and
Nakayama, 1990), is likewise without effect on the resi-

niferatoxin-binding site (Sza!lasi and B!umberg, 1990b).

Specific recognition sites for [3H]resiniferatoxin have
been found in dorsal root and trigeminal gang!ia of rat,

pig, cow, and sheep but not in those of the chicken, a
species that is not responsive to the pungent action of

capsaicin (Sza!!asi and B!umberg, 1990a). No specific

binding of resiniferatoxin has been detected in the preop-

tic region of the brain, striatum, substantia nigra, cere-

bellum, and whole spinal cord of the rat, but one must

consider that minor binding components could be ob-
scured by a high level of nonspecific binding of resinifer-

atoxin (Szallasi and B!umberg, 1990a,b). Nevertheless,
the available findings indicate that specific binding of

[3Hjresiniferatoxin reflects the existence of a specific
cellular recognition site for resiniferatoxin/capsaicin
that is exclusively present on membranes of sensory
ganglia. This contention is underlined by the finding
that resiniferatoxin treatment of newborn rats leads to

a 41 to 53% loss of cell bodies and to a 79 to 91%
reduction of specific [3H]resiniferatoxin-binding sites in

the dorsal root ganglia of adult rats; the binding sites in

the trigeminal ganglion are reduced by 30 to 56% (Szal-
lasi et a!., 1990). It can be anticipated that the [3H]

resiniferatoxin-binding assay will have great potential in
further unraveling the molecular structure, biochemical

processing, and properties of the resiniferatoxin/capsai-

cm receptor.
The ability of photoaffinity probes to irreversibly label

the capsaicin recognition site (James et al., 1988) has
been utilized in an attempt to isolate protein components

of the putative capsaicin receptor (Wood et a!., 1990).
Thus, a major protein with an apparent molecular weight
of 58 kD and a minor protein with an apparent molecular
weight of 42 kD can be isolated from rat and chick dorsal
root ganglia but are absent from rat liver and cerebellum

(Wood et a!., 1990). However, the inability of capsaicin

to protect these proteins from labeling with the photo-
affinity probe does not allow them to be designated as
part of the capsaicin recognition site (Wood et a!., 1990).

This inference is also supported by the finding that the

labeled proteins are present in both rat and chick dorsal
root ganglion neurons, although chick sensory neurons
are insensitive to capsaicin in the calcium uptake assay
(Wood et a!., 1988, 1990). Consequently, a possible rela-

tionship of the labeled proteins to the capsaicin receptor/

cation channel complex remains unknown.

B. Mechanisms of the Sensory Neuron-selective Effects

1. Acute excitation of sensory neurons. a. PRIMARY

EFFECT: ACTIVATION OF A CATION CONDUCTANCE. As
potent stimulants of sensory neurons, capsaicin and re-

siniferatoxin depolarize both axons and somata of rat
primary afferent neurons. The depolarization derives
from an inward current which sometimes is followed by
an outward current (Ault and Evans, 1980; Yanagisawa

et a!., 1980; Williams and Zieglg#{228}nsberger, 1982; Baccag-
lini and Hogan, 1983; Hayes et a!., l9Ma; Heyman and
Rang, 1985; Bevan et al., 1987; Marsh et a!., 1987; Winter
et a!., 1988; Bevan and Szo!cs#{225}nyi, 1990; Bleakman et
a!., 1990; Dray et a!., 1990d; Docherty et a!., 1991).
Because the inward current is associated with a conduct-
ance increase, it would follow that ion channels are

opened by the drugs. Indeed, ion flux (Wood et a!., 1988,
1989; Winter et a!., 1990) and patch clamp (Bevan and
Forbes, 1988; Forbes and Bevan, 1988; Bevan and

Szolcs#{225}nyi, 1990) studies of cultured sensory neurons
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tAbbreviations: AMP, adenosine monophosphate; GMP, guanosine
monophosphate; NGF, nerve growth factor.

indicate that capsaicin and resiniferatoxin open a mem-
brane ion channel that is relatively nonselective for
cations and which allows the passage of both mono- and

divalent cations including Nat, K�, Cs�, Rb�, Ca2�, �
and guanidium ions. The reversal potential for the in-
ward current evoked by capsaicin and resiniferatoxin is

approximately 0 mV, which is also consistent with the

opening of a nonselective cation channel (Bevan and
Forbes, 1988; Winter et a!., 1990). In contrast, the efflux

of C1 is left unaltered by capsaicin (Wood et a!., 1988),
and it seems that Cl and other anions do not participate

directly in the conductance increase (Bevan and

Szo!cs#{225}nyi, 1990; Winter et a!., 1990), although there
could be a secondary increase in the conductance for C1
ions (Marsh et al., 1987).

The permeability sequence of the capsaicin-operated
cation channel is Ca2� > Mg�� > K� > Na� (Bevan and

Szo!cs#{224}nyi, 1990). Thus, under physiological conditions
both Ca2� and Na� move into the cell and carry the
capsaicin/resiniferatoxin-induced inward current while

K� ions leave the cell (Wood et a!., 1988; Bleakman et
a!., 1990; Dray et a!., 1990d; Winter et a!., 1990). Removal
of either Ca2� or Na� from the extracellular fluid does
not abolish the inward current because in this instance
the inward current will be carried, at least in part, by the

other cation (Bevan and Forbes, 1988). Thus, capsaicin-

induced depolarization is reduced but not prevented by
removal of extrace!lu!ar Na’ (Bevan et a!., 1987; Marsh

et a!., 1987). In contrast, omission of extrace!lular Ca2�

completely fails to inhibit the excitatory action of cap-

saicin but, if anything, enhances it (Yanagisawa et a!.,
1980; Baccaglini and Hogan, 1983; Marsh et a!., 1987;

Bettaney et al., 1988; Amann et a!., 1989a; Dray et a!.,
1990b; Docherty et al.,1991).

Further analysis of the capsaicin/resiniferatoxin-in-
duced membrane current on outside-out membrane
patches has shown that capsaicin evokes single-channel

currents which display the same cation permeability as
the currents obtained from whole cell recordings (Forbes
and Bevan, 1988; Bevan and Szo!cs#{225}nyi, 1990; Dray et
al., 1990d). The conductance of single channels opened

by capsaicin and resiniferatoxin is approximately 100 p5

at +60 mV and 20 to 30 p5 at -60 mV (Forbes and
Bevan, 1988; Bevan and Szo!cs#{225}nyi, 1990). The data

obtained from isolated membrane patches of sensory
neurons indicate that capsaicin-!ike drugs act directly on
the plasma membrane without any intervention of a
second-messenger system, a conclusion for which there

is also biochemical evidence (Wood et a!. 1989; Bevan
and Szolcs#{225}nyi, 1990; Dray et a!., 1990a,b; Winter et a!.,
1990). Accordingly, inhibition or activation of protein

kinase C, cyclic AMPS-dependent kinase, cyclic GMP-

dependent kinase, calmodu!in-dependent kinase, phos-
pho!ipase A2, and cyclooxygenase does not affect the

sensory neuron responses to capsaicin and resinifera-
toxin (Dray et a!., 1990a,b; Winter et a!., 1990). The

capsaicin/resiniferatoxin-evoked increase in the levels of
cyclic GMP in sensory neurons does not have any bearing
on the capsaicin/resiniferatoxin-evoked ion fluxes

through the cell membrane (Wood et a!., 1989; Winter

et a!., 1990).

There are several lines of evidence indicating that the

capsaicin-operated cation channel is distinct from volt-

age-dependent cation channels in the cell membrane.

First, the effect of capsaicin to release peptides is not

prevented by K� depolarization of sensory nerve termi-

nals (Donnerer and Amann, 1990). Second, blockers of

voltage-dependent Ca2� channels of the T-, N- and L-

type (such as nickel ions, omega-conotoxin, and nifedi-

pine or verapamil, respectively) fail, in genera!, to inhibit
the stimulant effect of capsaicin (Zernig et a!., 1984;

Maggi et a!., 1988a,c,e, 1989c,e, 1990b; Wood et a!., 1988;

Dray et a!., 1990b). The effect of low capsaicin concen-
trations, however, may be reduced by omega-conotoxin

(Lou et a!., 1991). Third, local anaesthetics and particu-
larly tetrodotoxin are without effect on capsaicin’s local

depolarizing and excitatory actions on sensory nerve

endings and axons (Jancs#{243}et a!., 1968; Gamse et a!.,

1979b; Saria et a!., 1983a; Szolcs#{225}nyi, 1983b, 19Mb;

Hayes et a!., l9Ma; Hua et a!., 1986; Marsh et a!., 1987;

Santicioli et a!., 1987; Maggi et a!., 1989c, 1990b). This

latter finding indicates that fast voltage-dependent Na�

channels are not involved in the action of capsaicin on

the cell membrane.

The capsaicin/resiniferatoxin-induced activation of a

nonselective cation conductance leads to a sustained
increase in the intracellular concentration of free Ca2�
(Bleakman et a!., 1990; Dray et al., 1990d) and to a net

uptake of 45Ca2� into the cell (Wood et a!., 1988, 1989;
Winter et a!., 1990). This Ca2� uptake is a specific

response of B-type sensory neurons of the rat and mouse

(and probably other mammalian species) which is absent
in the vast majority of rat A-type sensory neurons, in rat

sympathetic neurons, Schwann cells and fibroblasts, in

neurona! cell lines, and in chick sensory neurons (Wood

et a!., 1988; Winter et a!., 1990). The activity of capsaicin

in causing an influx of calcium (EC50 100 to 300 nM)

agrees very well with estimates of its potency in depolar-
izing sensory neurons (Marsh et a!., 1987), activating

nociceptors (Dray et a!., 1990b), and evoking peptide

release from sensory nerve terminals (Amann, 1990).
Divalent cations (order of potency: cadmium >> nickel

>> cobalt > barium > strontium > manganese > mag-

nesium) can inhibit the capsaicin-induced uptake of

45Ca2� into sensory neurons (Wood et a!., 1988; Bleakman
et a!., 1990). These data, however, do not necessarily

indicate that the capsaicin-operated cation channel is

blocked as well. Thus, cadmium fails to prevent the

capsaicin-induced increase in free intracellular Ca2�, and

it seems as if the inhibitory effect of this ion on the
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capsaicin-induced Ca2� uptake arises from inhibition of

intracellular Ca2� sequestration or cellular Ca2� extru-

sion (Dray et a!., 1990d). Inhibition of cation influx also
is ruled out by the finding that capsaicin-induced depo-
larization and activation of sensory nerve endings is not

blocked by either cadmium (Marsh et a!., 1987; Dray et

a!., 1990b,d) or nickel (Maggi et a!., 1988e). It may well
be that some of the divalent ions that block the capsaicin-

induced Ca24 uptake do so by entering the cells them-
selves instead of Ca2�. Thus, cobalt appears to be taken
up via the capsaicin-operated cation channel, which ex-

plains why cobalt staining is selective for capsaicin-

sensitive B-type sensory neurons (Winter, 1987; Winter

et a!., 1988, 1990; Wood et a!., 1988). In addition, cad-

mium itself has been reported to display some capsaicin-
like stimulant activity on capsaicin-sensitive sensory

neurons (Patacchini et a!., 1988).

The stimulant effect of capsaicin on sensory neurons
in vivo displays a high degree oftemperature dependency.
The capsaicin-induced burning sensation on the human

tongue and skin is inhibited or even abolished by cooling

of the respective tissue to 24#{176}C(Green, 1986) and 20#{176}C

(Szolcs#{227}nyi, 1977), whereas warming augments burning.
Capsaicin-induced action potential activity in afferent

nerve fibers is likewise inhibited by cooling of the skin

(Szolcs#{225}nyi, 1977). Thus, the temperature dependency of
capsaicin’s effect seems to be related to a peripheral

process occurring at, or close to, the sensory receptors

(Szolcs#{225}nyi, 1977, 1990). However, the capsaicin-evoked

uptake of Ca2� into rat cultured dorsal root ganglion cells
is not much different at 37#{176}and 20#{176}C(Wood et a!., 1988),

although peptide release from sensory nerve terminals is
reduced at 18#{176}C(Amann, 1990). It would seem, therefore,

that the opening of capsaicin-operated cation channels

is not blocked by cooling but that in some way the
initiation of propagated action potentials is prevented

and peptide release is reduced. This poorly understood

aspect of capsaicin’s action on sensory neurons needs to

be investigated further.

Taken together, the available evidence indicates that
capsaicin stimulates sensory neurons by an interaction

with a specific recognition site on their cell membrane,

which in turn leads to activation of a conductance that
is nonselective for cations and different from voltage-

dependent ion channels. Capsaicin-induced depo!ariza-
tion and Ca2� influx through this mechanism, however,
exerts secondary effects on voltage-dependent and Ca24-

activated membrane currents of sensory neurons. The
increase in the intracellular concentration of Ca2� also

leads to activation of intracellular enzymes and to trans-
mitter (peptide) release.

b. SECONDARY EFFECTS. i. Intracellular ion accu-

mulation. The capsaicin/resiniferatoxin-induced open-
ing of a nonselective cation channel leads to the net

uptake of Ca2� and Na� (Wood et a!., 1988; Winter et

a!., 1990). The magnitude of the intracellular 45Ca2�

accumulation in sensory neurons exposed to capsaicin is
unique in that no other stimuli have yet been identified

to cause a comparable accumulation. Quantitatively, it
is estimated that intracellular concentrations of up to 12
mM calcium can be reached in response to 1 �sM capsaicin

(Wood et a!., 1988). Calcium is thus concentrated in the

cell but, because the intracellular concentration of free

Ca2� does not exceed 0.6 to 0.9 �M (B!eakman et a!.,

1990; Dray et a!., 1990d), it follows that influxing Ca2�
is sequestered by intracellular organe!les. There are some

data to indicate that the major part of Ca2� entering the

cell is taken up by mitochondria rather than by the

endoplasmic reticulum and that this process requires an

oxidative energy supply (Wood et a!., 1988). Thus, drugs
known to interfere with the calcium binding of the en-

doplasmic reticulum (e.g., caffeine, isobuty!methy!xan-

thine) do not inhibit capsaicin-induced uptake of calcium

(Wood et a!., 1988). In contrast, uncoupling of oxidative

phosphorylation in the mitochondria by cyanide or di-
nitrophenol inhibits the capsaicin-induced uptake of cal-

cium (Wood et a!., 1988) and release of ca!citonin gene-
related peptide from sensory nerve endings (Amann et

a!., 1990c). It is not clear from these findings, however,

whether the process of calcium accumulation is inhibited
because of energy deprivation of the cell or because of

blockade of calcium sequestration in the mitochondria

(R. Amann, personal communication). Nevertheless, a

mitochondrial site of calcium accumulation is strongly
suggested by electron microscopical observations of swo!-

len mitochondria (Jo#{243}et a!., 1969; Szolcs#{225}nyi et a!., 1975,
1990; Chiba et a!., 1986; Marsh et a!., 1987; Szal!asi et

a!., 1989) and by mitochondrial Ca2� deposits (Jancs#{243}et
a!., 1978, 1984) in sensory neurons exposed to capsaicin

or resiniferatoxin. The inhibitory effect of ruthenium red

on capsaicin-induced uptake of calcium, previously
thought to occur by interference at a mitochondrial level

(Wood et al., 1988), is now thought to result from an

action on the cell membrane (Chahl, 1989; Bleakman et

a!., 1990; Dray et a!. 1990d). The inhibitory effects of

cinnarizine and trifluoperazine on the capsaicin-induced
accumulation of calcium are not understood in terms of

site and mechanism of action (Wood et a!., 1988). Tn-

fluoperazine does not block capsaicin-induced stimula-

tion of nociceptors (Dray et a!., 1990b).

Capsaicin also causes an influx of Na� in cultured
sensory neurons (Wood et a!., 1988). There is indirect

evidence that this ion, as it accumulates intrace!lu!ar!y,
is followed passively by Cl, which results in a net uptake

of NaC! (Hogan, 1983; Winter et a!., 1990).

ii. Effects on voltage-dependent and calcium-
activated membrane currents. Capsaicin administra-
tion can lead to activation of voltage-dependent Ca2�

channels in sensory neurons (Petersen et al., 1989), but
from ion flux studies it appears as if this occurs second-

anily to the capsaicin-induced depolarization through
opening of a nonselective cation-permeable channel
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(Wood et a!., 1988, 1989). Those somata in the dorsal
root ganglia of the guinea pig which respond to capsaicin

(about 50% of a!! somata) exhibit both fast- and slow-
inactivating Ca2� channels, whereas the capsaicin-insen-
sitive neurons display slow-inactivating currents only

(Petersen et a!., 1989). As recorded under voltage clamp

and intracellular perfusion conditions, capsaicin (30 �M)

activates selectively the fast-inactivating channel, which

may correspond to a T-type Ca2� channel because it is

blocked by nickel ions (Petersen et a!., 1989). The action

of capsaicin manifests itself in acceleration of channel

activation and inactivation and in an increase in the Ca2�

current. In cultured rat dorsal root gang!ion neurons,

however, capsaicin was found to be unable to activate
voltage-dependent Ca2� channels (Docherty et a!., 1991).

The capsaicin/resiniferatoxin-induced influx of Ca2�

appears to have at least two secondary effects on Ca2�-

dependent ion channels in the cell membrane. First, the
increase in the intracellular Ca2’ concentration seems to

activate a Ca2�-dependent K� conductance, a contention

that is supported by both electrophysiologica! (Marsh et

al., 1987; Bleakman et a!., 1990) and ion flux (Wood et

al., 1988; Winter et a!., 1990) studies. Although the

capsaicin-operated cation channel per se will a!!ow K�

to leave the cell (Bevan and Szolcs#{225}nyi, 1990), it appears
as if most of the capsaicin/resiniferatoxin-evoked in-

crease in the efflux of K� (measured by the efflux of

�Rbi reflects a Ca2�-activated K� outward current,

because it is inhibited in the absence of extracellular

Ca2� (Wood et a!., 1988; Winter et al., 1990). Blockade
of this K� outward current by removal of extracellular

Ca2’ has been proposed to account for the facilitatory

effect of Ca2’ removal on capsaicin’s excitatory effect on
sensory neurons (Amann et a!., 1989a). The argument

goes that in the absence of extracellular Ca2� capsaicin

can still activate an inward current carried by Na� but,

because of the absence of Ca2� entry, the K� outward

current will be inhibited. Consequently, the inward cur-

rent is enhanced because it is not cut short by the K�

outward current and depolarization of sensory neurons

is augmented (Amann et a!., 1989a). An alternative ex-
p!anation considers that Ca2� ions normally impede the

capsaicin-evoked passage of Na� ions (Forbes and Bevan,

1988). If so, removal of external Ca2� will facilitate the

entry of Na� and thereby amplify the capsaicin-induced
depolarization of sensory nerve endings (Dray et a!.,

1990b).

Second, capsaicin-evoked influx of Ca2� leads to inhi-

bition of voltage-dependent Ca2� channels (Bleakman et

a!., 1990; Docherty et a!., 1991). This effect of capsaicin

on cultured dorsal root ganglion cells, which is extremely

long lasting (>1 h), is seen only in neurons that are

depolarized by the drug (Docherty et a!, 1991). Replace-

ment of Ca24 by Mg�� or Ba2� either strongly reduces

(Bleakman et a!., 1990) or abolishes (Docherty et a!.,
1991) the capsaicin-induced inhibition of voltage-gated

Ca2� currents, which indicates that this effect of capsai-
cm depends on a substantial increase in the intracellular

Ca2� concentration (B!eakman et a!., 1990; Docherty et
a!., 1991). In addition, voltage-gated Ca2� inward cur-
rents may be inhibited to a minor degree by the capsai-

cm-induced activation of an outward current and/or by
a small direct blocking effect of the drug (Bleakman et

a!., 1990).
iii. Peptide release. Another consequence of the

capsaicin-induced entry of Ca2� is the release of peptides

from sensory nerve endings. Exocytotic release of neu-

rotransmitter substances is a process that depends on an

influx of extracellu!ar Ca2�. Accordingly, capsaicin-in-

duced release of neuropeptides from the central and
peripheral endings of sensory neurons is inhibited by
removal of extrace!lu!ar Ca2� (Gamse et a!., 1979b; Then-
iault et a!., 1979; Yanagisawa et a!., 1980; Helke et a!.,

1981b; Hua et a!., 1986; Maggi et a!., 1988d, 1989e;

Amann et a!., 1989a; Amann, 1990). However, whereas
the peptide release that occurs in response to electrical

field stimulation is prevented by blockers of voltage-
dependent Ca2� channels (Ho!z et a!., 1988; Maggi et a!.,

1989c, 1990b), peptide release induced by capsaicin is

not blocked by Ca2� channel inhibitors (Maggi et a!.,
1988c,e, 1989e) or by K’ depolarization of the nerve

terminals (Donnerer and Amann, 1990). This observa-

tion indicates that Ca2� entry through the capsaicin-

operated nonselective cation channel provides sufficient

intracellular Ca2� to induce peptide release. The massive

uptake of Ca2� induced by capsaicin (Wood et a!., 1988)
probably also explains why the requirements of extracel-

lular Ca2� for capsaicin-induced release of substance P

from sensory nerve endings are substantially lower than
those necessary to maintain release induced by other

depolarizing stimuli (Gamse et a!., 1979b; Maggi et a!.,
1988e, 1989e).

iv. Enzyme activation. The buildup of Ca2� in mam-

ma!ian sensory neurons also is likely to account. for the

activation of Ca2�-dependent enzymes. Thus, capsaicin

and resiniferatoxin increase cyclic GMP levels in those

sensory neurons that also show uptake of calcium, but
this biochemical change is unrelated to the drugs’ pri-
mary effects on the cell membrane (Wood et a!., 1989;

Winter et a!., 1990). The levels of cyclic AMP are not

changed in cultured sensory neurons (Wood et a!., 1989;
Winter et a!., 1990) which contrasts with reports that

capsaicin can increase the levels of this phosphate in the

rat brain (Horv#{225}thet a!., 1979) and spinal cord (Northam

and Jones, 1984). However, this effect of capsaicin in
vivo may conceivably be an indirect action caused by

transmitter release (Wood et a!., 1989).

2. Desensitization. a. SPECIFIC DESENSITIZATION. A!-

though the phenomenon of desensitization to capsaicin

and structurally related substances has been well docu-
mented, its mechanism of action is still poorly under-

stood. Desensitization to capsaicin can be differentiated
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into a process that is specific for this drug and related

compounds (Szo!cs#{225}nyi, 1977, 1987; Bernstein et a!.,

1981; Dray et a!., 1989a,b, 1990a,b; Amann, 1990; Winter

et a!., 1990) and a process that is drug nonspecific and,

hence, is better described as a defunctionalization of

sensory neurons. Specific desensitization, as studied on
capsaicin-evoked release of neuropeptides from peniph-

era! sensory nerve terminals, is restricted to low, near-

threshold concentrations of the drug (Dray et a!., 1989b;
Amann, 1990). However, the range of concentrations of

capsaicin producing specific desensitization seems to be
extended by lowering the experimental temperature

(Dray et a!., 1989b) so that, in the neonatal rat spinal

cord-tail preparation kept in vitro at 24#{176}C,specific de-

sensitization can be demonstrated with capsaicin concen-
trations up to 2 �tM, a concentration that is supramaximal

with regard to nociceptor stimulation (Dray et a!., 1989a,

1990a,b,c; Winter et a!., 1990).
As its definition implies, specific desensitization will

only affect a signaling mechanism that is selectively
operated by capsaicin-like drugs and does not impair the

function of sensory neurons. Consequently, specific de-

sensitization may arise from either desensitization of the
capsaicin receptor itself (Szolcs#{225}nyi and Jancs#{243}-G#{225}bor

1976; Dray et a!., 1989a,b, 1990b; Amann 1990; Bleakman

et a!., 1990) or desensitization of the specific cell mem-

brane response to capsaicin-!ike drugs (Amann, 1990;

Bleakman et a!., 1990). Like the temperature-dependent

desensitization of muscaninic acety!cho!ine receptors (El-
Fakahany and Richelson, 1980), desensitization to the

capsaicin-induced peptide release from guinea pig ureter

and rat urinary bladder is attenuated by lowering the
temperature from 37#{176}to 18#{176}to 20#{176}C,even when concen-
trations of capsaicin are used that release as much pep-

tide as at 37#{176}C(Dray et a!., 1989b; Amann, 1990; Maggi

et a!., 1990a). Although this finding is compatible with

the idea of receptor desensitization (Amann, 1990), this
possibility is difficult to reconcile with the observation

that the capsaicin-induced opening of nonselective cation

channels in isolated cell membrane patches from sensory

neurons is sustained as long as the drug is present

(Forbes and Bevan, 1988; Dray et a!., 1990d). Thus,
receptor desensitization and rapid inactivation of the

capsaicin-operated cation channel are unlikely to ac-
count for desensitization provided that the temporal

characteristics of this channel are identical in membrane

patches and intact cells. Moreover, there is no loss of
resiniferatoxin-binding sites in dorsal root ganglia 12 h

after systemic treatment of rats with resiniferatoxin

(Sza!lasi and B!umberg, 1990a). The available data,

therefore, suggest that specific desensitization to capsai-

cm arises from a mechanism beyond the capsaicin recep-
ton and the capsaicin-operated cation channel.

The time and dose relationships between capsaicin-

induced excitation and desensitization suggest that these
phenomena are consecutive manifestations of one corn-

mon effect of capsaicin on sensory neurons. Like exci-
tation, specific desensitization does not involve any sec-

ond-messenger system such as protein kinase C, cyclic
AMP-dependent kinase, cyclic GMP-dependent kinase,

calmodu!in-dependent kinase, phospho!ipase A2, or cy-
c!ooxygenase (Dray et al., 1990a,b; Winter et a!., 1990).

Removal of external Na� fails to influence specific de-

sensitization, and neither excitation nor specific desen-
sitization of nociceptors requires the presence of extra-

cellular Ca2� in the neonatal rat tail/spinal cord prepa-

ration (Dray et al., 1990b). This observation, however, is

at variance with the finding that specific desensitization

to the capsaicin-evoked peptide release from peripheral
sensory nerve terminals requires the presence of external

Ca2� (Amann, 1990). This discrepancy might be resolved
by speculating (R. Amann, persona! communication)

that desensitization to the stimulant effect of capsaicin
in the neonatal rat tail/spinal cord preparation may, at
least in part, be due to blockade of nerve conduction in

afferent nerve fibers, a process that is independent of
Ca2� (Waddel! and Lawson, 1989).

There are some data to suggest that capsaicin-induced

excitation and specific desensitization are not related to

each other but involve two different sites and/or mech-

anisms of action. Thus, specific desensitization can occur

independently of capsaicin-induced stimulation of noci-

ceptors (Dray et a!., 1990b). Furthermore, the potencies

of structurally related analogues of capsaicin in exciting

and desensitizing sensory neurons do not always corre-

late with each other (Szo!cs#{225}nyi and Jancs#{243}-G#{225}bor,1976;

Hayes et a!., 1984b; Szallasi and B!umberg, 1989, 1990b;
Dray et a!., 1990c; Maggi et a!., 1990c). These studies,
however, have rarely considered that differences in the
activities may in part be determined by differences in

the rates with which the different compounds can gain
access to their sites of action in the tissue (Maggi et a!.,

1990c). It is not known to what extent such pharmaco-

kinetic factors contribute to the activity profile of olvani!

which is a capsaicin congener that can produce specific
desensitization in the absence of excitation (Dickenson

et a!., 1990b; Dray et a!., 1990c). The mechanism of

olvanil-induced desensitization to capsaicin requires fur-
ther exploration, particularly in view of the reports that

in the tail of the neonatal rat 50 �zM olvanil produces
specific desensitization (Dray et a!., 1990c), whereas in

the spinal cord of the adult rat olvanil concentrations as

low as 2 �tM give rise to a nonspecific depression of

stimulus-induced peptide release from sensory nerve ten-

minals (Dickenson et a!., 1990b).
b. NONSPECIFIC DESENSITIZATION. The mechanism of

nonspecific desensitization to capsaicin implies a process

that takes place beyond the level of a specific response
to capsaicin because it is associated with the loss of
excitability and physiological function of sensory neu-

rons. The details of this mechanism are still not under-
stood, but there are a number of possibilities to be
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considered. Many reports concerning capsaicin desensi-

tization, however, are difficult to assess because neither
the reversibility of the process nor any relationship to

morphological changes in sensory neurons has been ex-
amined. Consequently, it is often not possible to differ-

entiate between temporary defunctiona!ization or longer-
lasting neurotoxicity. Given the fact that in vitro 0.5 to

2 zM capsaicin or 1 to 10 nM resiniferatoxin can lead to

damage of sensory neurons (Bevan et a!., 1987; Marsh et
a!., 1987; Winter, 1987; Wood et a!., 1988; Kir#{225}lyet a!.,

1991; Winter et a!., 1990) within 5 mm (Marsh et al.,

1987), it seems that nonspecific desensitization to these

concentrations of the drugs reflects neurotoxicity. How-
ever, because nonspecific desensitization to low doses of

capsaicin can be reversible within a couple of hours (He
et a!., 1990; Szo!cs#{225}nyi, 1990), there might be a range of

concentrations that produce nonspecific desensitization
in the absence of neurotoxicity. The width of the tran-

sition zone between concentrations of capsaicin that

cause specific desensitization only and those that give
rise to nonspecific desensitization as we!! appears to

depend on the experimental temperature. At 37#{176}Cit is

difficult to demonstrate specific desensitization at cap-

saicin concentrations >0.3 �tM (Amann, 1990), whereas
at 20#{176}to 24#{176}Cdesensitization is specific for the drug at

concentrations up to 2 zM (Dray et a!., 1989a,b, 1990a,b,c;

Winter et a!., 1990). However, a direct comparison of

specific and nonspecific desensitization at different tern-

peratures has not yet been made.

Fatigue and functional exhaustion of the neurons due
to excessive stimulation are generally dismissed as causes

of desensitization because the depolarizing effect of cap-

saicin abates within a few minutes (Hayes et aL, 1984a;
Bevan et a!., 1987; Marsh et a!., 1987; Winter et a!., 1990;

Docherty et a!., 1991). This also rules out that a sustained

depolarization of the neurons accounts for their pro-

longed inexcitability. Unlike specific desensitization,

which can occur in the absence of an excitatory effect of

capsaicin-like drugs (Dray et a!., 1990b,c), nonspecific

desensitization seems to be related to an initial excitatory

effect (Dray et al., 1990c; He et a!., 1990). Thus, o!vani!

causes nonspecific desensitization of nociceptors in the
tail of newborn rats only at a concentration (500 �tM)

that is sufficient to produce initial excitation (Dray et

a!., 1990c). In contrast, 2 �iM o!vani!, which is only weakly
active in stimulating peptide release from sensory nerve

terminals in the spinal cord of adult rats, suppresses

stimulus-evoked peptide release in a nonspecific manner
(Dickenson et a!., 1990b). Although it remains to be

determined whether this peculiarity of o!vanil’s action is

compatible with a common mechanism of excitation and

nonspecific desensitization, it may at present be postu-

lated that a component of the initial excitatory action of

capsaicin on sensory neurons is a priming event that
triggers a functional change that outlasts the initial

effect. Unlike excitation and specific desensitization

(Dray et al., 1990b), nonspecific desensitization depends

critically on the availability of extrace!lu!ar Ca2� because

removal of external Ca2� blocks (Santicioli et al., 1987;

Wood, 1987; James et a!., 1988; Jin et a!., 1989; Maggi et

al., 1989e; Amann, 1990; Bleakman et a!., 1990), and an
increase of the extracellular Ca2� concentration aug-

ments (Dray et a!., 1990b), nonspecific desensitization.

Furthermore, ruthenium red is considerably more potent

in preventing desensitization than in blocking excitation,
and protection from desensitization lasts much longer
than does antagonism of excitation (Maggi et a!.,

1988b,d, 1989a; Chahl, 1989; Amann et al., 1990b).

Although the precise desensitization mechanism that

is controlled by Ca24 has not yet been elucidated, there
are at least three possibilities to consider, a!! of which

depend critically on the influx of Ca2�. First, it has been
speculated (Amann, 1990; Bevan and Szolcs#{227}nyi, 1990)

that nonspecific desensitization to capsaicin-evoked pep-

tide release is caused by the sustained inactivation of
voltage-gated Ca2� channels which results from the cap-

saicin-induced influx of Ca2� (Bleakman et a!., 1990;

Docherty et a!., 1991). This effect is indeed very likely

to contribute to defunctionalization of sensory neurons,

and the long duration of the block of voltage-gated Ca2�

channels has been suggested to reflect a structural alter-

ation of the channels induced by proteolytic enzymes

(Docherty et a!., 1991). Second, nonspecific desensitiza-
tion may be a direct functional correlate of a mild and,

therefore, reversible form of capsaicin’s neurotoxic ac-

tion on sensory neurons, a contention that receives
strong support from the similarity in the ionic require-

ments of nonspecific desensitization (Dray et a!., 1990b)

and neurotoxicity (Winter et a!., 1990). Thus, expression
of nonspecific desensitization depends on the presence

of extracellular Ca24 and Na� and may, like the neuro-

toxic action of capsaicin, arise from intracellular accu-

mulation of calcium and NaC! (Dray et a!., 1990b). The

capsaicin/resiniferatoxin-evoked increase in cyclic GMP

levels, another consequence of Ca24 entry, is without

influence on desensitization to these drugs (Wood et a!.,

1989; Winter et a!., 1990).

A third aspect arises when desensitization to capsaicin

is studied during the release of peptides from sensory
neurons (Dray et a!., 1989b; Amann, 1990; Amann and

Lembeck, 1991). The characteristics of the capsaicin-
induced release of substance P from, and the capsaicin-

induced contraction of, the rabbit iris sphincter suggest

that desensitization to capsaicin in this tissue could be
accounted for by depletion of the releasable peptide pool

(Ueda et a!., 1984; H#{226}kanson et a!., 1987; Amann and
Lembeck, 1991). In agreement with this contention, spe-

cific desensitization to capsaicin-induced peptide release

does not occur in the rabbit iris sphincter (Amann and
Lembeck, 1991). As neuropeptide release depends on
Ca2� influx, depletion of the releasable peptide pool will
be prevented in the absence of extracellular Ca2� and,
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consequently, desensitization to capsaicin will not take

place. In contrast, desensitization to capsaicin-induced

peptide release in the guinea pig ureter (Dray et a!.,
1989b) and rat urinary bladder (Amann, 1990; Amann

and Lembeck, 1991; Maggi et a!., 1990a) does not seem
to result exclusively from depletion of the releasable

peptide pool because, with low concentrations of capsai-
cm, it is possible to demonstrate specific desensitization

to capsaicin (Dray et a!., 1989b; Amann, 1990; Amann

and Lembeck, 1991). Furthermore, the total amount of

peptide released by capsaicin is in the range of that

released by other nondesensitizing stimuli and has been

considered to be too small to significantly change the

peptide content of sensory nerve endings in the rat and

guinea pig (Gamse et a!., 1979b; Hua et a!. 1986; Dray et
a!. 1989b; Amann, 1990; Maggi et a!., 1990a). In addition,
the release of peptides induced by capsaicin is not sus-

tamed but abates within a matter of 10 to 20 mm,
whereas it takes hours until a depletion of peptides from

rat sensory neurons becomes appreciable (Lembeck and
Donnerer, 1981; Bittner and LaHann, 1985; Maggi et al.,

1987e; Donnerer and Amann, 1990). These latter data

certainly do not rule out that some exhaustion of the

releasable peptide pool, the size of which may be small

compared to the total peptide content, could occur

(Amann, 1990). It is unlikely, however, that such a

mechanism could have any beaning on desensitization to
the depolarizing effect of capsaicin, peptide release being

a secondary consequence of capsaicin’s excitatory action

on sensory neurons. Peptide release depends on Ca2�
entry through voltage-dependent membrane channels,
and at present it is most reasonable to assume that the
long-lasting inhibition of voltage-dependent Ca2� chan-

nels (Bleakman et a!., 1990; Docherty et a!., 1991) un-

derlies the capsaicin-induced nonspecific inhibition of

peptide release.
3. Conduction block. Peniaxona! application of capsai-

cm blocks conduction in afferent nerve fibers (Petsche

et al., 1983; Lynn et a!., 1984), an effect that phenome-

nologically resembles nonspecific desensitization. The
mechanisms underlying these two effects, however, do
not seem to be identical. Conduction block ensues within
a few minutes and, in analogy to observations made on

dorsal root ganglia (Williams and Zieglgansberger, 1982),
it could be argued that the initial phase of nerve block is

due to a still prevailing depolarization of the axons

(Handwerker et a!., 1984; Baranowski et al., 1986). How-

ever, the block of nerve conduction lasts much longer
than depolarization (Ault and Evans, 1980; Hayes et a!.,

l9Ma; Bevan et a!., 1987; Marsh et a!., 1987) and, with

respect to duration, it has actually been possible to

distinguish two components of nerve block in the isolated
vagus nerve of the rat (Waddell and Lawson, 1989).

Concentrations of up to 1 �tM capsaicin cause a C-fiber
block that is reversible within 90 mm, whereas higher
concentrations of the drug give rise to a block that is

irreversible within the time of the experiment (Waddel!

and Lawson, 1989). The dose dependency of the revens-

ible conduction block in vagal C-fibers (Waddell and
Lawson, 1989) is similar to that found for the capsaicin-

induced depolarization of the vagus (Marsh et al., 1987)

and sciatic (Hayes et a!. l9Ma) nerves. Thus, although
the transient depolarization does not explain the pro-

longed block of C-fiber conduction, it appears conceiv-

able that a common factor triggers both effects of cap-

saicin or that depolarization triggers some functional
change in the axons that outlasts the initial depolaniza-

tion (Wadde!! and Lawson, 1989).
The long-lasting inhibition ofvoltage-gated Ca2� chan-

nels that capsaicin induces in sensory ganglia (B!eakman

et a!., 1990; Docherty et a!., 1991) could be a major factor
in the conduction block if a similar effect were to be

evoked in afferent axons. However, whereas the inhibi-

tion of voltage-gated Ca2� channels depends on the pres-

ence of extnace!lu!ar Ca2� (B!eakman et a!., 1990; Doch-

erty et a!., 1991), the block of nerve conduction in the
vagus nerve is either not changed (Waddell and Lawson,

1989) or even enhanced (Marsh et al., 1987) by removal

of extrace!lular Ca2�. The presence of Ca2�, however, is

required for the recovery of the reversible component of

the conduction block (Waddel! and Lawson, 1989). Be-

cause the ionic dependency of the capsaicin-induced C-

fiber block is similar to that of excitation (Yanagisawa

et a!., 1980; Baccag!ini and Hogan, 1983; Marsh et a!.,

1987; Bettaney et a!., 1988; Amann et a!., 1989a), it could

be proposed that opening of the capsaicin-operated non-
selective cation channel leads to a temporary change in

the axons which precludes the conduction of action po-
tentials.

The dose dependency of the persistent (“irreversible”)

C-fiber block in the vagus nerve (Wadde!! and Lawson,
1989) is similar to that of the A-fiber block (Baranowski

et a!., 1986; Marsh et a!., 1987). The blockade of afferent

A-fibers, however, is readily reversible and most probably

a reflection of the cell-nonselective actions which cap-

saicin exerts on a variety of neurons, as is discussed in a
separate section, whereas the irreversible block of C-

fiber conduction is a sensory neuron-selective effect of
the drug. Because perineuna! application of millimolar
solutions of capsaicin leads to a permanent degeneration

of unmyelinated (probably afferent) nerve fibers (Lynn
et a!., 1987; Jancs#{244}and Lawson, 1990; Pini et a!., 1990),
it would be logical to infer that the irreversible block of

C-fiber conduction induced by concentrations of 3 to 50

�M (Waddel! and Lawson, 1989) reflects neurotoxicity of

the drug. However, although the neurotoxic effects of

capsaicin can be inhibited by the removal of extracellular

Ca2� (Marsh et a!., 1987; Winter et a!., 1990), the irre-
versible block of C-fiber conduction is not blocked by

this maneuver (Waddell and Lawson, 1989). It follows

that the persistent C-fiber block, at least in its initial
phase, does not depend on intracellular calcium accu-
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mulation as is the case for the neurotoxic action of

capsaicin. In conclusion, the mechanisms of capsaicin-

induced blockade of C-fiber conduction remain to be

elucidated.
4. Neurotoxicity. a. INTRACELLULAR ACCUMULATION

OF CALCIUM AND NACL. From the evidence available it

seems that the stimulant and initial neurotoxic effects

of capsaicin-re!ated compounds arise from similar mech-
anisms of action. Two pathways leading to neurotoxicity

can be differentiated, one pathway depending on the

influx of Ca2� and the other involving intracellular ac-

cumulation of NaC!. The critical involvement of Ca2� in

the expression of neurotoxicity is demonstrated by the

findings that the neuronal damage caused by capsaicin

and resiniferatoxin is markedly reduced by removal of

extracel!u!ar Ca24 (Marsh et a!., 1987; Winter et a!., 1990)

but not by blockade of voltage-dependent calcium chan-

nels (Marsh et a!., 1987). These observations have been

taken to infer that entry of Ca2� into the cell is a priming

event for the neurotoxic action of capsaicin (Marsh et

a!., 1987). Entry of Ca2� is an early response to capsaicin

and related compounds and, in line with this, exposure

of isolated nodose ganglion cells to 1 to 10 �M capsaicin

leads to disruption of the microtubular and neurofila-

ment organization within 5 to 10 mm (Marsh et a!.,

1987). Ce!! damage in cultured sensory neurons develops

at a similar speed (Winter et a!., 1990), and the ultra-

structural alterations are paralleled by a quick defunc-

tionalization of sensory neurons (Marsh et a!., 1987;

Winter et a!., 1990). The way in which Ca2’ influx leads

to damage has not yet been studied, but it is likely that

the massive accumulation of intracellular calcium that

capsaicin and resiniferatoxin bring about in cultured

sensory neurons (Wood et a!., 1988; Winter et a!., 1990)
is a key event. This inference is supported by the finding

that 2 �tM capsaicin, which induces maxima! calcium
accumulation, causes a similar proportion of cultured

sensory neurons to degenerate (Wood et a!., 1988) as

does systemic treatment of newborn rats with 50 mg/kg

capsaicin. Furthermore, exposure of B-type sensory neu-

rons to capsaicin or resiniferatoxin in vivo is followed by

the histochemically demonstrable appearance of calcium

in the cell bodies of these neurons (Szallasi et a!., 1989),

an effect that is particularly pronounced when capsaicin

is given to newborn rats (Jancs#{243}et a!., 1978, 1984).

Excessive accumulation of calcium within cells is ex-

tremely toxic and appears to be a common final process

by which toxins cause degeneration and cell death

(Schanne et a!., 1979; Kamakura et a!., 1983). Calcium-

activated proteases and other degradative enzymes are

thought to destroy the cytoskeletal organization and

thereby to interfere, for example, with axoplasmic flow
(Kamakura et a!., 1983), a function that is also inhibited

by capsaicin (Gamse et a!., 1982). In addition, the capac-

ity of dorsal root ganglion cells to buffer excess intrace!-

lular calcium is apparently lower than that of other

neurons (Jia and Nelson, 1986; Maggi and Meli, 1988).

It could be deduced from these considerations that

different degrees of calcium accumulation, and the rapid-
ity with which the calcium overloading of the cell can be

reversed, determine whether transient defunctionaliza-

tion (nonspecific desensitization) or long-lasting neuro-
toxicity ensues. Under circumstances in which the cell

remains capable of buffering and disposing of the enter-

ing calcium, temporary nonspecific desensitization will

be observed. However, when the cellular calcium loading

in response to high concentrations of capsaicin is in
excess of that which can be buffered and disposed of

quickly, calcium accumulation will lead to ultrastructural

changes and cell damage.
The observation that the neurotoxic effects of capsai-

cm and resiniferatoxin on cultured sensory neurons are

also reduced when NaC! is replaced by sucrose, but

abolished only when, in addition, external Ca2� is re-

moved as well, indicates the existence of a second mech-
anism of neurotoxicity (Winter et a!., 1990). This other

pathway requires the availability of permeant monova-

lent cations and anions and, under physiological condi-

tions, appears to involve the influx of Na� through the
capsaicin-operated cation channels; Na� entry is pas-

sively followed by C� through a “resting leakage” route

(Bevan and Szo!cs#{225}nyi, 1990; Winter et a!., 1990). This
comovement of Na� and C� is necessary for neurotox-

icity because replacement of external Cl with the im-

permeant ion glutamate abolishes those toxic effects of
capsaicin and resiniferatoxin that are seen in the absence

of external Ca2� (Winter et a!., 1990). The entry of Na’

and C� will result in a net uptake of NaCl, which is

thought to be followed by an influx of water and osmotic

lysis (Hogan, 1983; Bevan and Szolcs#{227}nyi, 1990; Winter
et a!., 1990). Fiber enlargement and swelling of mito-

chondnia indeed are prominent features of the ultrastruc-
tural changes produced by capsaicin-related compounds

in sensory neurons (Jo#{243}et al., 1969, Szo!cs#{225}nyi et a!.,
1975, 1990; Hoyes and Barber, 1981; Hoyes et a!., 1981;

Sikri et a!., 1981; Chiba et a!., 1986, Marsh et al., 1987;

Szal!asi et a!., 1989). Sensory neurons in culture can be

killed by either pathway of neurotoxicity alone, but the

development of damage is more rapid when both operate

simultaneously as is the case under physiological condi-
tions (Bevan and Szolcs#{225}nyi, 1990; Winter et a!., 1990).

b. SECONDARY DEPLETION OF PEPTIDES. Capsaicin-
induced cell damage and/or defunctiona!ization precede

the depletion of peptide markers such as substance P
from sensory neurons in the rat (Lembeck and Donnerer,

1981; Gamse et a!., 1982; Bittner and LaHann, 1985;

Maggi et a!., 1987d,e) and guinea pig (Miller et a!., 1982a;
Buck et a!., 1983), although there are rapid changes in

the immunohistochemical appearance of substance P-
containing nerve fibers (Papka et a!., 1984). It follows

that depletion of peptides and other neurona! constitu-
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ents is a secondary consequence of the neurotoxic action
of capsaicin on sensory neurons of the rat and guinea

pig. Consequently, it is not depletion of transmitter
substances that leads to a long-lasting defunctionaliza-

tion of sensory neurons as was thought in the early

phases of research on capsaicin. It may be, however, that
under certain circumstances peptide depletion is a factor

in the later stages of the inhibitory effect of capsaicin on

sensory neuron functions in the rat (Gamse et a!., 1982;
Maggi et a!. 1987d). For instance, the onset of the inhib-

itony effect, which perineura! capsaicin exerts on local

effector functions of peripheral sensory nerve endings,

parallels that of substance P depletion from afferent
nerve fibers distal to the treatment site (Gamse et a!.,
1982). It could be inferred, therefore, that in this case

peptide depletion causes the functional deficit, but the

evidence for such a relationship is only correlative and

not causal. There are too few data to decide whether

there is a similar situation in the rabbit, in which cap-

saicin is less neurotoxic than in the rat or guinea pig and

in which this drug apparently fails to induce degeneration

or morphological damage of sensory neurons. Capsaicin,

however, is capable of stimulating and defunctionalizing

sensory neurons in this species (Szolcs#{225}nyi, 1987). It is
conceivable, therefore, that in the rabbit nonspecific
desensitization to capsaicin results from depletion of the

releasable pool of sensory neuropeptides (H#{226}kanson et

a!., 1987; Amann and Lembeck, 1991).

5. Ruthenium red as a functiorvil antagonist of capsai-

cm. The inorganic dye ruthenium red inhibits the cap-

saicin-induced stimulation of sensory neurons and pre-

vents their desensitization to capsaicin in rat, guinea pig,
rabbit, and other species (Amann and Maggi, 1991). At

the concentration range of 0.03 to 1 �M, the dye selec-
tively blocks capsaicin/resiniferatoxin-induced excita-

tion of afferent neurons and leaves responses to other
stimuli unaffected. Depending on the tissue under study,

the selectivity for capsaicin-related compounds is lost
when concentrations of ruthenium red higher than 1 to

20 zM are used (Amann and Maggi, 1991). The inhibitory
effect of ruthenium red has been demonstrated on a
variety of sensory neuron-mediated reflex responses to

capsaicin including excitation of nociceptons as measured

by depolarization of spinal ventral roots (Dray et a!.,
1990d), cardiovascular reflexes (Amann and Lembeck,

1989; Amann et a!., 1989a, 1990a; Maggi et a!., 1989a,
1990c), the Bezold-Janisch reflex (Peth#{246}and Szolcs#{225}nyi,

1990), and motor reflexes of the urinary bladder (Maggi

et a!., 1989a). Activation of sensory neurons by mechan-

ical stimuli (Maggi et a!., 1989a; Dray et a!., 1990d),

acetylcho!ine, bradykinin, and 5-hydroxytryptamine
(Amann and Lembeck, 1989; Amann et a!., 1989a, 1990a;

Dray et a!., 1990d) is not affected by ruthenium red.

Reflex responses to noxious heat either remain unaf-

fected (Dray et a!., 1990d) or are reduced (Amann et a!.,
1990a). Ruthenium red also blocks the capsaicin/resini-

feratoxin-induced release of peptides from sensory nerve

endings and the local effects of capsaicin that are due to
peptide release. Thus, the release of substance P and/or

ca!citonin gene-related peptide from guinea pig lung

(Amann et a!., 1989b; Franco-Cereceda et a!., 1990) and
bronchi (Maggi et a!., 1989c), guinea pig and rat urinary

bladder (Maggi et a!., 1988d; Amann et a!., 1990c), guinea
pig heart (Franco-Cereceda et a!., 1989a; Maggi et a!.,

1989c), rat trachea (Ray et a!., 1990), and rabbit ear

(Amann et a!., 1989a, 1990a) is inhibited by the dye.
Peptide release evoked by bradykinin, nicotine, veratri-
dine, or potassium depolarization remains unaltered by

ruthenium red (Amann et a!., 1989b, 1990a; Franco-

Cereceda et a!, 1989a; Ray et a!., 1990).
Antagonism of capsaicin-, resiniferatoxin-, or piper-

me-evoked motor effects by ruthenium red has been

observed in rat and guinea pig urinary bladder, rat vas

deferens (Maggi et a!., 1988b,d, 1989a, 1990c), guinea pig

ileum (Chahl, 1989; Jin et a!., 1989, 1990; Takaki et a!.,

1989, 1990), and guinea pig bronchus and heart (Franco-

Cereceda et a!., 1989a, 1990; Maggi et a!., 1989c; Amann
et a!., 1990c). Motor responses to electrical field stimu-
lation, substance P, neurokinin A, calcitonin gene-re-

!ated peptide, acety!choline, nicotine, or potassium de-
polarization are not inhibited by ruthenium red at

concentrations of �0.5 to 1 �M, whereas higher concen-
trations of the dye depress muscle activity in a nonselec-

tive fashion (Maggi et a!., 1988d; Chah!, 1989; Takaki et

a!., 1990).

Intravenous administration of ruthenium red (0.5 to 2

mg/kg = 0.6 to 2.3 �smo!/kg) to the rat inhibits the

Bezold-Jarisch reflex response to capsaicin but does not
inhibit the reflex response to veratridine or the brady-

cardia caused by electrical stimulation of the peripheral

stump of the cut vagal nerve (Szolcs#{225}nyi et a!., 1991).
The capsaicin-induced increase in blood flow and vas-

cular permeability in the rabbit skin also is prevented by
intradenmal administration of ruthenium red (10 nmol),

whereas the vascular responses to bradykinin, N-formyl-

methiony!-leucyl-pheny!a!anine, platelet-activating fac-
tor, histamine, and calcitonin gene-related peptide are

spared (Buckley et a!., 1990).
The potency of ruthenium red in preventing capsaicin

desensitization is distinctly higher than that in blocking

the stimulant effect of capsaicin in isolated tissues
(Maggi et al. 1988b, 1989a). Furthermore, ruthenium red-

induced protection from capsaicin desensitization lasts

much longer after washout of the dye than does antago-
nism of the stimulant effect of capsaicin (Maggi et a!.,

1988b,d; Chahl, 1989). Although these in vitro observa-

tions may have something to do with the fact that

ruthenium red is difficult to wash out from the tissue

(Maggi et a!., 1988d; Chah!, 1989; Takaki et a!. 1989;
B!eakman et a!., 1990; Maggi 1991), they most likely

reflect a certain aspect of ruthenium red’s mechanism of
action (Chah!, 1989) because the preference of the dye
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to block capsaicin’s desensitizing and/or neurotoxic ac-

tion on sensory neurons is also seen when ruthenium red

(4.3 mg/kg = 5 �mol/kg) is administered subcutaneously

to rats (Amann et a!., 1990b). Thus, systemic ruthenium

red does not impair cornea! nociception and cardiovas-
cular reflexes in response to acute capsaicin but attenu-

ates the long-term neurotoxic effect of capsaicin as de-

termined by depletion of substance P and calcitonin

gene-related peptide from peripheral terminals of sen-

sony neurons in the urinary bladder and heart (Amann

et a!., 1990b). The capsaicin-induced defunctionalization

of peripheral sensory nerve terminals as assessed by

peptide release and peptide-mediated plasma protein ex-

travasation is likewise inhibited by the dye (Amann et

al., 1990b). Capsaicin-induced peptide depletion from,

and defunctionalization of, the central terminals of sen-

sony neurons, however, does not seem to be prevented by

systemic ruthenium red, which suggests that the dye does
not effectively enter the central nervous system (Amann

et a!., 1990b). Whether ruthenium red can protect from

the ultrastructural changes caused by capsaicin in sen-
sory neurons remains to be examined.

The conclusion to be drawn from the available data is

that, at submicromolar/micromolar concentrations,

ruthenium red acts as a specific antagonist of capsaicin.

Its site and mechanism of action, however, have proved

difficult to elucidate because of the multiplicity of cel!u-

lar actions which the dye can exert (Amann and Maggi,

1991). Because of the dye’s inhibitory actions on trans-

membrane Ca2’ fluxes and mitochondria! Ca2� seques-

tration, it was originally suspected that ruthenium red

acted by blocking the capsaicin-induced Ca2� uptake at

a mitochondrial level (Wood et a!., 1988). Such a site of

action, however, is unlikely to explain its antagonism of
capsaicin for two major reasons. First, ruthenium red

blocks the capsaicin-evoked opening of a nonselective

cation conductance in the cell membrane of cultured
sensory neurons (Dray et a!., 1990d) and the resulting

depo!arization (B!eakman et a!., 1990). Second, the in-

tracellular penetration of ruthenium red is very poor

(Maggi et a!., 1988d; Chah!, 1989; Maggi, 1991) and there

is pharmacological evidence that, at concentrations

needed to antagonize capsaicin, ruthenium red is devoid

of intracellular actions (Maggi et a!., 1988d, 1989c;

Amann et a!., 1989a, 1990c; Franco-Cereceda et a!.,

1989a). If ruthenium red were to act by preventing Ca2�
binding to mitochondria, elevation of intracellular Ca2�

would be expected to interfere nonselectively with the

stimulation of sensory neurons. Indeed, uncoupling of
oxidative phosphory!ation by cyanide inhibits capsaicin-

and depolarization-evoked peptide release from sensory

nerve endings in a nonse!ective manner, yet ruthenium

red antagonizes only the response to capsaicin (Amann

et a!., 1990c). Furthermore, Ca2� is not essential for the

capsaicin-antagonistic action of ruthenium red because

removal of external Ca2� is without effect (Amann et a!.,

1989a).

The observations that ruthenium red prevents the
capsaicin-induced opening of a cation channel in isolated

cell membrane patches from dorsal root ganglion cultures

(Dray et a!., 1990d) and the capsaicin-induced depolari-

zation of whole ganglion cells (B!eakman et a!., 1990)

indicate that the primary site of its action is the cell
membrane. However, ruthenium red does not appear to

displace the binding of [3H]resiniferatoxin from mem-
branes of dorsal root ganglia, although capsaicin does

(Sza!!asi and B!umberg, 1990a). It follows that ruthen-

ium red is not a competitive antagonist at the resinifer-

atoxin/capsaicin recognition site but is a functional an-

tagonist of capsaicin.

In view of the interaction of ruthenium red with many

Ca2�-binding proteins (Charuk et a!., 1990), including
neuronal Ca2� channels (Tapia et a!., 1985), it could be

inferred that the dye antagonizes capsaicin by blocking

the capsaicin-operated nonse!ective cation channel. In-

direct support for this argument comes from the finding
that the ionic requirements for both the stimulant action

of capsaicin on sensory neurons and the capsaicin-antag-

onistic action of ruthenium red are similar in that neither

action requires the presence of external Ca24 (Amann et

a!., 1989a). However, the inhibitory action of ruthenium

red on the capsaicin-induced opening of cation channels
does not have the characteristics typical of ion channel

blockade (Dray et a!., 1990d). Hence, it appears as if the

dye would either interrupt the coupling between the
capsaicin recognition site and the cation channels, block

the binding of cations to the channels, or interfere in

some other way with the activation or inactivation of the

channels. In an attempt to explain why a short exposure

to ruthenium red does not prevent capsaicin-induced
contractions of the guinea pig isolated ileum 30 mm after
washout of the dye but does protect from capsaicin

desensitization, Chahl (1989) has proposed a two-site
model of interaction between the dye and the capsaicin

receptor/cation channel complex. In this mode! ruthen-

ium red is thought to bind irreversibly to a site of the

complex that accounts for the prolonged protection from

capsaicin desensitization and reversibly to some other

site that causes only a short-lasting suppression of the

stimulant action of capsaicin on sensory neurons (Chah!,
1989). The inhibitory effects of ruthenium red on the

capsaicin-induced increase in the intracellular concen-

tration of free Ca2� ions (Bleakman et a!., 1990; Dray et
a!., 1990d), intracellular accumulation of calcium (Wood

et a!., 1988), and inhibition of voltage-gated Ca2� chan-
nels (Bleakman et al., 1990) are by all means secondary

consequences of the dye’s inhibitory effect on the cap-
saicin-evoked opening of cation channels in the cell

membrane.

Taken together, ruthenium red appears to be a func-

tiona! antagonist of capsaicin’s stimulant and desensitiz-
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ing actions on sensory neurons, although it is not clear

whether these two actions are antagonized via a common

pathway. The structural requirements for ruthenium red

to act as a blocker of capsaicin are also unknown except

that the entire molecule of ruthenium red is required
(Amann and Maggi, 1991) and ruthenium chloride is

ineffective (Maggi et a!., 1988b).

6. Interaction with nerve growth factor. NGF is able to

prevent the neurotoxic effect of capsaicin on B-type
sensory neurons in the rat and guinea pig at a!! ages. To

explain these observations one has to take into account
that capsaicin disrupts the retrograde transport of NGF

(Miller et a!., 1982a,b) and horseradish peroxidase (Tay-
br et a!., 1985) in the adult guinea pig and rat and that

inhibition of retrograde transport precedes depletion of
substance P from dorsal root gang!ia; the potency of

capsaicin for these two effects is identical (Miller et al.,
1982b).

Systemic administration of NGF protects B-type sen-
sony neurons from capsaicin-induced degeneration in the

newborn rat (Otten et a!., 1983) and counteracts capsai-

cm-induced depletion of substance P from sensory neu-
rons in the adult guinea pig (Miller et al., 1982b). The

site of interaction, however, between NGF and capsaicin
is not clear. One possibility is that NGF supplementation

circumvents the deleterious effect of capsaicin-induced

inhibition of NGF transport to the sensory gang!ia. How-
ever, NGF also prevents capsaicin from inhibiting the

retrograde transport of horseradish peroxidase when

both NGF and capsaicin are administered locally to the

peripheral endings of sensory neurons (Taylor et a!.,

1985). This suggests that NGF can antagonize capsaicin
at a peripheral site of action and argues against the ideas

that the neurotoxic action of capsaicin is related to NGF
deprivation of the neuronal somata or an interference
with the trophic effects of NGF itself (Taylor et a!.,

1985). Consequently, it has been proposed that capsaicin

may block the uptake of NGF by the peripheral sensory
nerve endings and that NGF supplementation may over-
come this action of capsaicin (Taylor et a!., 1985).

The situation is profoundly different in sensory neuron

cultures derived from dorsal root gang!ia of adult rats.

NGF is not required for the survival of these neurons

but controls their responsiveness to capsaicin (Winter et

a!., 1988). Sensitivity to capsaicin, as assessed by the

cobalt uptake stain, is retained for weeks in culture if

there is an adequate supply of NGF. If, however, NGF is
removed, the neurons loose their responsiveness to cap-
saicin within 3 to 4 days (Winter et a!., 1988). This loss

is reversible because full sensitivity to capsaicin is re-

stored within 4 to 6 days after readdition of NGF. The

time lag of several days suggests that NGF turns on the

synthesis of cellular components, e.g., the cation channel
whose presence determines the capsaicin sensitivity of
sensory neurons (Winter et aL, 1988). Alternatively,
NGF is involved in the activation of the capsaicin-

operated cation channel or in the modulation of other

neuronal functions (Winter et a!., 1988).

Although the in vivo observations are at present dif-

ficult to reconcile with the data from cultured sensory

neurons, they are not necessarily contradictory with each

other. The findings obtained from cultured sensory neu-

rons indicate that NGF regulates the cellular expression

of capsaicin sensitivity. This also may hold true for the

situation in vivo but has not yet been examined. It would

be worth testing whether treatment of adult rats or

guinea pigs with antibodies to NGF can prevent the

deleterious action of capsaicin on sensory neurons. The

protective effect of NGF in vivo could be related to the

maintenance of an optimal supply of NGF, which en-

hances neuronal resistance to damage and promotes neu-

ronal repair processes.

7. Peripheral endings of sensory neurons as primary

target of capsaicin’s action-distal axonopathy induced by

capsaicin in the adult rat. In view of the insensitivity of

capsaicin’s local excitatory action to tetrodotoxin and of

other characteristics of the “dual sensony-efferent func-

tion” of afferent nerve endings, the hypothesis has been

put forward that the very terminal region of sensory

nerve fibers is the primary target of capsaicin’s action

(Jancs#{243},1960, 1968; Szo!cs#{227}nyi, 19Mb, 1988; Maggi and
Meli, 1988; Maggi, 1991; Szolcs#{227}nyi et a!., 1991). In this

model, the sensory nerve ending consists of a generator

or sensory receptor region, in which stimulation produces

a tetrodotoxin-resistant generator potential, and a regen-

erative (pretenminal axona!) region which possesses volt-

age-gated Na� channels. Here the generator potential
gives rise to propagated action potentials that can be

blocked by tetrodotoxin. The Na� channels also can be
activated by veratridine, and the inability of ruthenium
red to block the excitatory action of veratnidine has been

used to add weight to the above hypothesis (Szo!cs#{225}nyi

et a!., 1991). These arguments, however, are not conc!u-
sive and inconsistent with capsaicin’s ability to depo!ar-

ize all parts of sensory neurons, from which it appears

as if capsaicin recognition sites coupled to tetrodotoxin-

resistant cation channels are present in all parts of

sensory neurons. In addition, the above model does not

take account of the varicose structure of many capsaicin-

sensitive peptidergic nerve fibers, peptide release being

thought to occur from the vanicosities, i.e., from multiple

sites along the terminal axons of sensory neurons (Gib-

bins et al., 1987; Lundberg and Sania, 1987; Weihe, 1990).
Because peptide release evoked by capsaicin also is tetro-

dotoxin resistant (Saria et a!., 1983b; Hua et a!., 1986;

Maggi et a!., 1989c, 1990b), it is conceivable that there

are multiple sites on the pretenminal axon that are di-

rectly sensitive to capsaicin. From these considerations

it is clear that the issue of the primary site, if any, of

capsaicin’s excitatory action will only be resolved by a

mapping of the distribution and operationa!ity of the

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CAPSAICIN 185

capsaicin receptor/cation channel complexes along the

axons of sensory neurons.

In vivo, the route of administration of capsaicin and
the existence ofdiffusion barriers for the drug may favour
certain sites of action. Thus, some neurophysiologica!

characteristics of the stimulant and desensitizing effects

of topical capsaicin on cutaneous C-fiber polymodal no-

ciceptons have been used to suggest a primary action of

capsaicin on the peripheral endings of rat sensory neu-
rons (Kenins, 1982). Support for this reasoning also

comes from the observation that close arterial injection
of capsaicin to the rabbit ear can abolish the responsive-

ness of polymoda! nociceptors to certain, but not all, of

its modalities (Szo!cs#{227}nyi, 1987). This finding points to

a site of action on the sensory receptors themselves and

argues against a site of action on the conducting preter-

minal part of sensory fibers (Szolcs#{227}nyi, 1987). Further-

more, close arterial administration of capsaicin to a

segment of the rat saphenous nerve cut at both ends, but

with intact vascular supply, has been found to be rather
ineffective in producing axona! excitation (G. Peth#{246}and
J. Szo!cs#{225}nyi, personal communication). These findings

suggest that the peripheral nerve endings are the primary
site of action of capsaicin when the drug is administered

by the topical on close arterial route and thus is prefer-

entia!ly delivered to the axon terminals of sensory neu-

rons.

Although the primary site of capsaicin’s excitatory

action remains to be elucidated, there is a body of cir-

cumstantia! evidence indicating that the peripheral nerve

terminals are much more vulnerable to the drug given

systemically to adult rats than are the somata and axons

of sensory neurons (Chung et a!., 1985b, 1990). This
segmentally different neurotoxicity could be due to dif-

ferences in the access of capsaicin to the different parts

of sensory neurons. Thus, although capsaicin given par-
enterally distributes rapidly throughout the body (Sania

et a!., 1982), the Schwann cell sheath (penineunium)
around bundles of unmye!inated afferent nerve fibers

may represent a barrier that prevents neurotoxic concen-

trations of capsaicin from reaching the axons (Chung et
a!., 1990). This assumption is in keeping with the neces-

sity of using high (mi!limolar) concentrations of periax-

onal capsaicin to induce ablation of afferent neurons

(Gamse et a!., 1982; Jancs#{243}et a!., 1987a,b; Lynn et a!.,
1987; Jancs#{244}and Lawson, 1990; Pini et a!., 1990).

Alternatively, the segmentally different neurotoxicity

of capsaicin may be due to segmentally different capaci-
ties of resistance and repair in sensory neurons. Thus,

only a few, if any, B-type neurons degenerate after sys-

temic capsaicin treatment of adult rats (Jancs#{243}et a!.,
1985b), although many somata display ultrastnuctural

changes for several weeks (Jo#{243}et a!., 1969; Szo!cs#{225}nyi et

a!., 1975; Chiba et a!., 1986); neuropeptides, after an

initial increase (Lembeck and Donnerer, 1981; Gamse et
a!., 1981b; Geppetti et a!., 1988a), are depleted from

dorsal root ganglia (Jesse!! et al., 1978; Gamse et a!.,
1981b; Gamse, 1982; Geppetti et a!., 1988a). Likewise, no

(Chung et a!., 1985b, 1990), or minor (Jancs#{244} et a!.,
1985b), degeneration ofaxons in afferent nerves or dorsal
roots is noted. This indicates that somata and axons of

afferent neurons in the adult rat are fairly resistant to

the neunodegenerative action of capsaicin. In contrast,

unmye!inated sensory nerve terminals in the periphery
(Hoyes and Barber, 1981; Hoyes et a!., 1981; Chung et

a!., 1985b, 1990) show extensive degeneration. In skin

(Chung et a!, 1990) and ureter (Chung et a!., 1985b) 50

to 90% of a!! axon terminals degenerate. The result of
capsaicin treatment of adult rats has been described,

therefore, as “distal axonopathy” (Chung et a!., 1990).

Because the somata and axons do not degenerate, it

seems likely that the slow neurochemical and functional

recovery of sensory neurons, which is seen after capsaicin

treatment of adult rats, reflects a regeneration of dam-
aged nerve terminals.

There are additional data to suggest that the primary
target of capsaicin’s neurotoxic action on sensory neu-
rons of the adult rat is the peripheral nerve terminal or

a site distal to the cell body. For instance, substance P

depletion from the peripheral processes of sensory neu-
nons proceeds considerably faster after systemic capsai-

cm administration than after nerve section (Maggi et a!.,

1987e). Furthermore, NGF appears to antagonize the

neurotoxic action of capsaicin at a site distal to the cell

body (Miller et a!., 1982a), if not at the peripheral nerve

process itself (Taylor et a!., 1985). In addition, studies
with sensory neuron cultures from the embryonic chick

(Hiura and Sakamoto, 1987a) and newborn and adult rat

(Winter et a!., 1988, 1990) have shown that neunites

rather than somata are the preferential target of the

neurotoxic action of capsaicin.

It is at present not possible to decide conclusively
whether the distal axonopathy caused by systemic cap-

saicin treatment of adult rats arises from segmental

differences in the accessibility of the drug and/or seg-
mental differences in the vulnerability to the drug. Ad-

ditional factors may have a differential bearing on the

neurotoxicity of capsaicin, depending on whether the

drug is administered systemically or applied locally to

axons or nerve terminals of sensory neurons or to cu!-

tured sensory neurons. Thus, peniaxonal capsaicin is
effective in causing substantial degeneration of a!! seg-
ments of unmyelinated afferent neurons (Jancs#{243} and

Lawson, 1990), whereas local administration of capsaicin
to the spinal cord produces extensive damage of the

central terminals of sensory neurons (Palermo et a!.,
1981; Ribeiro-da-Silva and Coimbna, 1984) but not to

their somata and distal axons (Jancs#{243}, 1981; Gamse,

1982; Gamse et a!., 1984, 1986). A better understanding

of these phenomena will require investigation of the

segmental distribution of the capsaicin receptor/cation

channel and other determinants of the neurotoxic action
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of capsaicin along somata, axons, and nerve terminals of

sensory neurons. It may be recalled that the density of

certain vo!tage-gated Ca2� channels differs in different
segments of sensory neurons, being especially high in

axona! terminal regions (Kostyuk, 1989).
8. Ontogenetic shift in the neurotoxicity of capsaicin in

the rat. The somata of B-type sensory neurons in the

newborn rat are considerably more sensitive to the neu-
rodegenerative action of systemic capsaicin than are
those in the adult rat. The neurotoxic action of capsaicin

has been found to be expressed at 16 days of gestation

in the rat (Kirby et al., 1982) and at 15 days of gestation

in the mouse (Atkinson and Chaggar, 1983). In the adult

rat only the peripheral axon terminals of unmyelinated

afferent fibers seem to be as vulnerable to capsaicin as

those in the newborn rat (Chung et a!., 1985b, 1990).

This ontogenetic loss of capsaicin vulnerability does not

appear to be due to a change in the number or affinity
of the capsaicin recognition sites in dorsal root ganglia,

as estimated by the specific binding of [3H]resinifera-
toxin (Szal!asi and B!umberg, 1990b). Consequently, it
must be other determinants of capsaicin’s neurotoxic

action that change with age. Although these determi-
nants have not yet been elucidated, it could be argued

that there is an ontogenetic change in the expression or

activity of the capsaicin-operated membrane channels

that prime the intracellular admission of toxic concen-

trations of cations. This speculation is based on the

findings that the expression of a certain voltage-gated

Ca2� channel and of a tetrodotoxin-resistant Na� chan-
ne! in sensory neurons has been found to vary with age,

being typical of developing nerve cells only (Fedulova et
a!., 1986; Kostyuk et a!., 1986; Petersen et a!., 1987;
Kostyuk, 1989). It is possible, therefore, that afferent

neurons in the developing rat are particularly susceptible

to the neurodegenerative action ofcapsaicin because they
possess more capsaicin-operated cation channels than do
afferent neurons in the adult animal in which only axon

terminals remain endowed with a high density of these

channels.
Because the expression of functional capsaicin recep-

ton/cation channel complexes appears to be under the

control of NGF (Winter et a!., 1988), and possibly of

other trophic factors, it could be inferred that downre-

gulation of the receptor/channel complexes in the adult
animal is due to the fact that the NGF requirements of

sensory neurons decrease during ontogeny (Buck and
Bunks, 1986). Alternatively, it could be speculated that

the immature sensory neurons in the newborn rat are

particularly susceptible to the secondary, intracellular

consequences of capsaicin’s action on the cell membrane.
9. Endogenous capsaicin-like substances. The presence

of a specific recognition site for capsaicin-like substances
coupled to nonselective cation channels on sensory neu-
rons raises the question as to whether certain endogenous

compounds may interact physiologically with these

structures. The development of a radioimmunoassay for

capsaicin (Wood et a!., 1990), the availability of a [3H]

resiniferatoxin-binding assay (Szallasi and B!umbeng,

1990a), the discovery of a competitive capsaicin antago-

nist, capsazepine (Bevan et a!., 1991; Dray et a!., 1991),
and the establishment of ruthenium red as a functional
capsaicin antagonist (Amann and Maggi, 1991) have

made it possible to search for the existence of endogenous

substances that are structurally related to capsaicin or
use the same transduction mechanisms as capsaicin.
However, studies in which a sensitive radioimmunoassay

that grossly recognizes the structural features of capsai-

cm required for stimulation of sensory neurons was used

have failed to detect any endogenous capsaicin-!ike im-

munoneactive material in normal and inflamed tissues of

the rat (Wood et a!., 1990). It would appear, therefore,

that there is no endogenous substance that fulfills the
structural requirements that a compound has to meet in

order to interact with the capsaicin recognition site on

sensory neurons. This contention, however, ought to be
further strengthened by experiments using the [3H]resi-
niferatoxin assay and the competitive antagonist, cap-

sazepine, as screening tools.
Given that at submicromo!ar/micromo!ar concentra-

tions ruthenium red antagonizes the action of capsaicin
in a specific fashion, it would seem that there are endog-

enous and exogenous substances that utilize a ruthenium

red-blockable transduction pathway, even though they

are not structurally related to capsaicin. Thus, ruthen-

ium red has been found to reduce the stimulant actions

of toluene diisocyanate (Mapp et al., 1990) and hydrogen

ions (Geppetti et a!., 1991) on capsaicin-sensitive affer-
ent neurons. Similarly, nociceptor stimulation by nox-
ious heat applied to the rabbit ear is also inhibited by

ruthenium red (Amann et a!., 1990a). In addition, the

dye is able to antagonize sodium deoxycholate, a bile
salt, in facilitating capsaicin’s excitatory effect on sen-

sony neurons (Jin and Nakayama, 1990). These obser-
vations suggest that the aforementioned stimuli activate

sensory neurons by a transduction mechanism similar to
that of capsaicin or can release an endogenous compound

that acts like capsaicin. It remains to be examined

whether other factors such as mechanical noxious stim-

uli, ischemia (Franco-Cereceda et a!., 1989b), the vapour

phase oftobacco smoke (Lundberg and Sania, 1983, 1987;

Lundb!ad, 1984), xylene (Abe!!i et al., 1988), or hydrogen

sulphide (Prior et al., 1990), all of which stimulate, and
acrylamide (Abe!li et a!., 1991), which defunctiona!izes

capsaicin-sensitive afferent neurons, share common

transduction pathways with capsaicin.

An aspect of capsaicin-sensitive neurons that may be

of pathophysiological significance is their sensitivity to
hydrogen ions, a property for which there is both indirect

(Clarke and Davison, 1978; Cervero and McRitchie, 1982;
Martling and Lundberg, 1988; Geppetti et a!., 1990, 1991;

Holzer et a!., 1991; Raybould et al., 1991) and direct
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(Bevan and Yeats, 1989) evidence. Studies of rat dorsal
root ganglion cultures have demonstrated that lowering

the pH to <6.4 activates a long-lasting inward current
in about 30 to 50% of the neurons. This proton-evoked

current has a reversal potential of approximately 0 mV
which is indistinguishable from that of the capsaicin-

evoked inward current (Bevan and Yeats, 1989). Fur-
thermore, the neurons that respond to hydrogen ions
with a long-lasting inward current appear to be identical

with those neurons that are killed by prolonged exposure

to micromo!ar concentrations of capsaicin (Bevan and
Yeats, 1989). In addition, protons have been found to

activate a short-lasting Na� conductance in isolated sen-
sony neurons (Knishtal and Pidop!ichko, 1980, 1981),

which most probably represents a Ca2’ channel that is
transformed to a Na� channel in the presence of protons

(Konnerth et a!., 1987; Kostyuk, 1989). This short-last-

ing inward current evoked by hydrogen ions predomi-
nates in the smaller trigemina! gang!ion neurons (Knish-
ta! and Pidoplichko, 1981) but is not confined to the
population of capsaicin-sensitive neurons cultured from
dorsal root ganglia (Bevan and Yeats, 1989). Future work
will have to reveal the exact relationships between the

inward currents induced by hydrogen ions and those

induced by capsaicin. A close examination of any possible

transitions between known cation conductances and

those evoked by capsaicin also is needed.

C. Mechanisms of the Cell-nonselective Effects

Apart from the activation of a cation conductance in

certain sensory neurons, capsaicin exerts other actions
on sensory as we!! as nonsensory neurons and nonneu-

ronal cells, which seem to be unrelated to its selective
stimulant, desensitizing, and neurotoxic effects on thin
sensory neurons. Although these cell-nonselective ac-
tions of capsaicin have not been investigated systemati-

ca!!y, it is possible to identify some common traits shared

by them. Thus, the nonselective effects of capsaicin can
be shown repetitively and do not exhibit desensitization

and are not related to cell toxicity. Whereas the sensory
neuron-selective effects are produced by nanomolar (>10

nM) concentrations of capsaicin (EC50 approximately 0.2

zM; Marsh et a!., 1987; Wood et a!., 1988; Amann, 1990;
Winter et a!., 1990), it is typically micromolar (>3 �tM)

concentrations of capsaicin that are required to cause its
ce!!-nonselective effects (Bevan and Szo!cs#{225}nyi, 1990).
Precise estimations of the potency of capsaicin in this

respect are not available.
With respect to membrane mechanisms, inhibition of

voltage-gated Na� and K� channels is the most common
component in the nonselective actions of capsaicin. The
drug is able to influence the action potential in a!! sensory
neurons of the rat, guinea pig, and chick (Godfraind et
al., 1981; Petersen et a!., 1987; Szo!cs#{225}nyi, 1990). Cap-
saicin prolongs the duration of the action potential in
sensory neurons of the rat and chick (Godfraind et a!.,

1981) and in giant neurons of the snail (Erd#{233}lyiet a!.,

1987). This effect of capsaicin may be related to an

inhibition of both the Na� inward and K� outward cur-

rent as seen in guinea pig and chick sensory neurons

(Petersen et a!., 1987; Bevan and Forbes, 1988;

Szolcs#{227}nyi, 1990), rat sympathetic neurons (Bevan et a!.,

1987), snail neurons (Erdelyi et a!., 1987), and crayfish

giant axons (Yamanaka et a!., 1984). Blockade of a

certain component of the outward K� current, with some

inhibition of the Na� inward current, also is observed in

mye!inated nerve fibers of the frog sciatic nerve (Dubois,

1982). This inhibition of membrane currents is likely to

account for a capsaicin-induced transient blockade of

nerve conduction as has been shown in rat A-fiber affer-

ent neurons (Baranowski et al., 1986; Marsh et a!., 1987),

cat sympathetic nerve fibers (Such and Jancs#{243}, 1986),

and crayfish giant axons (Yamanaka et a!., 1984).

Although the nonselective effects of capsaicin on volt-

age-dependent ion conductances in the cell membrane

are fairly consistent in vertebrate and nonvertebrate

species, there is much variation in the effect of capsaicin

on the resting cell membrane. Rat and chick sensory

neurons respond to capsaicin with a hypenpo!arization

that is blocked by removal ofextrace!!ular C! (Godfraind

et a!., 1981). In the crayfish giant axon (Yamanaka et

a!., 1984) and in the giant amoeba (Foster et a!., 1981)

capsaicin is without effect on the resting potential, a!-

though in the amoeba capsaicin reduces the input resist-

ance of the membrane (Foster et a!. 1981). In contrast,

capsaicin has been reported to depolarize giant neurons

of the snail and to inhibit vo!tage-gated Ca2� inward
currents in these neurons (Erd#{233}lyiet a!., 1987).

It is conceivable that the inhibitory effect of capsaicin

on the neuronal Ca24 conductance bears a relation to the
capsaicin-induced inhibition of Ca2� uptake in mouse

neuroblastoma cells and rat aortic smooth muscle cells

(Monsereenusorn and Kongsamut, 1985). Whether the

inhibitory effects of capsaicin and piperine on cardiac

muscle (Zernig et a!., 1984; Franco-Cereceda and Lund-

berg, 1988) and viscera! smooth muscle (Holzer and

Lembeck, 1979; Barth#{243}et a!., 1982b, 1987; Maggi et a!.,

1987c, 1989b; Takaki et a!., 1990) arise from a similar

action has not yet been examined. In contrast, the con-

tracti!e effect of capsaicin on vascular smooth muscle
(Donnerer and Lembeck, 1982; Duckles, 1986; Saito et

al., 1988; B#{233}nyet a!., 1989; Holzer et a!., 1990b) seems

to be associated with an influx of extracellular Ca2�

(Edvinsson et a!., 1990).

The molecular mechanism of capsaicin’s cell-nonselec-

tive effects remains to be disclosed. Because many of

these actions manifest themselves in a kind of membrane

stabilization, it is conceivable that they are related to the
!ipophilicity of the drug. Owing to this chemical property,

capsaicin could interact directly with the cell membrane

and thereby influence membrane fluidity and ion perme-

ability.
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TABLE 3

Characteristics and mechanisms of capsaicin ‘s actions on excitable cells

A. Cell-nonselective effects of capsaicin
1. Targets: excitable cells of vertebrate and invertebrate species (myelinated and unmyelinated sensory neurons, sympathetic neurons,

cardiac muscle, vascular smooth muscle, visceral smooth muscle)
2. Phenomenology of action

a. Typically depression of excitability (except in vascular smooth muscle) and inhibition of nerve conduction

b. Effect to be shown repetitively (not desensitizing)
c. Nonneurotoxic
d. Unaffected by prior ablation of sensory neurons

3. Potency: species and tissue differences; in many cases EC,� probably >10 �M

4. Mechanisms of action: in most instances (except vascular smooth muscle) stabilization of the cell membrane: reduction of both the outward

potassium conductance and the inward current of the action potential

B. Sensory neuron-selective effects of capsaicin
1. Targets: primary afferent neurons of mammalian species having small-diameter somata and unmyelinated (C-) or thinly myelinated

(Ao-) fibers

2. Phenomenology of action
Sequence of effects consisting of:
a. Dose-dependent excitation

b. Capsaicin-specific (low doses) or capsaicin-nonspecific (moderate to high doses) desensitization
c. Blockade of nerve conduction

d. Neurotoxic alterations (moderate to high doses)
3. Potency: species differences; in the rat EC,� in the range of 0.1-0.3 �M

4. Mechanisms of action

a. Occupation of a specific recognition site (“receptor”) on the cell membrane
b. Opening of nonselective cation channels (insensitive to tetrodotoxin and blockers of voltage-dependent Ca2� channels), influx of Na�,

Ca2�, and other cations, depolarization

C. Increase in the intracellular concentration of Ca2’ and Na�
d. Peptide release
e. Activation of a Ca2�-dependent outward current and long-lasting inhibition of voltage-gated Ca2� channels
f. Desensitization (functional refractoriness)

Specific desensitization due to inhibition of transduction mechanisms utilized by capsaicin only

Nonspecific desensitization due to general neuronal defunctionalization, probably reflecting a mild and reversible form of neurotox-

icity

g. Neurotoxicity (ultrastructural damage of intracellular organization) due to intracellular accumulation of calcium and NaCl, either

slowly reversible (no somatic degeneration) or irreversible (degeneration of neuronal soma), associated with quick defunctionali-

zation and delayed depletion of cellular constituents and peptide transmitters

D. Summary: Mechanisms of Action

1. Sensory neuron-selective actions. It is now possible
to formulate an overall hypothesis explaining the pnin-
cipa! features of the effects of capsaicin on thin sensory
neurons: excitation, desensitization, neurotoxicity, and
selectivity (table 3). It has previously been speculated
that the unique sensitivity of certain afferent neurons to
capsaicin is due to a particular functional makeup of
their cell membrane or to their possession of free nerve
endings (Buck and Burks, 1986). These well-taken ar-
guments, however, have been superseded by a concept
that explains the sensory neuron-selective effects of cap-
saicin, i.e., by the identification of a specific membrane
recognition site that is coupled to cation channels in the
cell membrane (table 3).

Direct evidence for a capsaicin or “vanilloid” (Szal!asi
and Blumberg, 1990b) recognition site on thin sensory
neurons comes from binding studies in which [3H]resi-
niferatoxin is used as the test ligand (Szal!asi and B!um-
berg, 1990a) and from the development of a specific and
competitive receptor antagonist, capsazepine (Bevan et
a!., 1991; Dray et a!., 1991). The molecular structure of
the capsaicin/vanilloid receptor and its orientation in
the cell membrane remain to be elucidated.

Further, although indirect, support for the presence of
such a recognition site is provided by (a) the existence
of a structure-activity relationship for capsaicin-like

activity (Szolcs#{225}nyi and Jancs#{243}-G#{227}bor,1975, 1976;
Szolcs#{227}nyi, 1982; Hayes et a!., 19Mb; Szallasi and Blum-

berg, 1990b), (b) the ability to label the putative capsaicin
recognition site with structurally related and long-acting

photoaffinity probes (James et a!., 1988), (c) the remark-

able cell selectivity of capsaicin’s actions on thin sensory

neurons, (d) the ability of capsaicin to activate single

cation channels in membrane patches from dorsal root

ganglion neurons (Forbes and Bevan, 1988), and (e) the

cellular regulation of the responsiveness to capsaicin by

NGF (Winter et a!., 1988).

Occupation of the capsaicin recognition site leads to

the opening of nonse!ective cation channels in the cell

membrane that are unique in that they are not affected
by tetrodotoxin or blockers of voltage-dependent Ca2�

channels. Opening of these channels admits Na�, Ca2�,

and other cations to the cytoplasm and causes depolari-
zation. The increase in the intracellular Ca2� concentra-

tion inhibits voltage-dependent Ca2� channels and acti-

yates Ca2tdependent K� channels and Ca2tdependent
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intracellular enzymes (table 3). A!! of these effects of
capsaicin depend on the applied concentration of the

drug, and it appears that the magnitude of the primary
action on the cell membrane determines the sequence of
some secondary effects such as nonspecific desensitiza-
tion and neurotoxicity. In contrast, specific desensitiza-

tion to capsaicin, which implies inactivation of the cell-

ular transduction mechanism that is utilized by capsai-

cm-like drugs only, may occur in the absence of an
excitatory action on sensory nerve endings (Dray et a!.,
1990b,c). Nonspecific desensitization reflects a genera!

impairment of sensory neuron function and, as judged

by its ionic requirements, is probably the result of a
reversible neurotoxic action of the drug (table 3).

The neurotoxic action of high concentrations of cap-
saicin appears to arise from the intracellular accumula-

tion of calcium and NaC! and, in this respect, resembles
neurotoxicity induced by activation of, for example, ex-
citatony amino acid receptors (Garthwaite et a!., 1986;

Choi, 1987). This process gives rise not only to defunc-
tionalization but also to ultrastructural and degenerative

changes of sensory neurons which, in turn, explain the

long duration of capsaicin’s neurotoxic action. Depletion
of peptides and other constituents of sensory neurons is
probably a consequence of the neurotoxic action of cap-

saicin but is not the cause of defunctionalization. If the
somata of sensory neurons do not degenerate, the mani-

festations of neurotoxicity may be slowly reversible,
whereas degeneration of the somata results in an inre-

versible neurotoxic effect (table 3).
2. Cell-nonselective actions. It is important to realize

that, apart from its sensory neuron-selective effects,

capsaicin also exerts ce!!-nonselective effects on a variety
of excitable cells. These nonselective effects do not seem

to be mediated by a specific recognition site but may be
due to physicochemical interactions of the !ipophilic

capsaicin molecule with the cell membrane, especially
when high concentrations of the drug are used. Unlike

the sensory neuron-selective effects, the cell-nonselective
effects of capsaicin do not show desensitization and do
not result in neurotoxicity (table 3).

IV. Capsaicin as a Pharmacological Tool

A. Caveats to Be Considered

The sensory neuron-selective effects of capsaicin ex-
hibit a high degree of selectivity for a group of primary
afferent neurons with unmye!inated and thinly mye!i-
nated nerve fibers. This observation has made capsaicin
an important, if not indispensable, too! with which to
investigate the neuroanatomical, neurochemica!, and
functional characteristics of afferent neurons. It is war-

ranted that further elucidation of its targets and mech-
anisms of action will further improve the potential of

capsaicin as a selective probe for establishing the partic-
ipation of sensory neurons in physiological processes. In
the investigation of sensory neuron functions both the

acute excitatory and the long-term neurotoxic actions of

capsaicin have been, and can be, made use of. The
selectivity of capsaicin for sensory neurons, however, is

only relative and there are a number of limitations to be
considered when capsaicin is used as a pharmacological

tool. The major caveats that have to be considered in

this respect are listed in table 4.

1. The group of capsaicin-sensitive primary afferent

neurons is not identical with any particular population
of afferent neurons that have been classified according

to morphological, neurochemical, or functional criteria.

2. The degree of selectivity differs considerably for the

acute and long-term actions of capsaicin. This is because,
when acutely administered, the drug exerts both sensory

neuron-selective and cell-nonselective effects; the acute
effects of capsaicin display the least selectivity for sen-

sony neurons (table 4). In many instances, however, the

ce!!-nonselective effects can easily be differentiated from
the sensory neuron-selective actions of capsaicin because

the nonselective effects can be shown repetitively, do not
exhibit desensitization, and remain unaltered after abla-

tion of capsaicin-sensitive neurons.

3. Another limitation has to do with the acute excita-

tory effect of capsaicin on sensory neurons. Depending

on their magnitude, the manifestations of sensory neuron
stimulation can temporarily override or obscure the func-

tion of other systems such that false-positive evidence

for an involvement of capsaicin-sensitive sensory neu-
rons in these systems may be obtained. This problem

applies particularly to the gastrointestinal system in
which peptide transmitters such as substance P are uti-

lized by both primary afferent and entenic neurons. After

having been released by capsaicin from sensory nerve
endings in the gut, these peptides may also activate and

desensitize receptors that are the physiological targets of
peptides released from enteric neurons and, thereby,

temporarily interrupt enteric reflex pathways (Barth#{243}et
a!, 1982a; Holzer et a!., 1989; Jin et a!., 1990).

4. There are also restrictions in the sensory neuron

selectivity of the long-term neurotoxic effect of capsaicin

because the capsaicin-induced ablation of C-fiber neu-

rons results in changes in the afferent neuron system

itself and in the cellular systems that are functionally

connected to these neurons. Complete reorganization of

sensory pathways and associated systems appears to take
place following treatment of newborn rats with a neuro-

toxic dose of capsaicin. It is not yet clear whether a

similar extent of reorganization occurs when adult rats
are treated with systemic capsaicin or whether the neu-

ronal reorganization seen in rats treated as neonates is

related to the plasticity of the still immature nervous

system.

5. Certain long-term actions of capsaicin on nonsen-

sory neural systems, such as thermosensitive neurons in

the hypothalamus, some neurons in other brain areas,
and some neurons of the entenic nervous system, cannot
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TABLE 4

Capsaicin as a pharmacological tooL Caveats to be considered

A. Limitations in the classification of capsaicin-sensitive afferent neurons
1. Not all unmyelinated (C-fiber) or thinly myelinated (A#{244}-fiber)afferent neurons are capsaicin sensitive

2. Not all afferent neurons containing substance P, CGRP, and other peptide markers are capsaicin sensitive
3. Capsaicin-sensitive afferent neurons are heterogeneous in terms of their sensory modality

4. The group of capsaicin-sensitive afferent neurons are not identical with any group of afferent neurons defined according to morphological,

neurochemical, or functional criteria

B. Acute effects of capsaicin are less selective for thin sensory neurons than its long-term effects

1. Sensory neuron-selective effects of capsaicin may be obscured by its cell-nonselective effects

2. Sensory neuron-selective effects of capsaicin can temporarily override the function of other systems, which may give rise to false positive

evidence for an involvement of thin afferent neurons in the function under study
C. Limitations in the sensory neuron selectivity of the long-term neurotoxic effect of capsaicin

1. Secondary alterations in the afferent system itself and in the cellular systems that are functionally connected to capsaicin-sensitive

afferent neurons
2. Certain neurons of the central nervous system (preoptic region of the hypothalamus and other nuclei) and perhaps of the enteric nervous

system may be susceptible to the neurotoxic effect of capsaicin
D. Age-dependent differences in sensory neuron sensitivity to capsaicin

1. Treatment of newborn rats with a neurotoxic dose of capsaicin leads to degeneration of the majority of thin afferent neurons, but in the

animals grown to adulthood there is no change in the different types of afferent nerve fibers
2. Treatment of adult rats with systemic capsaicin is neurotoxic to the majority of thin afferent neurons but does not necessarily cause

degeneration of the whole neuron. Certain receptor types, such as polymodal nociceptors, are missing in afferent nerves

E. Strain and species differences in the sensory neuron sensitivity to capsaicin
1. There are subtle quantitative differences in the manifestations of the neurotoxic effect of capsaicin among different strains of rats
2. There are pronounced differences in sensory neuron sensitivity to capsaicin between different mammalian species. Primates, dogs, rats,

mice, and guinea pigs are very sensitive, whereas the rabbit and hamster are clearly less sensitive

3. Nonmammalian species appear to be essentially unresponsive to the sensory neuron selective effects of capsaicin

be explained as being consequences of sensory neuron
ablation. Confirmation and clarification of this issue is
of particular importance for the future value of capsaicin
as a research too! and for the validity of the conclusions
that have been drawn from the long-term neurotoxic
actions of capsaicin.

6. Special attention needs to be given to age, strain,
and species differences in the sensory neuron sensitivity
to capsaicin that may be related in part to different
degrees of sensory neuron selectivity of the drug. In the
rat, there are obvious differences in the neurotoxic action
of capsaicin, depending upon whether the drug is given
to newborn or adult animals. Whereas there is a loss of
polymodal nociceptors after treatment of adult rats,
there is apparently no change in the types of nociceptors
after treatment of newborn rats, although most unmye-
!inated afferent nerve fibers have degenerated. The dis-
parity of these observations is not understood but throws
some doubt on the value of neonatal capsaicin treatment
in the functional investigation of sensory neurons. The
profound alterations in sensory pathways may be another
unfavourab!e feature of neonatal capsaicin treatment.

Taken together, there are a number of factors that
limit the selectivity and usefulness of capsaicin as a
research too! for the investigation of sensory neurons
(table 4). Many of these restrictions, however, can be
overcome by the use of appropriate controls and by a
careful consideration of the advantages and disadvan-
tages associated with the different experimental uses of
capsaicin.

B. Routes of Administration

Systemic treatment of small rodents with neurotoxic
doses of capsaicin has been the most frequent method

used when examining the anatomical, neurochemical,
and functional alterations induced in capsaicin-sensitive

afferent neurons. This approach ablates a!! neurons sen-
sitive and accessible to the drug. Alternative routes of

considerable potential are periaxonal treatment of affer-

ent nerve fibers and local (topical) application of the drug
to the receptive fields under study. These routes of

administration enable the investigator to selectively
ablate the sensory projections under study and, thereby,
to avoid the selectivity problems associated with systemic
administration of capsaicin. In the adult rat, peniaxonal
application of capsaicin causes substantial degeneration
of C-fiber afferent neurons (Lynn et a!., 1987; Jancs#{243}

and Lawson, 1990) and, in this respect, is considerably
more effective than is systemic administration (Chung

et a!., 1985b, 1990; Jancs#{243}et a!., 1985b). Even in a species
such as the rabbit which is comparatively resistant to

the drug, it is possible to both induce loss of function

and cause depletion of peptides from sensory neurons
after their exposure to peniaxonal capsaicin (Gamse et
a!., 1982; Lynn and Shakhanbeh, 1988); systemic capsai-
cm administration is less effective in this respect (Tenvo,
1981; Lynn et a!., 1984; Maggi et a!., 198Th). Thus,
peniaxonal administration of capsaicin combines the ad-
vantage of producing an effective ablation of neurons
with a high degree of topical and C-fiber selectivity.
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