Chapter 1
Capsaicin and Sensory Neurones:
A Historical Perspective

Janos Szolcsanyi

Abstract Capsaicin, the pungent ingredient of red pepper has become not only
a “hot” topic in neuroscience but its new target-related unique actions have
opened the door for the drug industry to introduce a new chapter of analgesics.
After several lines of translational efforts with over 1,000 patents and clinical tri-
als, the 8 % capsaicin dermal patch reached the market and its long-lasting local
analgesic effect in some severe neuropathic pain states is now well established.
This introductory chapter outlines on one hand the historical background based
on the author’s 50 years of experience in this field and on the other hand empha-
sizes new scopes, fascinating perspectives in pharmaco-physiology, and molecular
pharmacology of nociceptive sensory neurons. Evidence for the effect of capsaicin
on C-polymodal nociceptors (CMH), C-mechanoinsensitive (CHMi), and silent
C-nociceptors are listed and the features of the capsaicin-induced blocking effects
of nociceptors are demonstrated. Common and different characteristics of noci-
ceptor-blocking actions after systemic, perineural, local, intrathecal, and in vitro
treatments are summarized. Evidence for the misleading conclusions drawn from
neonatal capsaicin pretreatment is presented. Perspectives opened from cloning
the capsaicin receptor “Transient Receptor Potential Vanilloid 1”7 (TRPV1) are
outlined and potential molecular mechanisms behind the long-lasting functional,
ultrastructural, and nerve terminal-damaging effects of capsaicin and other TRPV1
agonists are summarized. Neurogenic inflammation and the long-list of “capsaicin-
sensitive” tissue responses are mediated by an unorthodox dual sensory-efferent
function of peptidergic TRPV1-expressing nerve terminals which differ from
the classical efferent and sensory nerve endings that have a unidirectional role in
neuroregulation. Thermoregulatory effects of capsaicin are discussed in detail. It
is suggested that since hyperthermia and burn risk due to enhanced noxious heat
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threshold are the major obstacles of some TRPV1 antagonists, they could be over-
come. The special “multisteric” gating function of the TRPV1 cation channel pro-
vides the structural ground for blocking chemical activation of TRPV1 without
affecting its responsiveness to physical stimuli. A new chapter of potential anal-
gesics targeting nociceptors is now already supported for pain relief in persistent
pathological pain states.

1.1 Introduction

Capsaicin is the main pungent hot principle of the fruit capsicum species
(Capsicum annuum, Capsicum frutescent, Capsicum longum etc.) of the genus
Solanaceae. This plant originated from the Americas and has become a popular
culinary spice of food throughout the world. Thus capsicum is known under vari-
ous names such as chilli pepper, red pepper, paprika, cayane pepper, tabasco, jala-
peno, or under its ancient name aji.

Archeological evidence from Mesoamerica documented that inhabitants of
the Tehuacan valley consumed red pepper back to about 7000 BC. From burials
from this age, pepper fruits and seeds were found in early settlements of Mexico.
Ancient native people domesticated chilli around 5200-3400 BC, (Mac Neish
1964; Mdzsik et al. 2009) and potteries from the Nazca Culture in Peru were deco-
rated with figures of chilli fruits (Lembeck 1987). For further interesting readings
see (Mdzsik et al. 2009; Szallasi and Blumberg 1999).

The written history of red pepper started with Christopher Columbus, who
described in his log in 1493 that inhabitants of the New World commonly eat
foods with chilli (Szolesanyi 1993). He named it red pepper because of its spicy
taste resembling the black and white peppers of the Piper genus used in Europe as
favorite and rather expensive spices. Red pepper was also popular in the Old World.

Beyond its culinary usage capsicum has been used also since centuries as folk
medicine. Since the nineteenth century, extracts prepared from pungent pods were
listed in Pharmacopoeia of the United States as Oleoresin capsicin since 1860
(Du Mez 1917), and an alcoholic extract, Tinctura capsici was used in Europe as
topical counterirritant analgesic remedies (Nothnagel 1870; Geissler and Moeller
1887). Since these preparations with the burning sensation induced also cutane-
ous vasodilatation and reddening of the skin they were also called rubefacients. In
tropical countries, chilli intake was used as folk medicine to cope with the hot cli-
mate by enhancing heat loss regulation with capsicum-induced skin vasodilatation
and “gustatory sweating” (Lee 1954).

Isolation of the pungent principle and studies on the pharmacological effects
of capsicum started in the early decades of the nineteenth century. Impure extract
made by Christian Friedrich Bucholz was first named as capsicin and the oily
impure ingredient isolated by Rudolf Buchheim was named capsicol since it
was thought to be a nitrogen-free nonalkaloid compound. Thresh crystallized for
the first time the active principle in 1876 and renamed it capsaicin (Geissler and
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Moeller 1887; Thresh 1876; Suzuki and Iwai 1984). The chemical structure of
capsaicin was determined by Nelson in (1919).

The chemical structure of capsaicin is 8-methyl-N-vanillyl-trans-6-nonenamide
(Fig. 1.1). It is the main pungent ingredient of red pepper, but in capsicum spe-
cies six further sharp tasting capsaicin-related compounds have also been isolated
with similar pungency. These so called capsaicinoids differ in structure from the
main hot ingredient of capsaicin only in the double bond, arborization, or length
of the long aliphatic chain. In commercial capsicums, the following capsaicinoids
were isolated: capsaicin 33-59 %, dihydrocapsaicin 30-51 %, nordihydrocapsai-
cin 7-15 %, and the remainder, less than 5 % are homodihydrocapsaicin homocap-
saicin, nonanoyl-vanillylamide, and decanoyl-vanillylamide (M6zsik et al. 2009).
The cis-isomer of capsaicin (Fig. 1.1) is a synthetic compound which is not pro-
duced by the plant.

The first paper on studying the pharmacological effects of capsaicin was pub-
lished by Endre Hégyes in 1878. His main findings include (1) In humans capsicol
as counterirritant does not induce vesiculation in the skin in contrast to canthari-
dine commonly used at that time; (2) Oral intake of capsicol in gelatine capsules
enhances gastrointestinal motility without gustatory effect; (3) In dogs capsaicin
induces fall in body temperature. Owing to the lack of effects in various prepa-
rations innervated by efferent nerves his main conclusion was that “capsicol acts
mainly on sensory nerves” (H6gyes 1878). Although these observations were pub-
lished in a well-recognized pharmacology journal they remained unnoticed for
more than 60 years and did not form a starting point for the pharmacology of sen-
sory nerve endings.

In striking contrast, at that time similar approaches on the selective actions of
natural alkaloids such as curare, ergot alkaloids, nicotine, and atropine paved the
way to the mechanism of efferent neurohumoral transmissions which led to the
identification of their neurotransmitters of acetylcholine and noradrenaline. Thus
the pharmacology of the efferent nervous system started with investigation the
effects of these rather toxic herbal compounds. The pharmacology of nocicep-
tors started decades after the discovery that nociceptors are the sites of capsaicin
desensitization as described in Ref. (Szolcsanyi 2005) (Fig. 1.2).

1.2 Capsaicin Desensitization

The phenomenon of “capsaicin desensitization” was discovered by Nicholas
Jancso in the 1940s of the last century (Szalldsi and Blumberg 1999; Szolcsanyi
2005, 1984). It was a serendipitious observation in the course of experiments in
which he studied the pivotal mediator role of histamine in mediation of inflam-
mation and storage of macromolecules in endothelial and macrophage cells.
During these years, antihistaminic drugs were inaccessible and therefore he used
in rodents high histamine doses for desensitization of these receptors. He used
by chance capsaicin instead of histamine for desensitization because he thought
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Fig. 1.1 Chemical structure of some exogenous and endogenous agonists of the transient recep-

tor potential vanilloid type-1 (TRPV1) capsaicin receptor

that capsaicin acts as a potent histamine releasing agent. It turned out, however,
that the “capsaicin desensitization” is a new phenomenon and it differs from the
actions of histamine in its broad-spectrum antinociceptive effect. The perspectives
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Fig. 1.2 Number of publications at keywords of capsaicin and TRPV1 (a) or neurogenic inflam-
mation (b) indicated in database of PubMed (2013 March); capsaicin receptor: first publication of
a hypothetical receptor in 1975 (Szolcsdnyi and Jancs6-Gédbor 1975a); cloned receptor: cloning
the capsaicin receptor in 1997 (Caterina et al. 1997). Drugs: first FDA approval for a capsaicin
containing drug (Qutenza). Br. J. Pharmac.: first direct evidence for the existence of neurogenic
inflammation (Jancso et al. 1967). For more details see text

of these early data, however, were not recognized by the editor of Experientia and
the manuscript written by N. Jancsé with his wife Aurelia Jancsd-Gabor in 1949
on the discovery of capsaicin desensitization was rejected. Afterward the Jancso
couple focused on their main field of interest on storage of macromolecules in
inflammatory cells and in the kidney which were published in the Nature and other
journals. However, they never sent another manuscript on capsaicin to interna-
tional journals. In 1955 Nicholas Jancsé wrote an excellent monograph in German
on storage of macromolecules in the reticulonoendothelial system and in the kid-
ney (Jancs6é 1955). He took this opportunity to summarize all of his results and
concept about “capsaicin desensitization.” Since his views on actions of capsaicin
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have been often misinterpreted in recent reviews, I quote in English two sentences
from the book: (1) “The resistance of eyes desensitized by capsaicin also against
acidic, alkalic and even hypertonic salt solutions”... indicates “that the sensory
nerve endings become unresponsive to chemical stimuli although their physical
excitability remains”; (2) “Those receptors (denselben Receptoren) are apparently
desensitization which remain responsive to physically evoked corneal or sneezing
reflexes.” In contrast to the desensitization of the nicotinic receptors “synaptotro-
pen Verbindungen” he never considered the existence of a capsaicin receptor on
sensory nerve endings (Jancso 1955).

About 10 years later Jancs6é 1964 briefly outlined his views for the last time in
English in an abstract of an invited lecture: “Capsaicin induces in rats and guinea
pigs a peculiar sensory disturbance lasting for weeks or even years. The animals
become insensitive to pain by chemical substances while the perception of pain
caused by physical means remains unimpaired. Capsaicin probably interferes with
the synthesis of the mediator substance (of neurogenic inflammation JS) in the
pain receptor or in the whole neurone. The mediator substance may be a brady-
kinin-like polypeptide, or the enzyme producing it” (Jancsé 1964).

The mechanism of this “peculiar” phenomenon remained enigmatic and
without quantitative published data even his statements were questioned and
challenged (Makara et al. 1967). After 4 years of experimental physiological back-
ground I joined the Jancsé’s couple to work on capsaicin in 1962. We worked
together until his demise in 1966. This period was very fruitful but the results were
not summarized, completed and particularly were not prepared for publication. The
first paper on capsaicin desensitization was sent to the Br. J. Pharmacol. Jancs6
et al. (1967) 1 year later (Fig. 1.2) providing also the first direct evidence for the
existence of neurogenic inflammation. Since my view about the role of brady-
kinin differed from Jancsd’s interpretation, this part of experiments and his quoted
conclusion on this aspect were omitted although the data with enhanced brady-
kinin-like activity obtained from the skin after antidromic nerve stimulation were
convincing. I myself made the titration under his supervision on the isolated rat
uterus preparation for several months. My impression was that this bradykinin-
like activity is increasing in time at room temperature and therefore I attributed it
to an enhanced bradykininogen extravasation and not to a release from the nerve
endings. Few years later by using also the rat-isolated duodenal preparation, we
obtained the first hint of evidence that substance P might be the mediator which
is released from the stimulated sensory nerve endings: “The contraction of the rat
duodenum could be attributed to the presence of another mediator: e.g. substance
P” (Jancs6-Gabor and Szolcsanyi 1972).

These results remained unnoticed for 10 years (Fig. 1.2). Neither the selective
blockade of chemonociception in capsaicin-pretreated rats nor its blocking effect
on neurogenic inflammation initiated further research although the sensory recep-
tor-selective action of capsaicin was documented also by action potential record-
ings from the saphenous nerve of the capsaicin-desensitized rats (Jancsé et al.
1967). It is worthy to mention that until the mid-1960s there was no unequivo-
cal evidence for the existence of nociceptors (Melzack and Wall 1965) although
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Sherrington predicted their existence already in 1906 (Sherrington 1906). Thus, it
remained elusive whether the long-lasting capsaicin desensitization is a neurotoxic
effect which renders sensory nerve terminals in general unresponsive to chemical
agents, or the effect is related to a loss of function of a subgroup of sensory recep-
tors, notably nociceptors, which mediate chemonociception but not those which
mediate mechano-nociception.

1.3 Selective Effect of Capsaicin on Cutaneous
C-Polymodal Nociceptors

C-polymodal nociceptors in the skin, the major subgroup of unmyelinated affer-
ent fibers were discovered by Bessou and Perl in 1969 (Bessou and Perl 1969). The
coined name polymodal refers to responsiveness of these sensory end organs to three
different modalities: noxious heat, moderate-high mechanical, and chemical (acids)
stimuli. First evidence of a selective action of capsaicin on C-polymodal nociceptors
was obtained by the capsaicin-evoked selective collision of the C; compound action
potentials of the cat saphenous nerve which could be activated also by noxious
heat (Szolcsanyi 1977). In addition both electrophysiological and psychophysical
evidence for the thermodependence of its sensory effects on animals and humans,
respectively provided evidence that capsaicin selectively acts on C-polymodal noci-
ceptors (Szolcsdnyi 1977). Psychophysical assessments on human tongue and skin
also supported this conclusion. Immersion of the tongue into 1 % solution of cap-
saicin resulted in selective loss of chemonociception evoked by capsaicin, mustard
oil or zingerone without altering the recognition threshold concentrations of menthol
and taste stimuli evoked by NaCl, quinine, ascorbic acid, and glucose. These results
provided the first evidence that capsaicin is not a general chemosensory blocking
agent but its effect is restricted to physiologically well-defined groups of sensory
receptors identified as the C-polymodal nociceptors. Temperature discrimination
limens were inhibited in the warm and hot (44-45 °C) range, but sensation to tac-
tile and cold stimuli remained intact. On the blister base on volar skin, the pain pro-
ducing effect of capsaicin, bradykinin, or acetylcholine, but not that of potassium
chloride solution, was inhibited after topical application of a high, desensitizing con-
centration of 1 % capsaicin solution (Szolcsanyi 1977; Szolcsanyi and Pintér 2013).
The results provided the first set of evidence for a selective action of capsaicin on
nociceptors and for the thermo- and chemoanalgesic effect of capsaicin pretreatment
on human skin and tongue (Fig. 1.3).

Excitation and desensitization of cutaneous primary afferent units in the rab-
bit ear by close arterial injection of capsaicin fully supported its highly selective
action on this group of nociceptors (Fig. 1.4). Capsaicin did not evoke over a
100-fold dose range action potentials of C-mechanoreceptors, A-delta (AJ)
mechanical nociceptors, and all types of A3 and AP mechanoreceptors or
C-afferent cooling receptors (Szolcsanyi 1987, 1980). These sensory receptors
were neither desensitized to their natural stimuli after high doses of capsaicin.
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Fig. 1.3 Number of publications at keywords capsaicin nociceptor (a) and capsaicin human
pain (b) Arrows first publication on the lists (Szolcsanyi 1977)

It was interesting, however, that action potentials of C-polymodal nociceptors
to all three modalities of mechanical, chemical (bradykinin, xylene, capsaicin),
or noxious heat stimuli were suppressed or blocked. Desensitization of a single
C-polymodal unit to one kind of stimulation often was not paralleled by similar
changes in responsiveness to other modalities of stimulation and most units still
responded to one type of stimulation. Thus, it seems that the transducer processes
and not the conducting axons were impaired (Szolcsdnyi 1993, 1987). Notably, in
contrast to earlier findings close arterial injection of bradykinin in low but not in
high doses evoked action potentials exclusively on C-polymodal nociceptors but
not on other types of afferent fibers (Szolcsdnyi 1987). Topical application of cap-
saicin in 50 % DMSO on the skin of rat (Kenins 1982), or on the burn-induced
blister base in the cat (Foster and Ramage 1981), and on intact skin of humans
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(Konietzny and Hensel 1983) or monkeys (Bauman et al. 1991) as well single
unit studies after intradermal injection in the rat (Martin et al. 1987) or monkey
(Bauman et al. 1991) supported that capsaicin evoked action potentials only on
C-polymodal nociceptors, on A3 mechanoheat (polymodal) nociceptors, and also
on mechano-insensitive (MiH) or silent C-nociceptors (Szolcsdnyi 1993, 1996).
Interoceptors with axons conducting in C- and A8 range and excited by brady-
kinin and in some cases also by mechanical stimuli were shown to be excited and
desensitized by capsaicin. These results have recently been summarized elsewhere
(Szolcsanyi and Pintér 2013).
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Beyond the mechano-heat sensitive C-polymodal nociceptors (CMH) in the
skin of healthy human subjects, a smaller portion of C-nociceptors were mecha-
noinsensitive; most of them still responded to noxious heat (CH) but 6/67 units
were insensitive to physical stimuli (CMiHi) (Weidner et al. 1999). Nevertheless,
both C-polymodal nociceptor (CMH) (LaMotte et al. 1992; Schmelz et al. 2000a)
and CH and CMiHi nociceptors were activated by intracutaneous injection of
capsaicin (Schmelz et al. 2000a). Furthermore, topical application of mustard
oil or capsaicin sensitized the CMi nociceptors and several of them afterward
responded to mechanical stimuli (Schmelz et al. 1994). In another study, tonic
pressure on the human skin sensitized most of the C-mechano-insensitive units
and responded with action potentials after 20 s (Schmidt et al. 2000). It is impor-
tant to note that there is clear evidence that capsaicin-sensitive CMH and CMi
nociceptors mediate itch (Johanek et al. 2008; Han et al. 2013) and are mainly
responsible to mediate the axon reflex flare in human skin (Schmelz et al. 2000b).
Topical desensitization of the skin with high concentration of capsaicin abolished
the itch sensation (T6th-Kdsa et al. 1986). It is interesting that axon reflex flare
could be evoked also in pigs (Pierau and Szolcsanyi 1989), but not in rodents and
it is also mediated by CMi fibers (Lynn et al. 1996). After UV-B irradiation these
silent nociceptors are sensitized (Rukwied et al. 2008) as C-polymodal nocicep-
tors (Szolcsanyi 1987).

Taking together all these findings on the excitatory and blocking effects of cap-
saicin by recording activity of single sensory fibers the following conclusions can
be drawn:

(1) Physiological well-defined types of sensory units with unmyelinated (C) or
thin myelinated (A8) fibers are excited by capsaicin. The largest subgroup
of these capsaicin-responsive units are the C-polymodal nociceptors but in
monkeys, pigs, and humans considerable group of afferents are mechanically
insensitive albeit they could be sensitized sometimes under inflammatory con-
ditions to become mechanical responsive (Szolcsanyi and Pintér 2013).

(2) Mechanoreceptors with unmyelinated or myelinated axons cannot be acti-
vated and there is no evidence for their long-term blockade after capsaicin
application. Cold receptors are neither sensitive to capsaicin.

(3) After high capsaicin doses responsiveness of C-polymodal nociceptors is
inhibited to mechanical, thermal, and chemical stimuli. Complete dam-
age of these nociceptors, however, also could be elicited by higher doses of
capsaicin (Szolcsanyi and Pintér 2013). Nevertheless, there is functional
evidence that after capsaicin pretreatment loss of responsiveness of capsa-
icin-sensitive nerve terminals is not necessarily due to loss of nerve fibers.
Electrophysiological data support different stages of desensitization of the
nerve endings to natural stimuli (sensory desensitization) (Szolcsdnyi 1993;
Szolcsanyi and Pintér 2013).

(4) Large group of capsaicin-sensitive sensory receptors release neuropeptides
and induce neurogenic inflammation and other efferent tissue responses in
internal organs. Thus, they have dual sensory-efferent function (see later).



1 Capsaicin and Sensory Neurones: A Historical Perspective 11

1.4 Experimental Models for Capsaicin-Induced Blockade
of Nociceptors

1.4.1 Terminology

The traditional descriptive term of “capsaicin desensitization” simply refers to the
refractoriness of animals, human beings, or in vitro tissue preparations to capsaicin-
type agents which is accompanied in rodents by chemoanalgesia and impaired ther-
moregulation in a warm environment (Szolcsanyi 1993; Szolcsdnyi and Pintér 2013).
Owing to the present state of knowledge on operations and modulation of TRPV1
channels the term is now obsolete. It might have been different meanings and there-
fore should be avoided. Here the long-term functional unresponsiveness of capsaicin-
sensitive, TRPV 1-expressing neurons and their sensory nerve endings are summarized
which can be achieved by high doses of capsaicin or its congeners. Precise mecha-
nisms at the molecular level of unresponsiveness, shift of threshold or thermal
enthalpy, potency, or efficacy of agonists, modulators of the gating function of the inte-
grative TRPV1 cation channel to various stimuli are discussed in another chapter of
this book and see also recent references (Szolcsdnyi and Pintér 2013; Szolcsanyi and
Sandor 2012; Xia et al. 2011; Touska et al. 2011; Planells-Cases et al. 2011). In the
pharmacology “desensitization” means a decreasing responsiveness or refractoriness
to the action of a chemical agent, as declining gating of the TRPV1 or nicotinic recep-
tors to the respective agonists by recording at cellular level of currents, ion fluxes, or
other responses. For decreasing responsiveness to repeated application of an agonist
compound in isolated organs or isolated cells, the term tachyphylaxis is used although
in some publications they are also called desensitization. The term “desensitization” is
an accepted term also in sensory physiology and pharmacology referring to the change
of responsiveness of the sense organ to various stimuli (Szolcsanyi 1993; Szolcsdnyi
and Pintér 2013). In order to make it clear in this chapter for this functional block-
ade or diminished responsiveness of the capsaicin-sensitive primary afferent neurons,
the term “sensory desensitization” is used. The importance of this differentiation is
underlined by the fact that capsaicin-induced sensory desensitization involves all func-
tions of the nociceptive nerve terminals, while pharmacological desensitization of the
TRPV1 channel inhibits only those effects which are mediated by this cation channel.

1.4.2 Sensory Desensitization Induced by Capsaicin

Repeated application of capsaicin congeners in near threshold concentrations or
low doses in vivo or in vitro induces reproducible effects without desensitization
(Szolesanyi 1993; Szolesanyi and Pintér 2013; Szolcsanyi and Jancs6-Gédbor 1976).
At higher concentration ranges, however, a dose-dependent sensory desensitization
develops within minutes even under in vivo condition. Figure 1.4 (Szolcsanyi 1987)
shows that close arterial injection of capsaicin into the rabbit ear in doses of 20 jLg
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elicited similar burst of discharges on a single unit of C-polymodal nociceptor, while a
10 times higher dose induced desensitization and further increment in dose resulted in
unresponsiveness to capsaicin, although it still fired to an enhanced level of tempera-
ture or mechanical stimuli but not to bradykinin. Close arterial injection of 0.2 g cap-
saicin into the hindleg of the rat also evoked reproducible number of spikes on C- or
A3d single unit fibers of polymodal nociceptors (Szolcsdnyi et al. 1988). Instillation
of capsaicin congeners into the eye of rats produced similar reproducible nocifensive
wiping responses at low threshold dose range of the compounds and induced sensory
desensitization at higher doses. The sensory desensitization evoked by the compound
was related to the chemical structure and not to magnitude of the nocifensive reaction.
Thus, not excessive stimulation but strong binding of the agonist and lasting opening
the cation channel is responsible for the sensory desensitizing effect (Szolcsdnyi and
Pintér 2013; Szolcsanyi and Sandor 2012). It is interesting that under these condi-
tions no sensitization was observed although after subcutaneous (s.c.) injection of
capsaicin under the skin of rat’s hind paw (Szolcsanyi 1977) or after topical capsaicin
application on the skin of monkey (Bauman et al. 1991) or in an in vitro skin prepara-
tion (Guenther et al. 1999) sensitization of C-polymodal nociceptors to innocuous heat
stimuli was observed.

For studying the sensory desensitizing effect of capsaicin there is a large scale
of methods used in animal experiment:

(1) Topical application to the skin or instillation into the eye or applying to other
mucosal areas of airways, gastric mucosa, or urinary bladder induces local
desensitization. These latter scopes will be discussed in other chapters of the
book owing to their potential therapeutic relevance.

(2) Close arterial injection. It has the advantage of studying dose-related effects
with fast onset and short lasting exposure. Results of these treatments have
been discussed and an example is shown in Fig. 1.4. Subcutaneous injection
for regional sensory desensitization or neurotoxic damage of the cutaneous
sensory nerve terminals can be achieved.

(3) Subcutaneous or intraperitoneal injections of capsaicin in large doses particu-
larly in rats and mice is a common method for inducing long-term systemic
sensory desensitization. The lasting effects observed after pretreatment of adult
or neonatal animals—as has been compared mainly on rats—are qualitatively
different. Therefore, they are discussed separately.

(4) Perineural application around various nerve trunks in rats, mice, guinea pigs,
and other species.

(5) Intrathecal application.

(6) In vitro application to preparations of isolated organs, sensory nerve-peripheral
tissues, sensory nerve-spinal cord preparation, tissue slices, cultured dorsal or
trigeminal neurons and TRPV transfected cell lines are commonly used.

(7) TRPV1 gene-deleted mice and TRPV1 siRNA knockdown mice and recently
gene modified animals using Cre-recombinant knock in mice have provided
new scopes of evidence for the role of TRPV1 in various functions. Notably,
TRPV1 transfected cell lines has become indispensable means in high
throughput screening in drug development.
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1.4.3 Systemic Application in Adult Animals

In rats the antinociceptive effect of systemic capsaicin pretreatment lasts for
several days, weeks or months (Szolcsanyi 1993; Buck and Burks 1986; Holzer
1991; Szolcsanyi 1987b, 1990). In all reported studies the blockade of chemon-
ociception to large scale of agents was clearly shown, but antinociceptive effect
against noxious heat or mechanical stimuli resulted in controversial results. It
could be due partly to methodical differences. It was particularly striking that
although after topical application on the human skin there was a marked enhance-
ment in noxious heat threshold (Szolcsanyi 1990) in animal experiments when
testings with conventional models of hot plate, tail flick, radiant heat or plantar
tests which detect reflex latencies to suprathreshold stimuli the results were con-
tradictory. Furthermore, often the eye-wiping test to capsaicin (Szolcsanyi and
Jancs6-Gabor 1976) was taken as a level of “desensitization” to noxious chemical
stimuli, while physical stimuli were applied on other parts of the body. The first
study (Holzer 1991) to measure the threshold for different nociceptive stimuli on
the same skin area of the hind paw led to the following results. After a total s.c.
dose of 400 mg/kg given in five successive days, the blockade of chemonocic-
eption to xylene was complete for a week, and it remained inhibited for 25 days
while the enhanced noxious heat threshold returned slightly earlier. After pretreat-
ment with 150 mg/kg nociceptive thermal threshold increased by 2.5 °C for one
day, but returned to the control level on the fourth day. Slight enhancement in
the threshold of cutaneous mechanical stimuli lasted only for 1 week (Szolcsanyi
1987). Mechanical hyperalgesia due to chronic inflammation, however, was mark-
edly reduced in capsaicin pretreated rats (Barth6 et al. 1990). In contrast to all
these findings antinociceptive effect of capsaicin pretreatment on the capsaicin-
evoked eye-wiping test lasts after a dose of 50 mg/kg over 2 months (Szolcsanyi
1993; Szolesdnyi and Pintér 2013). Long-lasting antinociceptive effect of sys-
temic capsaicin pretreatment of adult guinea pigs (Buck et al. 1981) and mice
(Gamse 1982) were also reported. It is worthy to mention, that birds are not sen-
sitive to the irritant effect of capsaicin and after high dose of close arterial cap-
saicin injection desensitization to nociceptive chemical stimuli was neither evoked
(Szolcsanyi et al. 1986).

The long-lasting antinociceptive effect of capsaicin pretreatment is accompa-
nied by severe mitochondrial swelling of the small B-type neurons of the trigem-
inal or dorsal root ganglia (Jo6 et al. 1969; Szolcsanyi et al. 1975; Chiba et al.
1986). This ultrastructural damage was described also in some corneal nerve end-
ings after topical application of capsaicin (Szolcsanyi and Pintér 2013; Szolcsanyi
et al. 1975) and could explain the functional loss of the affected nociceptors
without frank degeneration. Peripheral and central nerve terminals of capsaicin-
sensitive primary afferent neurons are more vulnerable to systemic or intra-arterial
capsaicin doses. Thus in contrast to the cell body axon terminals but not the dorsal
root fibers degenerate after capsaicin pretreatment (Chung et al. 1990, 1985; Pethd
and Szolcsanyi 1996; Palermo et al. 1981). Furthermore, impaired mitochondrial
function with diminished ATP production could explain the characteristic fatigue
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of responsiveness of the affected sensory receptors (Szolcsanyi and Pintér 2013;
Szolcsanyi and Jancsé-Gabor 1976; Szolcsanyi 1990; Szolcsanyi et al. 1975). The
decreasing level of nocifensiveness to repeated application of a nondesensitizing
vanilloid e.g. zingerone should be taken into account to avoid overlooking a partial
desensitized state.

1.4.4 Systemic Treatment of Neonatal Rats

It was reported in 1977 by the group of Gabor Jancs6 that rats treated s.c. on the
second day of life with 50 mg/kg capsaicin produces within an hour massive acute
necrotic cell death of small B-type of primary afferent neurons. These animals
tested in the adult age failed to respond to capsaicin and in these animals neuro-
genic inflammation could not be elicited (Jancsé et al. 1977, 1987). One year later
Thomas Jessell, Claudo Cuello and Leslie Iversen made the remarkable discovery
(Jessell et al. 1978) that capsaicin pretreatment of adult rats selectively depleted
the sensory neuropeptide substance P from the sensory ganglia but not from other
tissues. Usage of capsaicin in neuropeptide research as a sensory neurotoxin was
one of the main reason why interest to capsaicin research increased in the eighties
as indicated on Fig. 1.2. For this purpose a model suggesting complete and selec-
tive loss of sensory neurons seemed to be more tempting than usage of rats treated
in the adult age. Several quantitative morphological studies confirmed the original
observation of Gdbor Jancs6 (1987) in respect of substantial loss of B-type neu-
rons and sensory unmyelinated C-fibers in adult rats after neonatal pretreatment. It
turned out, however, that loss of neurons is not restricted to the capsaicin-sensitive,
i.e., C-polymodal nociceptive neuronal population and several secondary changes
in the peripheral tissues and in the pain pathway was revealed which resulted in
contradictory conclusions (Holzer 1991; Cervero and McRitchie 1981). Most
importantly single unit studies showed an indiscriminate loss of sensory C-fibers
(Welk et al. 1984) and the spectrum of destructed primary afferent neurons
depended on the dose (Nagy et al. 1983). Selective degeneration of C-afferents
has been described in a lower dose range of 20-30 mg/kg dose and the com-
monly used 50 mg/kg induced 18 % loss of the myelinated fibers. Furthermore,
34 % loss of large light RT96 labelled A-type neurons was also described (Lawson
and Harper 1984). Further secondary changes are reviewed elsewhere (Szolcsanyi
2005; Holzer 1991; Szdke et al. 2002a).

Acute necrotic cell death was not observed after neonatal treatment of rats with
other TRPV1 agonists as resiniferatoxin (Szalldsi and Blumberg 1999; Szolcsanyi
et al. 1990) or anandamide (Szdke et al. 2002b) and in both cases again the selec-
tive, pronounced mitochondrial swelling in B-type sensory neurons was striking as
in rats treated with capsaicin in adult age. Furthermore, quantitative morphometry
provided strong evidence that there is no significant loss of neurons in trigemi-
nal ganglia for 5 days after neonatal capsaicin treatment (Szdke et al. 2002a). The
loss of neurons in trigeminal ganglia ensued on the next two weeks, but this loss
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was completely prevented by daily administration of 100 pg/kg s.c. NGF. The first
dose was given one day after the capsaicin injection, to avoid the interference with
the acute capsaicin effect.

It has been concluded that after neonatal capsaicin treatment few cells with
necrotic or apoptotic signs of degeneration observed shortly after the treatment
could be attributed to the asphyxia induced by capsaicin which evokes in this dose
range pronounced reflex apnoea, fall in blood pressure and heart rate (Szolcsanyi
et al. 1990) leading dose dependently to mortality even after adult treatments
(Szikszay et al. 1982). After treatment with other TRPV 1 agonists as resiniferatoxin
(Szolcséanyi et al. 1990) or anandamide which do not evoke the Bezold Jarish reflex
mitochondrial swelling in small type of neurons of dorsal root or trigeminal gan-
glia but not cell death was observed. In all cases of TRPV1 agonists these ultras-
tructural changes lasted for several weeks or months (Széllasi and Blumberg 1999;
Szolcsanyi 1993; Szolcsanyi and Pintér 2013; Szdke et al. 2002a; Szolcsanyi et al.
1990; Szdke et al. 2002b). Except for these mitochondrial changes there are quali-
tative differences between the endpoints of adult or neonatal capsaicin treatments.
An important difference should be underlined. Biological markers and sensory neu-
ropeptides missing in rats pretreated in the neonatal age summarized in different
reviews in several cases are not expressed in capsaicin-sensitive neurons (Buck and
Burks 1986; Holzer 1991). Thus, in contrast to the listed data there is no evidence
for expressing cholecystokinin, (CCK), vasoactive intestinal polypeptide (VIP), argi-
nine vasopressin, bombesin, or galanin in TRPV1-expressing capsaicin-sensitive
neurons (Szolcsdnyi et al. 1994). Another important point is the effect of capsaicin
treatment on wound healing. Trophic lesions in the skin and cornea in rats pretreated
at the neonatal but not in adult age were described by Carlo Maggi group (Maggi
et al. 1987; Abelli et al. 1993). Wound healing was not affected after perineural cap-
saicin treatment (Wallengren et al. 1999) although epidermal immunoreactive CGRP
and substance P fibers were markedly lost for at least 42 days (Dux et al. 1999).

1.4.5 Perineural Application

After perineural application of 1 % capsaicin the first evidence for a long-lasting
functional impairment of capsaicin-sensitive afferent responses proposed to be due
to substance P depletion was reported by Jancsé et al. (1980). Subsequent single unit
studies revealed that after a non-selective axonal blockade of this high concentration
of capsaicin lasting for 1-3 days, selective loss of C-polymodal nociceptors and an
increased noxious heat threshold of the remaining units are together being responsible
for the analgesic effect of this type of capsaicin treatment (Petsche et al. 1983; Pini
et al. 1990; Szolesanyi 1993; Szolcsanyi and Pintér 2013). The advantage of local-
ized degeneration of capsaicin-sensitive afferents and the long-lasting effect due
to degeneration of the fibers made this technique popular and was tested on sciatic,
saphenous, or vagal nerve trunks mainly on rats but occasionally also on the guinea-
pig, ferret, rabbit, cat, and monkey (Szolcsanyi 1993; Szolcsanyi and Pintér 2013).
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After 1 % capsaicin application significant antinociception against noxious heat or
mechanonociceptive stimuli lasted over 10 days (Szolcsdnyi 1987). In the concen-
tration range of 0.1-1.5 % long-lasting depletion of substance P was reported (Wall
1987). Furthermore, for a potential therapeutical usage of the highly potent resinifera-
toxin (RTX), perineural application was proposed in a concentration of 0.001 % which
produced noxious heat analgesia for 2 weeks (Kissin 2008). In a recent publication
(Browning et al. 2013), however, after perivagal capsaicin application degeneration
of vagal efferent motoneurons was also demonstrated suggesting a “critical re-evalu-
ation” in this field. Mechanism of neurotoxicity evoked by high concentration of cap-
saicin or RTX applied on nerve trunks remained enigmatic and could not be explained
on the basis of cytotoxicity described in vitro when high concentration of capsaicin
was applied to overexpressed cell lines or to cultured neurons of sensory ganglia
(Kissin 2008).

1.4.6 Local Desensitization by Subcutaneous Pretreatment

Topical application of capsaicin is already in the analgesic therapy for some neu-
ropathic and osteoarthritic pain states (Szolcsanyi and Pintér 2013). Therefore
this scope is discussed in other chapters of this book including the long-term loss
of epidermal sensory fibers after subcutaneous injection of capsaicin in humans
(Szolcsanyi 1993; Szolcsanyi and Pintér 2013). Under experimental condition in the
rat, sc. injection of capsaicin (5 pg/50 pl) induced enhancement of noxious heat and
mechanical nociception for 2 weeks (Szolcsanyi 1987). In respect of noxious heat
and noxious cold threshold changes induced, intraplantar injection of capsaicin, res-
iniferatoxin and N-oleoyldopamine (OLDA) were tested for several days. It has been
found that injection of TRPV1 agonists of capsaicin and RTX induced an enhanced
noxious heat threshold and shifted down the noxious cold threshold providing a
clear desensitizing effect in a dose dependent manner. The recovery from the cold
antinociception was, however, faster than that of the hot one indicating probably that
the sensory desensitizing/damaging effect of the nerve endings lasted not as long as
the vanilloid-induced diminished function of the noxious heat responsive TRPV1
thermotransducer. OLDA failed to elevate noxious heat threshold indicating its low
sensory desensitizing potency (Bolcskei et al. 2010). Plantar incision-induced heat
hyperalgesia was reduced by infiltration the plantar region by 0.025 and 0.1 % cap-
saicin similarly as after perineural capsaicin pretreatment while mechanical hyperal-
gesia was only slightly influenced (Hamalainen et al. 2009).

1.4.7 Intrathecal Application

The prolonged potent antinociceptive action of intrathecal capsaicin combined
with depletion of substance P in the dorsal horn reported by the group of Tony
Yaksh provided in 1979 the first evidence for the blockade of central terminals
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of capsaicin-sensitive nociceptors (Yaks et al. 1979). Damaged glomerular
C-type terminals of the dorsal horn localized with ultrastructural technique
proved the selective site of action (Palermo et al. 1981). Piperine and nonanoyl
vanillyamide together with capsaicin enhanced the tail flick latency in paral-
lel with the depletion of substance P and somatostatin, while the less pungent
capsaicin congeners were less effective or ineffective after central application
(Micevych et al. 1983) similarly as at the peripheral terminals for inhibition the
eye-wiping responses (Szolcsdnyi and Jancs6-Gabor 1975). Structure—activity
relationship between the potency of immediate neuropeptide release and long-
term antinociceptive effect was observed (Jhamandas et al. 1984). The highly
potent analgesic effect of intrathecal RTX application has been revealed in our
laboratories in 1993 (Szolcsdnyi et al. 1993). More recent detailed analysis and
therapeutical perspectives of intrathecal RTX application is discussed in a sepa-
rate chapter of this book.

1.4.8 Effect on In Vitro Preparation

Until the mid sixties of the last century few papers were published on the in
vitro effects of capsaicin on isolated preparations from mammals or on microor-
ganisms (Fig. 1.5) (Molndr 1965; Szolcsanyi 1982). Smooth muscle responses
already reported seemed to me interesting to reveal some new type of neurogenic
mechanisms mediated by some capsaicin-sensitive interoceptors. The first in
vitro evidence reported in 1978 fully supported this hypothesis. Capsaicin selec-
tively stimulated and subsequently abolished for hours the function of nerve end-
ings of extrinsic neurons which elicited a new type of neural efferent mechanism
(Szolesanyi and Barthé 1978; Barthé and Szolcsanyi 1978). This unorthodox
dual “sensory-efferent” function of “capsaicin-sensitive” nerve endings (Fig. 1.5)
turned out to revise the classical axon reflex theory (Fig. 1.6) and will be discussed
under a separate subheading. Subsequently several in vitro studies were reported
on the role of substance P and other neuropeptides and about their possible media-
tor role in the spinal dorsal horn of the nociceptive pathway. Wide range of reports
are summarized in several reviews (Buck and Burks 1986; Holzer 1991; Maggi
1995). The enhanced interest on capsaicin in the eighties (Fig. 1.2) could be attrib-
uted mainly to the high interest in neuropeptide-related research.

The first evidence that capsaicin (1-10 wM) selectively depolarizes and
evokes spikes on dorsal root ganglion cells supplied by C fibers was reported by
Heyman and Rang in (1985). A study on cell culture of dorsal root ganglia (DRG)
cells revealed earlier a major subgroup of neurons which were selectively activated
by bradykinin and as tested in some cases also to capsaicin (Baccaglini and Hogan
1983). The selective depolarization of vagal sensory C-fibers and cell bodies due
to enhanced conductance to sodium and calcium ions was subsequently described
together with the calcium-induced in vitro neurotoxic effect documented with
ultrastructural pictures (Marsh et al. 1987). Furthermore, several seminal papers
published by the Sandoz group from London analysed in detail the ion fluxes
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and their biochemical consequences (Wood et al. 1988; Winter et al. 1990) and
electrophysiological effects of capsaicin (Bevan and Szolcsanyi 1990; Bevan and
Docherty 1993). In a rat saphenous nerve—skin preparation in vitro the selective
excitatory effect of capsaicin on polymodal nociceptors was observed (Seno and
Dray 1993) in accordance with the in vivo data discussed earlier. Threshold con-
centration of capsaicin was around 100 nM on C-MH and A3-MH (polymodal)
fibers and up to 1-3 M no other types of sensory receptors were excited.

Another seminal observation in studies on phorbol esters made by Peter
Blumberg around the turn of the 1990s was the discovery that resiniferatoxin
(RTX) a tricyclic diterpene isolated from the fresh latex of Euphorbia resinifera
differs in actions from other phorbol esters and evoked responses on nociception and
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thermoregulation which resembled that induced by capsaicin. Capsaicin and RTX
molecule share a common vanilloid moiety linked to apolar regions (Fig. 1.1). After
the first in vivo studies were completed, a common spectrum of effects of these
vanilloids revealed that RTX has several orders higher potency than capsaicin, but
showed also some special features (Szolcsanyi et al. 1990; De Vries and Blumberg
1989; Széllasi and Blumberg 1989. Thus, RTX has become a promising tool and
Arpad Szallasi with Peter Blumberg introduced a H3RTX binding technique and ini-
tiated a series of extensive investigations on the “vanilloid receptor” (Szallasi and
Blumberg 1990). Full account of these achievements (Szallasi and Blumberg 1999)
are discussed in two other chapters of this book. Nevertheless, it is worthy to men-
tion that as early as in 1990 single patch recording from neurons of dorsal root gan-
glia showed evidence that capsaicin and RTX apparently gated the same ion channel
(Bevan and Szolcsanyi 1990). Furthermore, sympathetic neurons, neurofilament-
containing (A-type) neurons and non-neural cells were not sensitive to RTX or cap-
saicin and the two compounds acted on the same cells (Winter et al. 1990) as an
evidence also on a spinal cord-tail preparation (Dickenson et al. 1990).

Intrathecal application of capsaicin revealed the important scope of action of
capsaicin on the central terminals of the capsaicin-sensitive afferents in the spinal
cord (Dickenson et al. 1990). Two in vitro electrophysiological studies first sup-
ported these observations. The excitatory effect of capsaicin (10-20 pM) in a spinal
cord slice preparation was followed by a loss of slow excitatory postsynaptic poten-
tials (EPSP) (Urban et al. 1985). In the isolated spinal cord of the neonatal rat dorsal
root stimulation evokes a ventral root reflex on the conralateral side. The slow com-
ponent of the ventral root reflex but not the fast one was abolished after local (1 uM
for 30 min) or systemic (50 mg/kg s.c. 2 days before) capsaicin pretreatment (Akagi
et al. 1985). More recently it has been described that capsaicin (1 wM) increased the
glutaminergic miniature EPSP postsynaptic currents in lamina II dorsal horn second
order nociceptive neurons while the amplitudes of the “inhibitory postsynaptic poten-
tials” (IPSP-s) were inhibited (Pan and Pan 2004) or according to another study the
GABAergic miniature IPSP-were not changed (Kim et al. 2009).

1.4.9 Action of Capsaicin on the Brain

The first functional and morphological evidence that capsaicin has a site of action
in the brain was obtain more than 40 years ago within the series of analysing the
thermoregulatory effects of capsaicinoids (Jancs6-Géabor et al. 1970a; Szolcsanyi
et al. 1971. This aspect will be discussed under a separate subheading since it forms
the major obstacles for developing TRPV1 antagonist due to the common hyper-
thermic side effect of some otherwise promising drug candidates. Morphological
evidence using radioimmunoassay, H*RTX binding and in situ hybridization detec-
tions of TRPV1 mRNA resulted in positive effects in various brain regions although
quantitative estimations revealed about a 30 times lower level of expression in brain
areas than in the sensory ganglia (Caterina 2007). Using the TRPV1 reporter mice
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4 Fig. 1.6 a Theory of dual sensory-efferent function of capsaicin-sensitive nociceptors
(Reproduced from Szolcsanyi 1988 with the kind permission of Birkhduser Publishing House).
b Original concept of axon reflex theory. ¢ Revised axon reflex theory (Reproduced from
Szolcsanyi 1984 with the kind permission of Akadémiai Kiad6, Budapest). d Role of capsaicin-
sensitive nerve endings in gastroprotection. e Enhanced protection of gastric mucosa by intake
of low concentration of capsaicin (Reproduced from Szolcsanyi and Barthé 1981 with the kind
permission of Akadémiai Kiado, Budapest)

a highly sensitive technique TRPV1 was detected only in the posterolateral hypo-
thalamus with strong presence in primary sensory ganglia (Cavanaugh et al. 2011).
From the functional aspect particular attention was paid to sites of the descend-
ing inhibitory pain pathway and on the hippocampus. These unsettled issues on
the actions of capsaicin in the brain are discussed in another chapter and in several
recent reviews (Kauer and Gibson 2009; Steenland et al. 2006; Palazzo et al. 2008).

1.5 Efferent Function of Capsaicin-Sensitive Sensory
Nerve Endings

It was discovered by Nicholas Jancsé that pain producing agents evoke inflamma-
tion by stimulation of nerve endings which could be desensitized by capsaicin pre-
treatment (Jancsé 1955, 1964). In a posthumous paper written by his wife Aurelia
Jancs6-Gébor and myself as his coworker provided the first “direct evidence” for the
existence of neurogenic inflammation (Jancs6 et al. 1967). Cardinal signs of inflam-
mation as plasma extravasation through the interendothelical gaps of the contracted
endothelial cells of the post-capillary venules but not at the capillaries (Majno et al.
1961) and involvement tissue cells as histiocytes in storage of these proteins in
response to orthodromic or antidromic electrical stimulation of sensory nerve endings
were not shown earlier. Subsequently, in neurogenic inflammation of the airways the
sites on postcapillary endothelial gaps were confirmed and adhered leukocytes (mono-
cytes, neutrophils) and platelets were also detected (McDonald 1988). The axon
reflex flare reddening was analysed in detail by Thomas Lewis (1927, 1937), anti-
dromic vasodilatation described by Bayliss (1901) more than 100 years ago and even
the loss of mustard oil-induced chemosis in the denervated eye could be attributed to
responses of arterioles or in the last example the oedema could be due to the damaged
capillaries (Szolcsdnyi 1996). Our studies in addition provided evidence for the medi-
ating role of a subpopulation of nerve endings subserving chemogenic pain.

Could capsaicin-sensitive interoceptors also evoke similar dual sensory-efferent
tissue responses? This was the intriguing next question to be answered. With my
coworker Lordnd Barthé we started these works on in vitro preparations of isolated
organs. It turned out that on the classical preparation of the guinea-pig isolated ileum
capsaicin and mesenteric nerve stimulation elicit a new type of nerve-mediated con-
traction (Szolcsdnyi and Barthé 1978; Barth6 and Szolcsanyi 1978). Subsequently
we described capsaicin-sensitive neural responses in the rabbit ileum, guinea-
pig taenia coli and airway smooth muscle preparations (Szolcsanyi 1984, 1996;
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Maggi 1995). On the other hand it was striking that neural responses to stimula-
tion of vagal parasympathetic, mesenteric sympathetic, intramural cholinergic,
purinerg or substance P mediated peptiderg neuroeffector transmissions were not
affected. Thus the neuroselective action of capsaicin was proven for the first time
under in vitro condition (Maggi 1995). Therefore the term “capsaicin-sensitive” neu-
ral system with characteristic “sensory-efferent” function was introduced in 1978
(Szolcsanyi and Barthé 1978, 1979; Maggi 1995; Jancsé et al. 1968). Characteristic
features of this type of capsaicin sensitivity are: (1) Fast response from nanomo-
lar (10~8 M) concentrations of capsaicin; (2) Activation is followed after washing
out the compound by lasting—after micromolar range irreversible—neuroselec-
tive blockade of the capsaicin-responsive neuroeffector responses to electrically or
chemically induced stimulation without affecting neurotransmissions of classical
autonomic nerves; (3) Responses evoked by capsaicin are absent after chronic den-
ervation. Although up to 1 M concentration of capsaicin smooth muscle responses
to electrical stimulation of autonomic fibers remained unchanged, in the presence
of high concentration (from 3 x 10~> M) inhibition of responses to sympathetic
nerve stimulation was observed. This non-selective effect, is however, fully revers-
ible and recovers within minutes after washout the compound from the organ bath
(Szolcsdnyi and Barth6 1978). On isolated neurons of the dorsal root ganglia a simi-
larly reversible nonselective inhibition of outward currents was observed already in
the presence of 1 x 107> M capsaicin (Szolcsanyi 1990). These studies opened up
high interest in the field of neuropeptide research particularly to shed light on the
role of substance P, other tachykinins, CGRP or somatostatin as local regulatory pep-
tides. The increase in the number of papers on capsaicin during the eighties under
keywords of “capsaicin in vitro “or “capsaicin-sensitive” (Fig. 1.5) revealed several
important scopes of this new type of neural mechanism (Maggi 1995).

In contrast to the classical axon reflex theory (Szolcsanyi 1984; Caterina 2007,
Cavanaugh et al. 2011; Kauer and Gibson 2009; Steenland et al. 2006; Palazzo
et al. 2008; Majno et al. 1961; McDonald 1988; Lewis 1927) our results revealed that
the mediator of the capsaicin-sensitive efferent responses is released from the sensory
receptors and not through axonal collaterals from effector nerve terminals (Fig. 1.6).

More than 40 years ago we have shown that local anaesthetics instilled into
the rat’s eye did not inhibit the plasma extravasation evoked by capsaicin pro-
viding evidence for a mediator release from the nerve endings without involve-
ment of axonal conduction (Jancsé et al. 1968). I have also shown on the
guinea-pig isolated trachea that neurogenic contraction evoked by capsaicin
(3.3 — 330 x 1078 M), piperine (3.5 — 350 x 10~7 M) and two synthetic capsa-
icin congeners were neither inhibited by tetrodotoxin. Furthermore, under these
conditions, potency of the compounds to evoke efferent response run parallel
with their sensory receptor stimulating nociceptive effect (Szolcsanyi 1983a).
Thus, it has been suggested that capsaicin-sensitive sensory nerve endings have
dual sensory-efferent functions (Szolcsanyi 1984 ,1996, 1988) and in this way
form a new type of nerve terminals different from the classical autonomic effer-
ent and sensory afferent nerve endings which subserve unidirectional functions
in neuroregulation (Fig. 1.6).
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Further studies on effects of capsaicin in isolated organs supported (Maggi
1995; Németh et al. 2003; Maggi et al. 1988) or intended to modify slightly this
concept (Lundberg 1996) suggesting that axon reflexes are needed at thresh-
old concentration of capsaicin (10~8 M), but not at higher ranges. Jan Lundberg
group reported inhibition by tetrodotoxin or omega-conotoxin in the guinea-pig
perfused lung preparation (Lundberg 1996). We have revealed, however, (Németh
et al. 2003) that release of sensory neuropeptides (substance P, CGRP, somatosta-
tin) from the isolated rat’s trachea evoked by 10 nM capsaicin was not inhibited
by lidocaine (25 nM), tetrodotoxin (1 M) omega-conotoxin GVIA (100-300 nM)
and a low concentration (50 nM) of agatoxin TK while 250 nM agatoxin TK or
cadmium (200 wM) inhibited or completely prevented the release of these neuro-
peptides. In the light of the preferential opening of the TRPV1 channel to Ca™
over Nat (Caterina et al. 1997; Wood et al. 1988; Bevan and Szolcsanyi 1990) the
intracellular high Ca®* concentration to TRPV 1 activation could release neuropep-
tides probably even before the graded depolarization of generator potential open
the voltage-gated Ca2* and Na* channels for spike initiation (Fig. 1.6). Beyond
the conceptional novelty for neuroregulation this scope is important, since epider-
mal TRPV1-expressing arborizations of peptidergic fibers are also sites for neuro-
peptide release causing local effects on keratinocytes or on epithelial cells of the
conjuctiva, airways and various organs. This would not be expected when the clas-
sical axon reflex theory—which still seems to be is reiterated (Chiu et al. 2012)—
would be valid.

Further important point was, that antidromic stimulation of capsaicin-sensitive
dorsal roots evoked also in internal organs neurogenic inflammation and enhance-
ment of microcirculation. In rats segmental neurogenic inflammatory plasma
extravasation was shown to antidromic stimulation of lumbosacral dorsal roots on
genito-urinary organs and rectum (Pintér and Szolcsdnyi 1995) and enhancement
of microcirculation not only in the skin but also in the striated muscle of the rat’s
hindleg was detected with laser-Doppler flowmetry (Pérszdsz and Szolcsanyi 1994).
It is important to note that in rodents where the receptive field of polymodal nocic-
eptors is small, almost punctate no axon reflex flare could be seen, while in primates
(see earlier) and pigs (Pierau and Szolcsdnyi 1989) the large receptive field indicating
the wide arborization of the terminal axons was coupled with axon reflex flare evoked
by capsaicin or other irritants.

In order to obtain some evidence for the functional significance of this efferent role
of capsaicin-sensitive nerve terminals it seemed to be interesting to test the effects of
capsaicin on the stomach where the mucose is in contact with high acidity of the gas-
tric juice. Could capsaicin protect the mucosa by inducing enhanced mucosal micro-
circulation? Furthermore, capsaicin-pretreated rats are more prone for ulcer formation
than the controls? Our results in fact fully confirmed that it is the case (Szolcsanyi
and Barth6 1981, 2001) and the scheme on Fig. 1.6d and e, from our first publica-
tion seems to be still valid. Afterwards extensive studies of Peter Holzer from Graz
on the gastrointestinal mucosal protective effect of capsaicin in low concentration and
on the role of CGRP released from TRPV l-expressing nerve endings were revealed
several important new details in this field (Holzer and Sametz 1986). (For reviews
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Holzer 1991, 2007; Szolcsanyi and Barth6 2001). Clinical studies for gastroprotective
effect of capsaicin are in progress in Pécs (Mozsik et al. 2009) and data obtained on
humans are summarized by Gyula Mézsik in another chapter.

Final interesting point to refer here is the high efficacy of vasodilator effer-
ent function of capsaicin-sensitive nerve endings. Both in humans to transcuta-
neous electrical stimulation and in rats to dorsal root stimulation the frequency
optimum of enhancement in cutaneous microcirculation is much lower than that
required to elicit pain or nociception (Szolcsdnyi 1996, 1988).

A serendipitous observation revealed an even more interesting neurohumoral regu-
latory role of the capsaicin-sensitive nerve endings. In the course of experiments to
stimulation the cut peripheral end of dorsal roots in the rat a systemic antinociceptiv/
antiinflammatory effect mediated by the capsaicin-sensitive nerve endings was dis-
covered (Szolcsdnyi 1996; Szolcsanyi et al. 2011). A subgroup of TRPV1-expressing
sensory neurons store the neuropeptide somatostatin, which is also released when
these polymodal receptors are activated and—as measured—access into the circula-
tion producing a systemic “sensocrine effect.” Inhibition of the function of immune
cells, nociceptors, and neurogenic inflammation by nerve stimulation could be evoked
via sst4 and sst1 somatostatin receptors. Synthetic stable peptide (TT-232) or nonpep-
tides analogues being selective agonists on these receptors are potential analgesic/
antiinflammatory drug candidates without endocrine side effects which are mediated
by the other three somatostatin receptors. High efficacy to inhibit by sst4 agonists
neuropathic and complete Freund’s adjuvant (CFA)-induced hyperalgesia underlines
their potential usage as analgesics (Szolcsanyi et al. 2011; Pintér et al. 2006).

1.6 Effects on Thermoregulation

The heat-loss effect of capsaicin was described already by Hogyes (1878) and the
loss of capsaicin-induced fall in body temperature in rats, mice and guinea-pigs
was a good indicator for the state of “capsaicin desensitization” in early studies
of Nicholas Jancsé (1955). Beyond the obvious effect of capsaicin on peripheral
thermosensors the role of preoptic central warm sensitive thermodetectors was
analysed with involvement of my help in these experiments (Jancs6-Gdabor et al.
1970). Capsaicin activated several heat-loss thermoeffectors in rats as cutaneous
vasodilatation, inhibition of oxygen consumption at cool but not at thermoneutral
ambient temperature and in cats evoking sweating of the plantar skin and pant-
ing. Furthermore, in rats intrapreoptic microinjections of capsaicin interrupted
shivering and induced fall in body temperature (Szolcsanyi 1982; Szolcsdnyi and
Jancs6-Gabor 1973, 1975b; Pierau et al. 1986).

Particularly striking was the effect of capsaicin on thermoregulatory escape
behaviour from a warm environment. In the two setups we used the floor was
covered with plastic sheet, to minimize the involvement of cutaneous recep-
tors. In contrast to the controls after 1 mg/kg s.c. given capsaicin all rats escaped
from the heat chamber (39-41 °C) and their body temperature decreased by 4 °C
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(Szolcsanyi and Jancs6-Gédbor 1975b; Szolcsdnyi 2004). Rats pretreated 20 days
before with high capsaicin doses (50 4+ 100 mg/kg s.c.) could not cope their
body temperature to overheating (Szolcsdnyi 1982; Jancsé-Gdbor et al. 1970)
and remained in the heat chamber although their hyperthermia reached nearly
lethal level of 42 °C (Szolcsanyi and Jancs6-Gabor 1975b; Szolcsanyi 2004. In
striking contrast rats where the brain 5-HT level was depleted by p-chlorophe-
nylanine (PCP) treatment although they also showed enhanced hyperthermia in
the warm chamber their thermoregulatory behaviour was just the opposite to
that of the capsaicin pretreated animals. All PCP-treated rats left faster the warm
chamber than the controls indicating that their impaired physiological heat-loss
regulation was compensated by behavioural means (Szolcsdnyi and Jancsé-
Gabor 1975b). After desensitizing doses of capsaicin the rat’s body temperature
for 1-2 days was significantly higher at room temperature but after this period
their body temperature does not differ from that of the controls (Szikszay et al.
1982; Szolesanyi 1982; Szolcsanyi and Jancs6-Gabor 1973, 1970). Beyond cap-
saicin piperine, several vanillylamides and homovanilloylamides induced also
long-term/irreversible impaired thermoregulation lasting for several months
(Szolcsanyi 1982; Jancs6-Gdabor et al. 1970).

Thermoregulatory behaviour and physiological regulatory features of capsa-
icin pretreated rats do not support the concept that tonic activation of visceral
TRPV1 by nonthermal factors is the adjustable reference signal in thermoreg-
ulations as proposed recently (Romanovsky et al. 2009). Temperature selec-
tion of rats between two compartments differing in 5 °C differences was not
altered in capsaicin pretreated rats up to 25 °C ambient temperature. These rats
were pretreated with 50 + 100 mg/kg s.c. capsaicin 3—120 days before testing
and remained in the warmer chamber of 35 versus 30 °C, while the controls
choose the 30 °C. There was no sign of recovery of the disturbed thermoreg-
ulatory behaviour for 4 months. Slight tendency to avoid 40 versus 35 °C
was observed but it was still impaired as compared to the untreated controls
(Szolcsanyi 1983Db).

In respect of physiological thermoregulation of capsaicin pretreated rats there
was differential upward shift in threshold for activation various heat-loss mecha-
nisms. It was striking that rats with complete loss of heat avoidance behaviour at
35 °C ambient temperature responded with cutaneous vasodilatation in the tail
when their body temperature was increased only by 1 °C or their skin tempera-
ture by 4.4 °C (Szolcsanyi 1983). Nevertheless when the ambient temperature
was raised from 25 to 35 °C cutaneous vasodilatation started later at higher cuta-
neous and body temperatures than those of the controls. Furthermore, in con-
trast to the abrupt marked tail vasodilatation of the controls, the pretreated rats
responded with slowly developing vasodilatation which were often interrupted
with vasoconstrictor periods in an oscillatory manner. Heat-loss grooming was
rare and appeared at higher body temperatures. Thus the thermoneutral zone
shifted upwards, but various effector mechanisms switched on at highly differ-
ent levels which seems to be in accordance with the multiple thermostat theory
(Satinoff 1978).
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The role of central warmth sensors of the preoptic area as site of action of cap-
saicin are indicated by the following data:

1. In rats localized heating the preoptic area induces fall in body temperature with
vasodilatation and interruption of shivering. These responses are significantly
inhibited for days after systemic capsaicin pretreatment (Jancs6-Gabor et al.
1970a).

2. Microinjection of capsaicin into the preoptic/anterior hypothalamus (POAH)
(rat, rabbit) elicits coordinated heat-loss responses. After repeated capsaicin
application the responses are desensitized and these animals afterwards show
impaired heat-loss regulation (Szolcsanyi 1982; Jancs6-Géabor et al. 1970a;
Urban et al. 1985).

3. Microiontoforetic application of capsaicin into POAH cells excited most of
the warm-sensitive neurons and decreased the firing rate of the cold ones (Hori
1984).

4. After systemic capsaicin desensitization by s.c. administration (a) the heat-
loss responses to preoptic heating are inhibited (b) preoptic microinjection
of capsaicin induces only slight fall in body temperature (Jancs6-Gabor et
al. 1970a; Pierau et al. 1986) (c) proportion of thermoresponsive neurons
in POAH are significantly diminished (Hori 1981) (d) long-lasting ultra-
structural changes in some small type neurons of POAH were observed
(Szolcsanyi et al. 1971).

5. After preoptic lesions heat loss response to s.c. injection of capsaicin injec-
tion is diminished, shortened but not abolished (Szolcsanyi and Jancsé-Géabor
1975b).

Detailed description of the characteristics of POAH warm-sensitive units and
their responses to capsaicin and preoptic heating have been summarized in a thor-
ough review of Tetsuro Hori (1984).

Thus, presence of POAH warmth sensitive neurons and their sensitivity to
capsaicin is well established (Caterina 2007; Hori 1984) their integrative func-
tion in thermoregulation support the Hammel’s model (Boulant 2006) although
in this field neural pathways and hypothalamic circuitry is still under investiga-
tion (Morrison and Nakamura 2011). Particularly important is that capsaicin elic-
its a species-specific coordinated heat-loss response either when applied into the
POAH area or when it is applied subcutaneously. TRPV1 knockout (Szelényi et
al. 2004; Garami et al. 2011) and TRPV1 knockdown (Té6th et al. 2011) mice have
no profound alteration in basal body temperature except that in TRPV1 knockout
mice a slightly higher circadian fluctuation (Szelényi et al. 2004), preference for
a cooler floor temperature and their slightly higher thermoneutral zone for evok-
ing tail vasodilatation and lower oxygen consumption were described (Garami et
al. 2011). It is worthy to mention, however, that in TRPV1 reporter mice TRPV1
expression was also detected in the arterial walls which could participate in the
vascular effects (Caterina 2007). The most pronounced effect of capsaicin is on
the thermoregulatory behaviour against overheating is not coupled with impaired
regulation against cold. Temperature difference limen on the human tongue is also
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impaired in warm temperature range but not in the cold one (Szolcsdnyi 1977).
Certainly several important aspects of actions of capsaicin on thermosensa-
tion remained unanswered. The tempting hypothesis about the tonic not thermal
influence of TRPV1-expressing neural input into the thermoregulatory network
(Garami et al. 2010) still is not supported by convincing evidence, but I agree that
the TRPV1 channel itself “it is not” the principal transducer molecule for signal-
ing warmth in thermoregulation (Romanovsky et al. 2009).

1.7 Perspectives and General Comments

The highly selective action of capsaicin on the major subgroup of nociceptive pri-
mary afferent neurons and several lines of evidence for the existence of capsaicin
receptors supplied the clues for a successful functional genomic screening strategy
to isolate an unknown cDNA clone from dorsal root ganglia that reconstitutes a
nociceptive responsiveness in non-neural cells (Caterina et al. 1997). Thus, clon-
ing the capsaicin receptor has been a real breakthrough from several aspects for
basic neuroscience and particularly for drug development to open a new chapter
which could be denoted as the nociceptor blocking analgesics.

1. The receptor of capsaicin renamed to Transient Receptor Potential Vanilloid-1
(TRPV1) turned out to be a cation channel with integrative function
(Tominaga et al. 1998) directly gated by noxious heat (Cao et al. 2013), pro-
tons, capsaicin, RTX and several endogenous ligands as anandamide, lipox-
ygenase metabolites, oleoyldopamine, lysophosphatidic acid, arachydonyl
dopamine, 9-hydroxyoctadecadienoic acid (Szolcsanyi and Pintér 2013;
Szolcsanyi and Sandor 2012) Fig. 1.1.

2. It is a nocisensor transducer molecule of the plasma membrane which can
be activated not only by a variety of pain producing chemical agents but
indirectly it is stimulated or sensitized by activation other endogenous pain
producing mediators released in the tissues under acute or chronic inflamma-
tory conditions as bradykinin, prostanoids, nerve growth factor, chemokines,
serotonin, proteinase, ATP etc. (Huang et al. 2006; Szolcsanyi and Pintér
2013).

3. The structure of capsaicin receptor with six transmembrane domains and a
pore loop region between TM5 and TM6 segments is similar to a previously
described cation channel in the retina of the mutant Drosophila fruit flye
(Montell 2011). Hence its present name of TRPV1 was given on this ground.
After cloning TRPV1 a large group of TRP channels with at least 28 members
were cloned in mammalian species. Nine of them are gated by thermal stimuli
(six by heating, three by cooling) and they are often denoted as thermo-TRP
channels (Nilius and Owsianik 2011; Vay et al. 2012).

4. Gating function of TRPV1 channel is in several aspect different from the canon-
ical ligand-gated and voltage-gated channels (Szolcsanyi and Sandor 2012).
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The large-scale of chemical structures subserve the role for signaling noxious
events and opens the TRPV1 cation channel by acting on different parts of the
protein in a “multisteric” way (Szolcsanyi and Sandor 2012). It is not dedicated
to convey specific chemical messages in cell to cell communication as the
ligand-gated channels do. Although its chemical structure is similar to the K™
channels and TRPV1 can be activated by depolarization and particularly sensi-
tized the gating effects of thermal or capsaicin stimuli, its voltage-sensitivity is
in the non-physiological range which makes its role not primary importance in
function (Szolcsanyi and Sandor 2012).

. TRPV1 was the first channel which could be opened by thermal stimuli with

high Qqo, large enthalpy changes. Structural basis of conformational changes
in molecular rearrangement in noxious heat range is challenging for further
research (Szolcsanyi and Sandor 2012; Clapham and Miller 2011; Baez-Nieto
et al. 2011).

TRPV1 is expressed in most cases in homotrameric form but could be
coupled to a heterotetrameric arrangement with another nocisensor TRP
channel, the noxious cold and chemoceptive channel of Transient Receptor
Potential Ankyrin 1 (TRPA1) (Vay et al. 2012). In this way further pos-
sible tissue selective analgesic drug targets are emerging (Szolcsanyi and
Pintér 2013).

Highly interesting feature of gating the TRPV1 and TRPA1 channels is that
they show a phenomenon of “pore dilation™ after prolonged chemical activa-
tion (Szolcsdnyi and Pintér 2013; Chung et al. 2008; Banke 2011). In other
words after high capsaicin concentration larger cations up to 500 Da could
enter into the nerve terminal. Uptake of a quaternary lidocaine analogue
molecule of QX-314 induced selective local anesthetic blockade of TRPV1-
expressing nociceptors (Vay et al. 2012; Binshtok et al. 2007).

. “Pore dilation”, calcium overload, intracellular acidosis might contrib-

ute to the surprisingly selective mitochondrial swelling lasting for months
(Szolesanyi and Pintér 2013; Chung et al. 2008; Szolcsdnyi et al. 1971) which
seems to have primary importance to induce different severities of impairment
of nociceptor functions from functional desensitization to complete elimina-
tion of the central and peripheral terminals of the TRPV 1-expressing nocic-
eptive neurons which subserve not only pain, but itch, cough, and sneezing
(Szolcsanyi and Pintér 2013).

The selective site of action of capsaicin on nociceptors has been and will be
utilized as a powerful tool in clinical trials for testing analgesic, (Andresen
et al. 2011) antitussive drugs. Furthermore, in human settings important
insights in neural circuitry for central sensitization were revealed with the
help of capsaicin (LaMotte et al. 1991; Woolf 2011).

The exciting new horizons appeared with cloning the capsaicin receptor
TRPVI1 cation channel is in development of new analgesics with a target
on nociceptors. It is inevitable for the target-oriented drug industry to have
a transfected cell line for high throughput screening for TRPV1 antagonists.
First generation of compounds led to potent agents but some drug candidates
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had powerful effect of blocking also noxious heat sensation which induced
burn risk and some others induced either in preclinical or clinical studies
hyperthermia (Szolcsanyi and Sandor 2012; Vay et al. 2012; Kort and Kym
2012; Gunthorpe and Chizh 2012). Second generation of TRPV1 antagonists
seems to overcome these obstacles (Szolcsanyi and Sandor 2012; Kort and
Kym 2012; Gunthorpe and Chizh 2012).

Utilization of the nociceptor blocking/damaging effect of high concentration of
capsaicin applied topically, however, already resulted in the introduction the first
nociceptor-targeted analgesic drug in therapy of neuropathic pain. On the basis of
recent Cochrane Database, topically applied high-concentration (8 %) capsaicin
in chronic neuropathic pain patients (involving 2,073 participants including 1,272
with postherpetic neuralgia) established the efficacy which lasted at both eight and
12 weeks (Derry et al. 2013). On the other hand, low concentration of capsaicin
(0.075 %) applied several times daily over several weeks was “without meaningful
effect” on neuropathic pain patients (Derry and Moore 2012). More recent results
with the 8 % dermal patch from German pain centers revealed high level of pain
relief in HIV-associated neuropathy, postherpetic neuralgia, cervical spinal radicu-
lopathy and back pain (Treede et al. 2013).

These clinical data provide not only further step in treatment of patients with
severe persistent pain states but provide a conceptual message about the sig-
nificance of nociceptors in triggering neuropathic pain which certainly medi-
ate also chronic inflammatory pain. Revision of common view is needed which
suggests that “nociceptor pain” is a physiological signal in acute pain stages to
injury but play no role in pathological pain in which action potentials conducted
in nociceptive afferents was assumed to have negligible role. Owing to technical
and ethical burdens there are few microneurography studies which were against
this traditional view. These details will be summarized in another chapter of this
book. I refer here only to one recent study which documented by recording from
C-fiber nociceptors spontaneous activity in patients having painful polyneuropathy
(Kleggetveit et al. 2012).
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