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ABSTRACT 

The effects of capsaicin, the major pungent component of hot 

peppers, were assessed on neuropeptide levels and on sensory function 

in neonatal and adult rats and in adult guinea pigs. Systemic doses 

of capsaicin in rats treated while neonates or while adults produced 

marked depletion of substance P (SP) in dorsal roots plus ganglia (DRG) 

and in dorsal spinal cord without altering tail-flick latencies in 

the treated animals. Guinea pigs had several-fold higher levels of 

SP than did rats in DRG and dorsal cord. In adult guinea pigs, 

systemic doses of capsaicin as low as 2.5 mg/kg depleted SP in DRG 

while a 10 mg/kg dose depleted the peptide maximally in DRG (85% 

decrease) and in the dorsal cord (35% decrease). High doses of cap

saicin in guinea pigs had no consistent effects on levels of radio

immunoassayable cholecystokinin (CCK). vasoactive intestinal poly

peptide. or somatostatin although a transient decrease in CCK levels 

was observed four days after dosing in DRG and in ventral cord. A 

single 5 mg/kg dose of capsaicin rendered animals completely insensi

tive to chemical irritation of the cornea without affecting sensitivity 

to noxious heat. Higher doses of capsaicin produced a marked insensi

tivity to nociceptive and non-nociceptive heat as well as to chemical 

irritation without affecting other sensory modalities. The SP depletion 

and sensory deficits produced by a single 50 mg/kg dose of capsaicin 

were still evident ten weeks later. The pattern of selectivity of the 

xi 



xii 

sensory deficits produced by capsaicin differed from that produced 

by morphine which was active against all forms of nociceptive stimuli. 

High doses of capsaicin also induced skin lesions and corneal opacities 

in guinea pigs. The syndrome of sensory effects produced by capsaicin 

in guinea pigs closely resembles the pattern of sensory deficits in 

familial dysautonomia, an autosomal recessive disorder in which there 

is a disappearance of SP from the substantia gelatinosa of the spinal 

cord. The results indicate that in the guinea pig capsaicin is potent 

at producing a unique, long-lasting syndrome of peripheral sensory 

deficits that may result from an action of the compound on SP-con

taining primary afferent neurons. Capsaicin is a valuable pharmaco

logical tool for investigation of the neurochemistry and neurophysiology 

of primary afferent neurons and animals treated with the agent may be 

useful laboratory models of some forms of peripheral neuropathy. 



xiii 

" ••• The synaptic endings in the central system represent only 

one end of these dorsal-root fibres. Are we to expect that the 

transmitter at their central, synaptic endings would also be 

functional at their peripheral endings, and possibly be there 

concerned with transmitting the so-called antidromiG vaso-

dilator action? We have clearly no right to assume it; on the 

other hand, there is no justification for regarding as impossi-

ble, a priori, the possession by a single substance of two 

transmitter actio.ns apparently so unrelated •••• " 

Sir Henry Dale, Final Open Post-Graduate 
Lecture, University of St. Andrews Medical 
School, Dundee, March 13, 1952. 

(From An Autumn Gleaning - Occasional 
Lectures and Addresses, by Si r Henry H. 
Dale, Intersc;ence Publishers, New York, 
1954) 



INTRODUCTION 

In the mammalian organism, sensory information from the external 

environment, as well as information from internal organs, is transmitted 

by primary afferent neurons to the central nervous system (CNS). These 

sensory neurons have cell bodies which are found in ganglia lying 

alongside the spinal cord (dorsal root ganglia) and along certain 

cranial nerves (cranial nerve ganglia). These two kinds of ganglia are 

together referred to as cerebrospinal, craniospinal, or sensory ganglia. 

Primary Afferent Neurons 

Anatomy 

Mammalian sensory ganglia contain cell bodies that are generally 

either ovoid or fusiform in shape. These sensory neuron somata may 

range from 15-100 microns in diameter and diameters spread over this 

entire range are usually found in each ganglion. Each neuronal soma 

contains a nucleus, mitochondria, protein synthetic machinery, and an 

extensive Golgi system with associated lysosomes. Many cell bodies con

tain high concentrations of small (5-15 nm in diameter) dense-cored 

vesicles which are reminiscent of amine storage vesicles but which 

do not exhibit catecholamine-specific fluorescence. The number of cells 

in spinal senso~ ganglia ranges from several thousand in some ganglia 

of lower vertebrates to as many as 35,000 in certain ganglia of higher 

primates. There is some histological evidence for the existence of at 

1 
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least two biochemically different kinds of dorsal root ganglion cells: 

1) a population of large pale cells (Type A) and 2) a population of 

small dark cells (Type B) which are more basophilic, argyrophilic, and 

osmiophilic. The functional significance of these differences is 

unknown. Even though most ganglionic cell bodies possess acid phospha

tase activity, a population of smaller somata contains fluoride

resistant acid phosphatase which is transported centrally into the pro

cesses of these cells projecting to the dorsal horn of the spinal cord. 

It has been suggested that this fluoride-resistant acid phosphatase is 

contained in sensory neurons mediating pain (Knyihar, Laszlo, and 

Tornyos, 1974) and recent observations with the compound capsaicin are 

consistent with this hypothesis (vide infra). Several investigators 

have reported the possible existence of ectopic autonomic ganglion cells 

in some mammalian sensory ganglia and SIF (Small Intensely Fluorescent) 

cells have also been observed in cranial nerve sensory ganglia. There 

is little evidence for neuronal intercommunication of the putative auto

nomic cells with sensory ganglia neurons. The SIF cells are found in 

close association with blood vessels, are chromaffin-like rather than 

sensory cell-like, and receive synaptic input of apparently non-sensory 

origin (Lieberman, 1976). 

Each sensory neuron cell body gives rise to a single stem pro

cess or initial tract which passes for some distance and then sends off 

two branches, one directed centrally toward the dorsal root and one 

directed peripherally to the field of innervation. The stem process may 

be myelinated or unmyelinated depending on the type of sensory neuron, 
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and both processes will be correspondingly myelinated or unmyelinated. 

The number of unmyelinated central and peripheral neuronal processes is 

generally greater than the number of myelinated processes in each spi

nal sensory nerve tract, sometimes by as much as two-fold. The total 

number of central or peripheral neuronal processes in a tract usually 

matches microscopic counts of the total number of cell bodies in the 

ganglion of that tract but there are occasional disparities. One reason 

for this may be the interesting observation that there are apparently 

some dorsal root ganglion cells which send their central processes first 

peripherally and then back centrally through the ventral root. As many 

as 25% of the unmyelinated neuronal processes in ventral roots are sen

sory and in humans they may conduct pain sensation (Hosobuchi, 1980). 

In some species, most of these ventral sensory processes are from 

neurons which innervate visceral organs. Mitochondria, smooth 

endoplasmic reticulum, and dense-bodied lysosomes protrude into the axo

nal stem process for some distance and microtubules and microfilaments 

pass through the stem process into both the central and the peripheral 

process. It is interesting that more microfilaments seem to pass into 

the central process than into the peripheral process and vice versa for 

microtubules. This has been postulated to reflect the fact that the 

peripheral process receives greater net somatofugal axoplasmic 

flow than the central process although both processes do exhibit both 

orthograde and retrograde flow. Fifty percent less protein is 

trcnsported centrally than peripherally in feline sensory nerves and 

extraction of proteins after radiolabeled amino acid injection into the 
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dorsal root ganglion has revealed distinctly different major peaks in the 
" 

two differently directed processes (Lieberman, 1976). As much as 95% of 

the substance P, an undecapeptide thought to be a neurotransmitter in 

certain sensory neurons (vide infra), synthesized in dorsal root ganglia 

is transported peripherally (Brimijoin et al., 1980). 

Neurophysiology 

Bannister (1976) has proposed that the role of primary afferent 

neurons can be divided into four stages: 1) stimulus accession, in which 

the stimulus must pass through intervening tissue to reach the sensory 

receptor; 2) stimulus transduction, in which the stimulus produces a 

change in the electrochemical polarity of the appropriate receptor 

membrane; 3) action potential generation, in which the change initiates 

a series of action potentials in the nerve fiber and the fiber conducts 

these into the spinal cord; and 4) neural processing, in which the 

neuronal signals from the primary afferent are conducted into second and 

higher order pathways in the eNS where analysis and integration take 

place. The somata of sensory neurons maintain a resting membrane poten-

tial of -20 to -90 mV but they are probably not essential for 

transmission of impulses into the spinal cord. A slight delay in 

transmission that does occur in the ganglion is probably centered at the 

junction of the two neuronal processes. In some sensory neurons, an 

impulse can reach the spinal cord before it has spread over the entire 

cell body of that neuron. Spontaneous action potentials do not usually 

originate in the cell body membranes of dorsal root ganglion cells but 

when in vitro cultures of sensory neurons are studied, spontaneous 
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action potentials can sometimes be detected. Cells in which this spon

taneous activity is propagated only centrally and others in which it is 

propagated only peripherally have been reported. It is not clear 

whether this spontaneous activity has a physiological significance under 

in vivo conditions or if it is just a response to the abnormal culture 

conditions (e.g., a neurotrophic response)(Lieberman, 1976). The 

generator potentials produced by activation of the sensory receptor pre

sumably result from changes in membrane conductance to small inorganic 

ions. The dynamic component of the potential apparently results from an 

influx of K+ and the static component from an influx of Na+. Impulse 

initiation occurs when the generator potential reaches a pacemaker 

region of the fiber which is located close to the sensory receptor. The 

frequency with which impulses are initiated depends on the amplitude of 

the generator potential which itself is related to both the stimulus 

size and duration. After this point, the stimulus information in the 

sensory neuron is a frequency-coded response. It has been observed 

that there is a linear relationship between generator potential 

amplitude and impulse frequency, that adaptation can occur such that a 

sustained generator potential may initiate fewer impulses over time, and 

that the maximum frequency of impulses depends on the size of the sen

sory neuron fiber (Bannister, 1976). 

Two systems of classification are used for peripheral nerves, 

including sensory neurons. The first is based on the shape of the com

pound action potential from a nerve trunk with A waves representing the 

myelinated somatic axons (A fibers) and C waves representing unmyelinated 



axons (C fibers) including both primary afferent and autonomic 

efferent fibers. The A fibers are further subdivided into A-alpha and 

A-delta. A second classification system depends on axonal diameters 

where group I (greater than 12 microns) are absent in cutaneous nerves, 

group II range from 6 to 12 microns (and correspond to type A-alpha), 

group III range from 1 to 6 microns (and correspond to type A-delta), 

and group IV are unmyelinated with diameters less than one micron (and 

correspond to type C fibers). The larger myelinated axons conduct 

impulses faster than smaller myelinated axons and substantially faster 

than unmyelinated fibers (Iggo, 1974). 

Sensory Modalities 

6 

Corpuscular cutaneous sensory receptors are classified as either 

encapsulated or unencapsulated. Encapsulated receptors are so-called 

because the nerve endings are completely surrounded by a capsule, 

usually lamellated, of non-nervous tissue. Each encapsulated receptor is 

innervated by a myelinated fiber although an additional unmyelinated 

fiber may be present. These receptors, which include Pacinian cor

puscles, Golgi-Mazzoni receptors, and Ruffini endings, are mechanical 

sensors with different receptors responding to the presence of the 

the stimulus or to the velocity, static displacement, or frequency of 

stimulus application. Unencapsulated corpuscular receptors include 

Merkels touch spots and cold receptors, the latter being an epithelial 

cell-neurite complex in the basal epidermis. Non-corpuscular receptors 

include unmyelinated free nerve endings and nerve endings which inner

vate hair follicles. Unmyelinated axons are the most abundant 



type of cutaneous sensory fiber and some of these fibers are 

thought to be associated with pain. The free nerve endings are usually 

a bundle of several axonal terminals ensheathed by a single glial cell. 

Some branches of the axons may actually penetrate into the epidermis 

where they lose the glial cell sheath. No morphological differences 

among free nerve endings have been observed although functional dif-

ferences exist. Both large hollow-cored and small dense-cored vesicles 

have been seen in free nerve endings (Kruger, Perl, and Sedivec, 1981). 

In addition to receptors responding to specific aspects of 

7 

mechanical stimulation, there are primary afferent sensory neuron recep-

tors which are sensitive to specific thermal stimuli. Cold receptors, 

whi ch are innervated by A-delta fibers, have thei r mi nimum basal fr'e-

quency at about 28° C and increase firing when the temperature goes 

below this point. Warm receptors, in contrast, are innervated by C 

fibers and have their maximum static frequency at about 45° C and dimi-

nish in activity on either side of this point. Above 45° C, the warm 

receptors respond with a new static pattern while when cooled they 

respond with a period of inhibition of firing. Iggo (1974) has observed 

some thermal receptors which are activated only by temperatures above 

about 48° C - nociceptive heat receptors. 

There are two distinct kinds of nociceptors - sensory nerve 

endings responding exclusively to potentially damaging stimuli - in mam

mals. These nociceptors are innervated either by A-delta fast-

conducting fibers (fast, sharp pain) or by C fibers (slow, dull pain). 

The first kind of receptor is exclusively a mechanoreceptor which 



responds only to painful mechanical stimuli. The second kind consists 

of polymodal receptors of which there are two subclasses: 1) those sen

sory neurons responding to extreme mechanical stimuli and to either 

heating or cooling and 2) those polymodal sensory neurons responding 

equally well to nociceptive mechanical stimuli, nociceptive heat 

stimuli, and to chemical irritants on the epidermis. This latter poly

modal nociceptor neuron presumably has some of its free-ending axons in 

a relatively superficial location of the epidermis. 

8 

Mammalian muscles and visceral organs also contain sensory 

receptors innervated by primary afferent neurons. The sensory modalities 

represented in muscle include some of the above as well as more special

ized movement detectors. Visceral organs also contain sensory neurons 

of most of the aforementioned sensory modalities but it is not entirely 

clear for organs that the same kinds of nociceptors are present. There 

are specialized chemoreceptors present in taste buds and in the nasal 

mucosa. In the mammalian vascular system, there are important stretch 

receptors innervated by A-delta and C fibers in the aortic arch. There 

are also chemoreceptors in the carotid body respond~ng to gas levels and 

pH of aortic blood. These latter sensory elements are similarly inner

vated by both A-delta and C fibers. 

Two major patterns of sensory neuron responses can result from 

activation of specific sensory receptors. In the first, as is the case 

for cold and warm receptors, an on-going basal pattern of impulse pro

duction can be modified by the appropriate stimulus such that a new pat

tern, either an increase or a decrease in firing, is initiated. Certain 
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mechanoreceptors, on the other hand, are quiescent in the absence of 

stimulation and respond to a stimulus with initiation of a surge impulse 

or a train of impulses (lggo, 1974; Bannister, 1976). 

Sensory Neuron Neurotransmitters 

The evidence is substantial for a role of substance P as a 

neurotransmitter or neuromodulator in certain primary afferent neurons. 

This evidence will be covered in detail later in the Introduction. 

There is some evidence for glutamate as a neurotransmitter, as well, in 

that it is a potent excitatory agent on spinal cord neurons and it is 

found in central roots and in dorsal root ganglion cells. However, it 

has been reported that dorsal rhizotomy does not deplete dorsal horn 

levels of glutamate and that the amino acid does not accumulate on the 

ganglionic side of a ligation of the dorsal root. Thus, the role of 

glutamate in sensory neurons is not clear. Acetylcholinesterase occurs 

in dorsal root ganglion cells but there have not been any reports of 

acetylcholine in sensory neurons. Dopamine and norepinephrine have both 

been reported to occur in dorsal roots (Lackovic and Neff, 1980) but the 

absence of catecholamine fluorescence and immunohistochemically detec

table tyrosine hydroxylase in ganglionic somata (Johnson, 1981; Pearson, 

1981) make it unlikely that catecholamines occur in primary afferent 

neurons. Several neuropeptides other than substance P have been 

observed by immunohistochemical techniques in dorsal root ganglia somata 

but the evidence for a neurotransmitter role for most of these is scant 

(see Buck et al., 1982). 

The neurochemical basis of transduction in nociceptors is 
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unknown. Substance P has been suggested as a mediator of certain kinds 

of inflammation but the peptide itself does not produce a pain sensation 

on peripheral administration. Histamine~ bl~adykinin, and K+ ions are 

released from damaged cells and increase the sensitivity of cutaneous 

nociceptors on subcutaneous administration. They also produce the sen

sation of itch in human peripheral tissues. These chemicals may be 

involved in th~ responses that occur in inflamed tissue but it is un

likely that any of them is the mediator of rapid nociceptor reactions 

(Iggo, 1974; Bannister, 1976). 

Substance P 

Discovery and Identification 

In 1931, von Euler and Gaddum produced an extract of certain 

mammalian tissues that was a strong depressor of the blood pressure in 

anesthetized rabbits and that produced contraction of the rabbit duode

num in vitro. In Gaddum IS 1 aboratory in London, thi s acetone-powder 

extract was casually referred to as substance P (P for powder), a name 

that has survived for half a century. The active ingredient of this 

extract was postulated not to be histamine or acetylcholine because 

these depressor substances did not qualitatively resemble the 

extract in activity and antagonists available at the time did not block 

substance P (SP). Of the tissues examined, extracts of brain and small 

intestine had the most SP activity. Gaddum and Schild (1934) continued 

to investigate SP and developed several methods to partially purify the 

active principle from other depressor substances in mammalian tissues. 
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In 1936, von Euler proposed that SP was protein-like because its biolo

'\:i'ital activity was destroyed by peptidases. This susceptibility to cer

tain enzymes helped to distinguish SP from other polypeptides with 

similar biological actions. In subsequent studies of the actions of SP 

on the gut, it became evident that the tissue extracts were extremely 

active in producing contraction. The goldfish intestine preparation and 

the guinea pig ileum became accepted bioassay systems for estimating the 

amount of SP in biological samples. Routinely, an antihistamine, atro

pine, and an antiserotonin agent were included in the in vitro prepara

tions to prevent contractions produced by histamine, acetylcholine, and 

5-hydroxytryptamine (serotonin), respectively. In 1953, Gaddum reported 

that prolonged incubation of the guinea pig ileum with high con

centrations of SP resulted in a marked desensitization to the gut

contracting activity of subsequent applications of SP. This desen

sitization was specific in that there was no desensitization to 

contractions produced by histamine, acetylcholine, or 5-hydroxytryp

tamine. This specificity also helped to confirm that SP was distinct 

from other polypeptide substances which contracted the isolated gut 

(i.e., bradykinin, kallidin, substance A, and other unknown polypeptides 

that had been isolated from mammalian tissues). 

Not surprisingly, numerous research groups became actively 

involved in the effort to purify and identify the active ingredient that 

had been designated SP. What is surprising is that this was 

accomplished only in 1970 serendipitously. In the laboratory of Dr. 

Susan Leeman at Brandeis University, several students had succeeded in 
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isolating and purifying to homogeneity an acid-extractable peptide from 

bovine hypothalami that stimulated salivation in the rat. While 

writing his doctoral dissertation on the biological activities of this 

peptide, one of the students, Michael Chang, was struck by the simi

larity between the actions of the hypothalamic peptide and the reported 

biological actions of SP. In addition, the amino acid composition of 

Leeman's peptide was compatible with what was known for the partially

purified SP (Chang and Leeman, 1970). With the help of peptide chemists, 

these investigators soon determined the amino acid sequence of their 

peptide (Chang, Leeman, and Niall, 1971). Solid phase synthesis of 

Leeman's peptide was then accomplished and comparison of the biological 

activity of the synthetic material to that of tissue SP was carried out. 

The synthetic peptide possessed the same ability as SP to lower blood 

pressure, induce contraction of the guinea pig ileum, and induce saliva

tion (Tregear et al., 1971). Leeman's laboratory then produced an anti

body to synthetic SP and the distribution determined by radioimmunoassay 

(RIA) was identical to that which had been estimated by bioassay (Powell 

et al., 1973). Thus, these studies and others led to the conclusion 

that the hypothalamic peptide isolated in Leeman's laboratory was 

actually SP (Figure 1). 

Postulated Neural Functions 

Measurement by RIA and immunohistochemical visualization of SP 

in the mammalian CNS disclosed a non-uniform pattern of distribution. 

In the brain, high levels of immunoreactivity were found in the basal 

ganglia, the sUbstantia nigra, the interpeduncular nucleus, and in the 



13 

ARG-PRO-LYS-PRO-GLN-GLN-PHE-PHE-GLY-LEU-MET-NH 2 

Figure 1. Amino Acid Sequence of Substance P. 
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hypothalamus (Brownstein et al., 1976; Kanazawa and Jessell, 1976). In 

the substantia nigra, the levels of SP approached 1 nmole/g of tissue 

which is the highest level of the peptide ever reported in any mammalian 

tissue. Using elegant immunohistofluorescence techniques which they 

developed, Hokfelt's group observed dense concentrations of SP-

positive neuronal fibers in the substantia nigra and positively-

stained cell bodies and fibers in the corpus striatum (Ljungdahl, 

Hokfelt, and Nilsson, 1978; Ljungdahl et al., 1978). Lesion studies 

have indicated that most of the nigral SP fibers originate from neurons 

in the anterior striatum and pass to the nigra via the internal capsule 

and medial globus pallidus (Mroz, Brownstein, and Leeman, 1977; Hong et 

al., 1977; Kanazawa, Emson, and Cuello, 1977). These striatonigral SP 

fibers are anatomically distinct from but travel in close association 

with gamma-aminobutyric acid-containing striatonigral neuronal processes 

(Brownstein et al., 1977; Gale, Hong, and Guidotti, 1977; Jessell et 

al., 1978). In the substantia nigra, the peptide-containing fibers have 

been visualized to terminate in close association with cell bodies that 

stain positive for tyrosine hydroxylase, presumably the nigrostriatal 

dopaminergic neurons of the extrapyramidal system (Ljungdahl et al., 

1978). 

In the substantia nigra, the SP immunoreactivity is located in 

the synaptosomal fraction of tissue homogenates (Duffy, Mulhall, and 

Powell, 1975). Chemical or electrical depolarization of nigral slices 

in vitro produces a Ca++-dependent release of SP (Schenker, Mroz, and 

Leeman, 1976; Jessell, 1978). Gamma-aminobutyric acid, which inhibits 
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nigrostriatal dopaminergic neuron activity, inhibits the K+-stimulated 

in vitro release of SP but does not affect the basal efflux of SP. The 

inhibitory action of gamma-aminobutyric acid was blocked by picl'otoxin, 

a gamma-aminobutyric acid receptor antagonist (Jessell, 1978). 

Iontophoretic application of SP onto spontaneously active 

neurons in the substantia nigra produced an increase in firing of many 

of these neurons (Davies and Dray, 1976). lntranigral infusion of the 

peptide increased tritiated dopamine efflux in the ipsilateral caudate 

nucleus and the unusual method of intranigral injection of SP antibodies 

reduced dopamine release in the caudate (Cheramy et al., 1977, 1978). 

In addition, systemic administration of dopamine receptor agonists and 

antagonists to rats apparently produces a dopamine-receptor mediated 

modulation of the striatonigral SP pathway that is reflected by altered 

levels of the peptide in the substantia nigra (Hanson et al., 1981). 

Direct application of SP into the substantia nigra of rats in vivo indu

ces rotatory behavior that is characteristic of nigrostriatal dopami

nergic neuron activation (Olpe and Koella, 1977). Intraventricular 

administration of SP induced locomotor and grooming behavior and speci

fically reversed tIle behavioi~al decrease caused by high haloperidol 

doses (Jolicoeur et al., 1980). These data suggest that SP is a 

neurotransmitter or neuromodulator in a striatonigral neuronal pathway 

that is linked to the ascending nigrostriatal dopaminergic pathway. In 

investigations of SP levels in basal ganglia and substantia nigra in 

Huntington's disease, the peptide is depleted in a region-specific 

manner from the nigra and basal ganglia (Kanazawa et al., 1979; Emson et 
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al., 1980; Buck et al., 1981}. In this disease state, then, the bioche

mical results are consistent with SP being intimately involved in the 

function of the striatonigral-nigrostriatal neuronal loops. 

The high levels of SP in the interpeduncular nucleus are present 

in dense plexuses of neuronal fibers. Lesion studies have indicated 

that the cell bodies of origin of these fibers lie in the medial habe

nula and ~re distinct from those found primarily in the lateral habenula 

which give rise to the heavy cholinergic innervation of the interpedun

cular nucleus (Mroz, Brownstein, and Leeman, 1976; Hong, Costa, and 

Yang, 1976; Ljungdahl, Hokfelt, and Nilsson, 1978; Ljungdahl et al., 

1978; Cuello et al., 1978). Iontophoretic application of either SP or 

acetylcholine onto neurons in the interpeduncular nucleus resulted in the 

finding that most neurons here responded to both agents with excitation. 

Stimulation of the habenula caused excitation of interpeduncular cell 

bodies which was almost completely blocked by atropine suggesting that 

the cholinergic innervation of the nucleus predominates over the SP 

innervation (Sastry, 1978). 

Substance P-containing neurons have been observed in high con

centrations in some other brain regions as well, but these have not been 

extensively studied (see Nicoll, Schenker, and Leeman, 1980). 

Potassium-induced release of SP has been shown in in vitro hypothalamic 

slices but the hypothalamic actions of the peptide have only begun to be 

investigated (Iversen, Jessell, and Kanazawa, 1976; Ogata and Abe, 

1982). Intraventricular injection of as little as one nanogram of SP in 

the rat inhibits drinking behavior induced by angiotensin II, carbachol, 
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water deprivation, or saline loading, so SP may have an important role in 

the regulation of water intake (DeCaro, Massi, and Micossi, 1978). In 

addition, the levels of SP in certain hypothalamic nuclei undergo 

circadian variations but the physiological significance of this is 

unknown (Kerdelhue et al., 1981). 

The greatest amount of evidence for an intimate role of SP in 

mammalian neurophysiology has come from studies of the spinal cord and 

its primary afferent neuron input. This is discussed in detail below. 

Outside of the CNS, there is ample evidence that the peptide is con

tained in neurons in the gastrointestinal tract (Nilsson et al., 1975; 

Pearse and Polak, 1975; Schultzberg et al., 1978). Excitation of gut 

tissue produces SP release, the peptide is potent in producing contrac

tion of gastrointestinal smooth muscle, and SP may be involved in 

synchronization of gut physiology by the myenteric and submucous plexu

ses (Bury and Mashford, 1977; Franco, Costa, and Furness, 1979; Jessen 

et al., 1980). 

Putative Sensory Neuron Neurotransmitter 

As early as the late 19401s, investigators had observed that 

extracts of the spinal dorsal roots contained a non-cholinergic vasodi

lating substance that was present in greater amounts than in the 

corresponding ventral roots (Hellauer and Umrath, 1948). Lembeck1s 

group confirmed these observations and extended them with the 

discovery that the dorsal root extracts also produced contraction of 

the gut. Lembeck proposed that, because of the similarity of these 

actions to those of SP, the active ingredient in the root extracts which 
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Hellauer and Umrath had postulated was the excitatory sensory neuron 

neurotransmitter was actually SP (Lembeck, 1953). Otsuka and coworkers 

(1972) subsequently showed that an extract of bovine dorsal roots 

depolarized motor neurons in the frog spinal cord in a manner similar to 

SP extracted from more classical sources. These workers then demon

strated that the active substance in dorsal roots possessed the same 

pharmacological, chemical, and immunological properties as the synthetic 

peptide of Chang and Leeman (vide supra) (Takahashi et al., 1974). 

Takahashi and Otsuka (1975) observed that SP was highly concentrated 

in the dorsal horn of the spinal cord and that the levels in the 

dorsal horn fell dramatically after dorsal rhizotomy. Section of the 

dorsal root had little or no effect on levels of the peptide in the 

ventral horn. Ligation of the roots caused a build-up of SP on the cell 

body side and a decrease in SP levels in the segment central to the 

ligation suggesting transport of the peptide into the central processes. 

Peripheral transport of SP also occurs in sensory neurons and both 

rostral and caudal transport of the peptide have been observed from 

cells of the nodose ganglion, the sensory ganglion of the vagus nerve 

(Holton, 1959; Gamse, Lembeck, and Cuello, 1979). 

Development of antibodies to synthetic SP has permitted the 

immunohistochemical localization of the peptide in sensory neurons. In 

the spinal cord, intense positive staining occurs in the substantia 

gelatinosa and this immunoreactivity decreases markedly after dorsal 

root section or ligation (Hokfelt et al., 1975; Cuello and Kanazawa, 

1978). Subcellular studies have shown that the peptide is associated 
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primarily with large granular vesicles in nerve terminals in the spinal 

cord (Barber et al., 1979). In the dorsal root ganglia, SP immu

nofluorescence was observed exclusively in small neuronal cell bodies, 

presumably those giving rise to small unmyelinated and/or lightly myeli

nated sensory axons. Thin peripheral axons staining positive for the 

peptide have been seen in skin and in human tooth pulp, the latter of 

which is thought to contain sensory afferents mediating pain exclusively 

(Anderson, Hannan, and Matthews. 1970). 

Otsuka and Konishi (1976) have studied the release of SP from 

isolated rat spinal cord. Stimulation of dorsal roots or high K+ con

centrations produced a Ca++-dependent release of the peptide. Electri

cal stimuli that would preferentially activate smaller fibers 

produced a greater release of SP. Ca++-dependent release has also been 

demonstrated from slices of trigeminal nucleus, and stimulation of the 

sciatic nerve in a manner which recruited A-delta and C fibers produced 

SP release into the subarachnoid space (Jessell and Iversen, 1977; 

Jessell et al., 1979). Substance P release from peripheral axons of 

sensory neurons has not been conclusively demonstrated but there is 

considerable indirect evidence for this release and this has prompted 

Lembeck's group to suggest that peripheral SP release is intimately 

involved in some of the neurogenic consequences of inflammation (Lembeck 

and Holzer, 1979). 

Three groups of investigators have produced electrophysiological 

evidence for an association of the actions of SP in the spinal cord with 

certain sensory stimuli. Henry (1976) found that approximately one half 
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of the dorsal horn neurons which responded to noxious peripheral stimuli 

also were excited by iontophoretic application of the peptide. The 

association was stronger for noxious heat stimuli than for other sensory 

modalities. Randic and Miletic (1977) have made similar observations in 

recording from cells of the dorsal horn and an association between 

sensitivity to SP and to tooth pulp stimulation has been made for some 

cells in the trigeminal nucleus (Anderson, Lund and Puil, 1978). 

Thus, there are considerable data indicating that SP is a 

neurotransmitter or neuromodulator in certain primary afferent neurons. 

The evidence suggests that these neurons are associated with the trans

duction of some types of noxious peripheral stimuli. Presumably, these 

neurons are small unmyelinated or myelinated cells (i.e., types C and 

A-delta). There is also evidence that SP can serve as an important 

neurochemical mediator in the peripheral processes of these same sensory 

neurons where the peptide can produce physiological changes in 

surrounding cells and possibly in the same neurons from which it is 

released (Randic et al., 1982). A plethora of recent data has impli

cated the central processes of SP-containing sensory neurons as a site 

of the spinal analgesic actions of opiates and opioid peptides which is 

consistent with the postulated physiological role of SP in sensory 

neurons (see Nicoll et al., 1980). SP in sensory neurons may also be 

important as a baro- and chemoreceptor mediator, as a sensory 

neurotransmitter in blood vessels, and as a modulator of 

neurotransmission in sympathetic ganglia (Dun and Karczmar, 1979; 

Helke, O'Donohue, and Jacobowitz, 1980; Furness et al., 1982). 
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Deficiency in Familial Dysautonomia 

Two recent reports have implicated SP in the neurophysiology of 

the peripheral nervous system in humans. Nutt and coworkers {1980} 

observed a decrease in cerebrospinal fluid levels of the peptide in 

patients suffering from general and peripheral neuropathies. These 

diseases included Shy-Drager syndrome, amyotrophic lateral sclerosis, 

and idiopathic neuropathies. In gene~al, the decreased peptide levels 

were better correlated with sensory impairment in the diseases than with 

motor dysfunction. 

The more interesting of the reports is the observation that SP 

is virtually undetectable by immunohistochemical means in the substantia 

gelatinosa of the spinal cord in victims of familial dysautonomia 

{Riley-Day syndrome} {Pearson, Brandeis, and Cuello, 1982}. Familial 

dysautonomia is a recessively-inherited disease of the autonomic and 

sensory nervous system that is limited to persons of Ashkenazic Jewish 

heritage. The disorder may be the result of a defect in the actions of 

nerve growth factor {NGF} which results in cell loss in certain autono

mic and sensory ganglia. In addition to a profound autonomic dysfunc

tion, victims of dysautonomia exhibit marked abnormalities of certain 

sensory functions. These include impaired perception of pain, tem

perature, and taste; impaired deep tendon reflexes; and loss of the 

histamine flare response (Table I). Other sensory functions are 

affected considerably less or only in the terminal stages of the 

disorder {Axelrod et al., 1981}. The loss of SP-containing afferents in 

familial dysautonomia suggests that these sensory neurons are involved 



Table 1. Signs and Symptoms of Familial Dysautonomia. 
(Adapted from Riley, 1974) 

Stimulus 

ADRENERGIC RESPONSES 

Excitement 
Erect posture 
Methacholine i.v. 
Norepi i.v. 
Adrenolytics 

CHOLINERGIC RESPONSES 

Methacholine i.v. 

Methacholine in eye 
Norepi i.v. 

Observation 

B.P. up 
B.P. down 
No tachycardia 
B.P. up 
B.P. down 

B.P. down 
Sweating 
Teari ng 
Bowel act. up 
Marked mi osi s 
No bradycardi a 

SENSORY DISTURBANCES 

Corneal hypesthesia 
General indifference to pain 

Interpretation 

Overresponse 
Underresponse 
Baroceptors inactive 
Supersensitivity 
Humoral B.P. 

Supersensitivity 
Supersensitivity 
Supersensitivity 
Supersensitivity 
Supersensitivity 
Baroceptors inactive 

Taste deficits (occasionally smell) 
Axon flare response absent 
Defects in proprioception 

DEFECTS IN NEURONAL INTERACT. 

Hypoactive deep tendon reflexes 
Abnormal temperature regulation 
Poor muscle coordination 
Abnormal esophageal motility 
Cyclic vomiting 
Emotional lability 
Defective responses to hypoxia & hypercapnia 

OTHER ABNORMALITIES 

Altered catecholamine metabolites in urine 
Decreased action potential conduction 
Plasma DBH levels decreased 

22 
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in some of the sensory functions that are impaired. Some of these mo

dalities (i.e., pain and temperature) in humans appear to be the same as 

those in which the peptide has been implicated in laboratory animals 

(vide supra). 

Capsaicin 

Early Pharmacological Characterization 

Capsaicin (8-methyl-N-vanillyl-6-nonenamide)(Figure 2) is the 

active ingredient of hot peppers comprising the plant genus Capsicum. 

The compound has ~een known since the 1940's to have many phar

macological actions on the cardiovascular and respiratory systems, on 

intermediary metabolism, and on thermoregulation and pain perception. 

Jancso's group in Hungary extensively characterized these latter two 

effects of capsaicin. They observed that systemic administration of 

capsaicin produced a dose-related hypothermia in rats and guinea pigs 

and that after an initial injection there was a complete desensitization 

to subsequent doses. This desensitization was extremely long-lasting; 

in the case of the guinea pig, it lasted for months. There was cross

desensitization to analogs of capsaicin and to other irritants capable 

of producing hypothermia (e.g., to zingerone, the active ingredient of 

ginger, and to piperine, the active ingredient of black pepper). No 

cross-desensitization was observed between capsaicin and classical 

hypothermic pharmacological agents (e.g., reserpine, histamine, and 

chlorpromazine). In addition to this desensitization, the treated ani

mals were unable to thermoregulate in a high-temperature environment and 
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OH 

OCH 3 

CH 3 C H2 - NH-C - (CH 2 ) 4- C H= CH-CH" 
II 'CH o 3 

CAP S A I C I N 

Figure 2. Chemical Structure of Capsaicin. 
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many died from hyperthermia. It was not clear where these actions 

of capsaicin originated since minor morphological changes were observed 

in cells within the hypothalamus and in some dorsal root ganglion cells 

(Szolcsanyi and Jancso-Gabor, 1975). 

Capsaicin was also found to have interesting effects on 

peripheral pain mechanisms. Localized injection of the compound pro

duced vocalization in animals and an apparent irritation at the site of 

injection. Topical application of capsaicin onto the cornea in animals 

or onto human skin or buccal surfaces produced an immediate inflam

mation that was accompanied by a burning sensation in humans. Repeated 

administration systemically in animals or topically in humans resulted 

in an eventual desensitization to subsequent capsaicin doses. This 

desensitization was limited to the immediate site of topical application 

but was systemic after injection in animals since irritant compounds 

elicited inflammation nowhere in the body. The irritant agents to 

which there was cross-desensitization with capsaicin included analogs of 

the compound, formalin, mustard oil, and nicotine. Like that to the 

thermoregulatory effects, the desensitization to chemical irritation 

after capsaicin treatment was extremely long-lasting. The desen

sitization could also occur in a very localized manner after local 

injection of capsaicin in animals (e.g., in a paw). The effects of cap

saicin seemed limited primarily to chemical irritation since responses 

to mechanical stimuli were not comparably altered. It is unclear from 

the early work from Hungary whether or not heat sensitivity of the 



treated animals was altered since this possibility was not adequately 

tested (Jancso, 1968). 

Effects on Sensory Neurons 

26 

Evidence that at least part of the actions of capsaicin resulted 

from a direct action on sensory neurons was first presented by Jancso·s 

laboratory. This group recorded action potentials from the saphenous 

nerve of the rat and observed that subdermal injection of a small volume 

of capsaicin solution produced a marked increase in the frequency of 

discharge along axons in the nerve. A similar recording from a desen

sitized animal revealed little or no excitatory responses to injection 

of capsaicin while mechanical stimulation of the same body area produced 

a normal train of impulses in the nerve. Additionally, microscopic stu

dies indicated that systemic administration of capsaicin in rats 

depleted a population of cytoplasmic vesicles and caused mitochondrial 

swelling in some nerve endings in the cornea. These anatomical changes 

lasted for months after systemic capsaicin (Jancso, 1968; Szolcsanyi, 

Jancso-Gabor, and Joo, 1975). Kenins (1982) has reported that topical 

application of capsaicin in the rat results in the polymodal nociceptors 

responding initially with discharge and subsequently becoming desen

sitized to chemical, mechanical, and thermal stimuli. Other C fibers 

and A-delta fibers were not affected by capsaicin. Intra-arterial injec

tion of capsaicin into the skinned hindlimb of the dog evoked reflex 

systemic cardiovascular responses in the animal. These were mediated by 

an effect of capsaicin primarily on muscle group IV (C-fiber) afferents 
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with little or no effect on group III (type A-delta), group I, or group 

II afferents (Kaufman et al., 1982). 

Depletion of Substance P 

Two early reports from Hungary suggested that capsaicin altered 

the biochemistry of certain primary afferent neurons. Gasparovic and 

coworkers '1964) bioassayed SP levels in the spinal cord in rats and 

found a significant decrease after systemic capsaicin treatment. The 

Jancso group (1975) reported similarly that systemic capsaicin reduced 

the fluoride-resistant acid phosphatase activity in the substantia 

gelatinosa of the spinal cord. 

In 1978, Jessell and colleagues in Cambridge used a radioim

munoassay for SP to determine that the peptide was depleted in the dor

sal horn of the spinal cord after capsaicin. Treatment of adult rats 

with a total dose of 950 mg/kg capsaicin resulted in a 50% reduction in 

peptide levels two weeks after treatment. This result was confirmed by 

immunohistofluorescence techniques which indicated that the decrease 

occurred predominantly in the substantia gelatinosa. Glutamic acid 

decarboxylase activity, a marker of spinal gamma-aminobutyric acid 

neurons, was not affected by capsaicin ruling out a general neurotoxic 

effect. Tritiated diprenorphine binding, an indicator of opiate recep

tors, was also not affected suggesting that there was not a destruction 

of opiate receptor-containing sensory neuron terminals in the spinal 

cord. 

Capsaicin also depletes SP when administered to neonatal rats. 

A single 50 mg/kg dose results in an irreversible depletion of the 
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peptide that is limited to primary afferent neurons. The depletion does 

not occur in other areas of the central or peripheral ~ervous sy~tems. 

The regions in which peptide depletion has been observed include dorsal 

cord, dorsal roots, dorsal root ganglia, skin, vagus nerve, saphenous 

nerve, spinal trigeminal nucleus, cornea, sympathetic ganglia, heart, 

blood vessels, and nucleus tractus solitarius. Capsaicin also produces 

a release of SP from areas containing sensory neuron input. The release 

is Ca++-dependent, tetrodotoxin-resistant, and a rapid tachyphylaxis 

develops to capsaicin. Similar to the depleting effects, capsaicin did 

not release the peptide from other regions of the eNS (see Buck et al., 

1982). 

Treatment of neonatal' rats with capsaicin was reported to pro

duce an increase in the tail-flick and hot-plate latencies, two classi

cal measures of analgesia in rats. Not all laboratories have been able 

to confirm this effect and it appears that adult animals treated with 

capsaicin do not exhibit substantially altered nociceptive heat sen

sitivity. Rats treated with capsaicin as neonates or as adults clearly 

show a marked insensitivity to chemical irritants and animals treated as 

adults also have slightly increased thresholds to nociceptive pressure. 

One report of thermal analgesia in adult rats after intrathecal cap

saicin was subsequently attributed by other investigators to non

specific actions of the compound. These results suggest that the sen

sory neurons on which capsaicin exerts its actions mediate certain forms 

of nociceptive stimuli (see Buck et al., 1982). 
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Effects in Neonates versus Mature Animals 

Jancso, Kiraly, and Jancso-Gabor (1977) first observed that 

there was a selective degeneration of certain primary afferent neurons 

after neonatal treatment of rats with capsaicin. Because of the marked 

and apparently specific loss of sensitivity to chemical irritants in 

these animals, these investigators speculated that capsaicin produced a 

selective destruction of chemosensitive sensory neurons in neonates. No 

such degeneration had been observed in animals treated as adults where 

only limited intracellular changes were seen in some sensory neurons 

(vide supra). 

Recent quantitative studies have confirmed the selective effects 

of capsaicin on certain sensory neurons in neonates. Systemic capsaicin 

produces as much as an 80% decrease in the number of unmyelinated axons 

in sensory nerves in rats and mice treated as neonates. Myelinated 

axons are affected little or not at all, The loss of unmyelinated C 

fibers is permanent since it persists into adulthood in the treated ani

mals. Opiate receptor and gamma-aminobutyric acid receptor binding are 

reduced in the spinal cord of these animals which is consistent with the 

loss of primary afferent central processes. Since Hokfelt's group has 

estimated that only 15-20% of the small cell bodies in the rat dorsal 

root ~anglion contain SP (Hokfelt et al., 1975), the massive loss of C 

fibers in neonates treated with capsaicin suggested that more than just 

SP-containing sensory neurons were destroyed in these animals. This has 

been confirmed by the observation that somatostatin, vasoactive intesti

nal polypeptide (VIP), and cholecystokinin (CCK) immunoreactivity are 



depleted in the spinal cord after capsaicin treatment of neonates. 

These three peptides are also found in certain sensory neurons of the 

rat (see Buck et al., 1982). 
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In the recent renewed interest in the biological actions of 

capsaicin, the possible destruction of sensory neurons in animals 

treated as adults has not been adequately studied. Systemic administra

tion of the compound to adult rats produces only a slight short-lived 

reduction in primary afferent somatostatin levels (Gamse et al., 1981b) 

and does not reduce opiate receptor binding in the spinal cord (Jessell 

et al., 1978). In further contrast to capsaicin treatment of neonates, 

the SP depletion in sensory neurons of rats treated as adults may be 

slowly reversible (Gamse et al., 1981b). Thus, there is reasonable evi

dence to indicate that there is a difference in the effects of capsaicin 

treatment of neonatal rats compared to treatment of adult rats. 

Statement of Problem 

The data cited above suggest that capsaicin is a remarkably spe

cific neurotoxin in sensory neurons of the rat. The compound produces a 

depletion of SP in animals treated as neonates or as adults. In 

addition to the depletion of a putative sensory neuron peptide 

neurotransmitter, capsaicin produces alterations in sensory function 

that may involve the depletion of SP. In animals treated as neonates, 

other neuropeptides in addition to SP are affected and there is some 

controversy as to the nature of the sensory changes. In animals treated 

as adults, the peptide specificity of capsaicin has not been thoroughly 



investigated and the sensory changes in adults are not entirely con

sistent with a role of SP as the neurotransmitter in primary afferents 

mediating thermal sensation. The aims of the present investigation 

were to: 

1- Develop a radioimmunoassay for SP 

2- Ascertain the effects of capsaicin in rats on SP levels 

and, at the same time, on thermal sensitivity in these 

animals 

3- Determine an alternative species to the rat in which to 

carry out this investigation if the rat proved unsuitable 

4- Conduct a pharmacological characterization of the effects 

of capsaicin on sensory neuron neuropeptide levels and 

and primary afferent neuron function 
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The overall objective of the investigation was to determine if 

the actions of capsaicin provide evidence for a role of SP in sensory 

neuron function in laboratory animals and whether or not any such evi

dence is similar to that derived from studies of the human disease state 

familial dysautonomia. 



METHODS 

Substance P Radioimmunoassay 

Antibody 

The SP antiserum used was graciously provided by Dr. Marvin 

Brown of the Peptide Biology Laboratory, The Salk Institute, La Jolla, 

California. Several hundred microliters of pure serum #TG-SP 2-5 

{7-13-76} was supplied after an initial determination in the Salk 

laboratory that SP-displaceable 125I-TYR8_Sp binding was present in the 

serum. The antiserum was produced in the laboratory in 1976 in a rabbit 

inoculated with synthetic SP that had been coupled to bovine thyroglobu

lin by the carbodiimide method {see Mroz and Leeman, 1979}. The pure 

antiserum was stored frozen at _20 0 C. Periodically, a stock antibody 

solution of 1.5 ml was prepared by diluting an aliquot of the serum 

1:100 in 0.05 M phosphate buffer {pH 7.4}. The stock solution was 

stored at _200 C. Repeated freezing and thawing of the pure antiserum 

or of the stock solution did not result in any loss of antibody acti

vity. At one point, lyophilization of some pure antiserum did result in 

a slight loss of activity {i.e., a shift of the standard curve to the 

right} so this maneuver was avoided with the antiserum. 

Tracer Preparation 

TYR8_Sp was used as the tracer in the RIA since authentic SP 

does not contain a tyrosine residue. The TYR8_Sp was kindly provided by 
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Dr. Jean Rivier, The Salk Institute. Aliquots of the peptide at a 

concentration of 1 mg/ml in 0.01 N acetic acid were stored frozen at 

_200 C. Iodination of the peptide was carried out by a modification of 

the chloramine T method (see Mroz and Leeman, 1979). To a 1.5-ml 

polypropylene microfuge tube, the following were added in order: 35 ul 

of 0.05 M phosphate buffer, 10 ul of 0.1 N HC1, 10 ul of iodine-125 (1 

mCi; O.B nmole 1- as Na 125I), 10 ul of 0.05 M phosphate buffer con

taining 1 ug (0.8 nmole) of TYRB_Sp, and 10 ul of 0.05 M phosphate 

buffer containing 1.B ug (B.O nmole) of chloramine T. The chloramine T 

solution was always freshly prepared and care was taken to insure that 

all the added components were at room temperature at the time of addi

tion. The cap on the tube was closed and the mixture was gently agi

tated by tapping the side of the tube. The reaction was allowed to 

proceed at room temperature for one minute after the chloramine T addi

tion. At the end of this time, 150 ul of 0.05 M phosphate buffer was 

added to the reaction mixture and the entire contents of 225 ul was 

carefully layered onto the top of a 0.7 X 10 cm glass column (Bio-Rad 

Laboratories) packed with Sephadex LH-20 (Pharmacia Fine Chemicals). 

The gel was conditioned and stored in methanol at 40 C prior to use. 

The elution solvent was methanol :glacial acetic aCid:H20 (10:2:1 by 

volume} (Brown, 1980) and the column was pre equilibrated with this 

solvent for 30 min. After application to this column, the iodination 

mixture was chromatographed at room temperature with the solvent at a 

flow rate of 0.5 ml/min. Fractions were collected every 0.5 min into 

12 X 75 mm polypropylene culture tubes. The fractions were immediately 
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transferred to 4° C and a 10-ul aliquot of each was placed into a 

separate culture tube and counted for one minute on a Tracor 1197 Gamma 

Counter. The efficiency of the counter for iodine-125 was approximately 

85% and no correction for efficiency was made. The fraction containing 

the peak amount of tracer and the fraction on each immediate side of the 

peak were combined into one tube and used as the RIA tracer. This 

tracer was stored as collected in the elution solvent at _20° C. 

After some iodinations, an aliquot of the tracer peak and of the 

unreacted iodine peak were placed in 1.0 ml of phosphate buffer at 4° C 

and a talc tablet was added to each. The samples were vortexed, allowed 

to incubate for 15 min at 4° C, and then centrifuged for 20 min at 

1000 X g in a refrigerated centrifuge. The supernatant from each tube 

was decanted into another tube and the supernatants and pellets were 

counted in a gamma counter as above to determine the percent of 

iodine-125 adsorbed to the talc. A similar procedure was carried out 

using 0.5 ml of charcoal suspension (vide infra) added to each aliquot 

to determine the percent of iodine-125 adsorbed to charcoal. 

In some assays, commercial 125I-TYR8_Sp (New England Nuclear 

Corporation) was employed. This lyophilized material (10 uCi) was 

dissolved in 2.0 ml of RIA buffer (vide infra) and stored frozen at 

_20° C. Repeated freezing and thawing over a period of 1-2 months did 

not affect the binding of this tracer to the antiserum. 

Assay Methodology 

The RIA was carried out in RIA buffer which consisted of the 

following: phosphate-buffered saline (0.05 M phosphate buffer 
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containing 0.9% NaCl, pH 7.4), 0.1% bovine serum albumin (BSA), and 0.1% 

NaN3. All aspects of the RIA were carried out at 4° C and in 

polypropylene culture tubes. To each tube was added in order 200 ul of 

unknown sample or SP standard in RIA buffer, 100 ul of stock antibody 

solution diluted 1:20,000 in RIA buffer, and 100 ul of RIA buffer con

taining 10,000-15,000 CPM of tracer. The final volume in all tubes was 

400 ul. Non-specific (i.e., non-antibody) apparent binding was deter

mined by omitting antiserum from two tubes. Maximum tracer binding was 

determined by omitting SP standard from two tubes. The standard curve 

consisted of duplicate tubes containing 0.3, 1, 3, 10, 30, 100, 300, 

1000, or 10,000 pg of authentic SP. The SP stock solutions for standard 

curves were stored in RIA buffer at _20° C in concentrations ranging 

from 10 pg/ml to 10 ug/ml. Repeat&d freezing and thawing of the stock 

solutions over a period of 1-2 months ~id not alter the standard curve. 

Non-specific tubes, maximum binding tubes, and the entire standard curve 

were run in every assay. T"i ssue extracts from control and from treated 

animals in each experiment were routinely assayed in parallel. 

After the addition of tracer, the tubes were vortexed gently and 

incubated at 4° C for 16-24 hr. Addition of antiserum first followed by 

a 24-hr incubation and subsequent addition of tracer followed by an 

additional 24-hr incubation did not result in any difference in the 

standard curve. Similarly, varying the incubation time to longer than 

24 hr or shorter than 15 hr after the simultaneous addition of antiserum 

and tracer did not alter the standard curve; hence, the simultaneous 

addition of antiserum and tracer followed by a 16-24 hr incubation was 
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used routinely. At the end of the incubation period, the non-antibody 

bound tracer was separated from the antibody bound tracer by adsorption 

of the former to charcoal. To each tube, 0.5 ml of charcoal suspension 

was added and each tube was gently vortexed. The suspension consisted 

of 0.2 M glycine (pH 8.8), 0.25% Dextran 70 (Pharmacia Fine Chemicals), 

and 0.5% Norit-A charcoal powder (Fisher Scientific Company). The char

coal suspension was stored at 4° C and stirred for 15 min before each 

use. Each tube was allowed to incubate with the charcoal for a minimum 

of 10 min at 4° C. The tubes were then centrifuged for 15 min at 

1000 X g in a refrigerated centrifuge. The supernatant containing the 

antibody bound tracer was carefully decanted into a separate tube and 

the supernatant tubes were counted as above. 

Tissue Dissection and Extraction 

Control and treated animals were killed by decapitation in 

alternating order. For removal of the brain, the top of the skull was 

quickly opened and the brain was carefully scooped out and placed for 15 

min in a beaker of ice cold 0.9% saline. The brain was then dissected 

by the method of Glowinski and Iversen (1966) on top of an ice-chilled 

plate. The spine was removed en bloc down to the middle thoracic level 

and similarly placed for 15 min in ice cold saline. The vertebrae at 

the C6-T2 level were chipped away and the dorsal roots and dorsal root 

ganglia were teased out. The corresponding spinal cord was cleaned of 

ventral roots and placed ventral side down on a piece of aluminum foil 

on dry ice. When frozen, the cord was cut into 0.5-cm segments trans

versely with a scalpel. Each segment was turned on end and bisected at 
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the level of the central canal with a small scalpel blade into dorsal 

and ventral portions. Segments of the gastrointestinal tract were 

removed from the abdomen, split longitudinally, and gently dipped into 

ice cold saline and blotted to remove the intestinal contents. 

Vasculature, sympathetic ganglia, and adrenal glands were dissected by 

established methods (Duckles and Buck, 1982). All tissues were imme

diately placed on pre-weighed pieces of aluminum foil on top of dry ice. 

The frozen tissues and foil were then reweighed. Tissues were stored 

frozen at _60° C until time of extraction. 

Frozen tissues were placed into polypropylene centrifuge tubes 

containing 1-5 ml of ice cold 2 N acetic acid (see Mroz and Leeman, 

1979). The tissues were promptly homogenized with a Polytron (Brinkmann 

Corporation) at setting #6 for 10-15 sec. The homogenates were centri

fuged at 10,000 X g for 15 min in a 4° C Sorvall RC-2B Refrigerated 

Centrifuge. The supernatant was decanted into either a 12 X 75 mm 

(volumes of 1.5 ml or less) or a 17 X 100 mm (volumes greater than 1.5 

ml) polypropylene culture tube. The tubes were capped with tops con

taining small air holes and frozen overnight in a-60° C freezer or for 

6-12 hr in a dry ice freezer chest. The samples were then lyophilized 

on a Virtis Lyophilizer. The dry sample tubes were stored capped and 

dessicated at 4° C until time of assay. In each experiment, tissues 

from control and from treated animals were extracted in parallel. 

At the time of RIA, the residue from the lyophilized samples was 

dissolved in. 0.5-6 ml of RIA buffer at 4° C for a minimum of 2 hr. 

During this time, each sample was vortexed gently to remove material 
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adhering to the sides of the tube. Dissolving the samples for less than 

one hour was found to be insufficient and dissolving them for longer 

than 2 hr did not increase SP levels therein over the 2-hr values. 

After the tissues were dissolved, they were centrifuged for 10 min at 

10,000 X g as before to pellet out undissolved residue. An appropriate 

amount of the supernatant (i.e., 25-200 ul depending on the tissue) was 

assayed for SP as described above. 

Other Peptide Radioimmunoassays 

Somatostatin 

For the somatostatin RIA, tissues were extracted as for SP 

and an aliquot of the residue dissolved in RIA buffer was assayed for 

somatostatin in a manner similar to SP. An RIA kit for somatostatin was 

utilized (Immuno Nuclear Corporation). The kit contained antiserum, 

125I-TYR1-somatostatin tracer, authentic somatostatin standard, and a 

secondary antibody-precipitating complex to pellet out the antibody 

bound tracer. The somatostatin antiserum had reported cross

reactivities of less than 0.01% with each of the peptides beta

endorphin, SP, LEU-enkephalin, MET-enkephalin, ARG-vasopressin, 

LYS-vasopressin, oxytocin, luteinizing hormone releasing factor, insu

lin. glucagon, thyrotropin-releasing hormone (TRH), and VIP. 

Vasoactive Intestinal Polypeptide 

VIP levels were measured in the laboratory of Dr. John Walsh, 

UCLA School of Medicine. For the VIP RIA, an aliquot of the acid super

natant from homogenization was lyophilized in a culture tube and the dry 
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residue from each tissue was sent to Dr. Walsh's laboratory where it was 

assayed in a manner similar to that described above for SP. The VIP 

antiserum utilized was directed against the C-terminal portion of VIP. 

It had equal affinities for VIP-(1-28}, VIP-(7-28}, and VIP-(18-28}; 

10% cross-reactivity with VIP-(1-22); and less thaQ 1% cross-reactivity 

with secretin, glucagon, or gastric inhibitory peptide (Furness, Costa, 

and Walsh, 1981). 

Cholecystokinin 

CCK was determined in Dr. Walsh's laboratory in separate tissue 

samples that were extracted differently from those for the other pep

tides. For CCK, the tissues were homogenized in hot water and the tubes 

containing the homogenates were immediately placed in a 95° C water bath 

for 15 min. The samples were then centrifuged and the supernatants 

lyophilized as above. The dry residue from each tissue was sent to Dr. 

Walsh's laboratory where it was assayed for CCK in a similal' manner as 

the other peptides. Hot neutral water selectively extracts small mole

cular weight forms of CCK but not the structurally-related larger 

gastrins (Larsson and Rehfeld, 1979). CCK immunoreactivity was deter

mined using an antibody which possesses some preferential affinity for 

small forms of CCK compared to small forms of gastrin (Walsh, Lamers, 

and Valenzuela, 1982). 

Data Reduction 

Tissue peptide levels were calculated using a program written 

for a TI-59 programmable calculator (Texas Instruments Corporation). 
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Non-specific binding, maximum tracer binding, and B/Bmax values for SP 

standards on the linear portion of the standard curve (i.e, 10 pg-l ng) 

were entered into the calculator from which the best-fit =t,a~ght line 

was generated. Raw CPM, dilution factor, and tissue wet weight for each 

tissue sample could then be entered and the calculator would use the 

best-fit line to determine the final peptide level in pmole/g wet weight 

of tissue. With the appropriate standard curve values and peptide mole

cular weight, the same program could be used to similarly calculate 

tissue levels of the other neuropeptides of interest. The program 

also calculated the slope, y-intercept, and correlation coefficient of 

the best-fit standard curve. 

Immunohistochemistry 

Immunohistochemical visualization of SP was carried out in 

collaboration with Dr. Pushpa Deshmukh using a modification of the 

peroxidase-antiperoxidase (PAP) method of Pickel, Reis, and Leeman 

(1977). Freshly dissected dorsal root ganglia were fixed in Bouin's 

solution for at least 24 hr. The fixed tissues were embedded in paraf

fin and 10 micron sections were cut with a _200 C cryostat. The tissue 

sections were mounted on gelatin-coated slides and incubated overnight 

with a 1:500 dilution of SP antiserum in 0.05 M phosphate buffer con

taining non-immune serum to reduce background staining. A commercially 

available secondary antibody complex (Miles Laboratories) was then used 

for the PAP visualization. Sections were observed and photographed with 

a Nikon 104 Light Microscope. 



High Pressure Liquid Chromatography 

High pressure liquid chromatography (HPLC) was accomplished 

using a Waters Associates 6000 Pump, U6K Injector with 2-ml loop, 
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441 Absorbance Detector, and 660 Solvent Programmer. An ODS 0.45 X 

25-cm 5-micron column (Bio-Rad) was used for the separations. The flow 

rate of the mobile phase was 2.0 ml/min. Sensitivity of the detector 

was .005 and absorbance at 210 nm was monitored. The column was rou

tinely equilibrated with the mobile phase for one hour before use. 

The mobile phase utilized was aqueous 0.01 N trifluoroacetic 

acid with acetonitrile containing 0.01 N trifluoroacetic acid as the 

organic portion. The mobile phase was run as a non-linear gradient 

(#7) of 25% acetonitrile to 65% acetonitrile over 45 min. When neces

sary, the baseline was readjusted manually to keep it on scale. 

For separation of peptides by HPLC, standards stored frozen in 

0.1 N acetic acid were injected individually and as a mixture in volumes 

ranging from 10-100 ul. SP sulfoxide was prepared according to Murphy 

et al. (1982). Changes in absorbance at 210 nm were monitored with a 

strip chart recorder. An extract of DRG from a normal guinea pig was 

dissolved in 500 ul of 0.1 N acetic acid and 100 ul was injected onto 

the HPLC column. Fractions were collected into polypropylene culture 

tubes every 0.5 min and these were frozen and lyophilized. The residue 

in each tube was then dissolved in RIA buffer and an aliquot was sub

jected to the SP RIA as described above. The lyophilized mobile phase 

did not have any effect itself on the RIA. 
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Drugs and Chemicals 

All inorganic chemicals and solvents were analytical reagent 

. grade. Capsaicin (85-98% pure), RIA Grade BSA, Sodium Azide, TWEEN 80, 

and isoproterenol were obtained from Sigma Chemical Company. Zingerone 

was purchased from Pfaltz and Bauer Chemicals. Morphine sulfate was 

from the National Institute on Drug Abuse. Peptides and peptide frag

ments were purchased from Peninsula Laboratories, Vega Biochemicals, and 

Beckman Bioproducts. 

Experimental Animals 

Sprague-Dawley rats were obtained from the in-house random bred 

colony of the Division of Animal Resources, University of Arizona. Wis

tar rats were purchased from Hilltop Farms. Hartley guinea pigs were 

obtained from the random bred colony of the Department of Microbiology, 

University of Arizona. 

Treatment Protocol 

Capsaicin was injected subcutaneously at the back of the neck in 

a volume of 1-2 ml/kg. The injection vehicle was 10% ethanol :10% TWEEN 

80:80% saline (v:v:v). Capsaicin was first dissolved in the appropriate 

amounts of ethanol and TWEEN 80 mixed together and saline was then added 

to the mixture with stirring. Capsaicin concentrations of more than 10 

mg/ml were constantly stirred during use to maintain a uniform suspen

sion. All capsaicin solutions for injection were freshly prepared. 

Control animals were injected with an equivalent volume of vehicle. 
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The first capsaicin injection in guinea pigs produced severe 

bronchospasms in doses as low as 2.5 mg/kg. To prevent fatalities from 

this effect, capsaicin-treated guinea pigs were sprayed in the snout 

area with an aerosolized mist of 0.75% isoproterenol. The animals were-~· 

then placed for 15-30 min in a chamber gassed with 95% 02:5% C02 into 

which the isoproterenol mist was periodically sprayed. In one 

experiment, it was determined that isoproterenol mist treatment of 

control animals had no effect on sensory neuron SP levels. 

Animals receiving multiple injections routinely received each 

injection at the same time of day (i.e., late morning) and were killed 

during the same time period on the appropriate day. 

Sensory Testing 

Heat Sensitivity 

Sensitivity to noxious heat was tested in rats by a tail-flick 

test. Rats were placed in a conical polyethylene restraint bag with the 

tail protruding and were allowed to acclimate to the restraint for at 

least 30 min. Each animal was then placed on top of a metal box with 

the tail centered on a piece of wire mesh which covered a l-cm wide slit. 

Five centimeters below the slit was a 500-watt projector bulb. The 

light and a timer connected in series with it were then turned on until 

the tail was flicked out of the way of the light beam. This procedure 

was repeated two more times for each animal with a 5-min rest period 

between trials during which the projector bulb was cooled with a small 

fan in the metal box. The cut-off time in the test was 15 sec. The 



tail-flick value for each animal was calculated as the average of the 

three determinations. Values in each triplet did not vary from each 

other by more than 25%. 
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Sensitivity to noxious heat in guinea pigs was assessed by a 

skin-flinch test and by a hot plate test. For the skin-flinch, an area 

of hair approximately 3 cm in diameter was shaved off each animal in the 

center of the back just above the pelvic girdle. This area was then 

treated with a commercial cream depilatory, rinsed, and blotted dry. 

Each animal was placed in a conical polyethylene restraint bag with a 

hole cut to expose the bare skin. Animals were allowed to acclimate to 

the restraint for at least 30 min. Using the same light source as 

above, each animal was placed on its side with the center of the bare 

skin one centimeter away from a I-cm diameter hole centered above the 

filament of the projector bulb. The light and timer were turned on 

until a definite flinch (i.e., recoil) occurred in the area illuminated 

by the light beam. Only one skin-flinch determination was made with 

each animal. The cut-off time in the test was 30 sec. 

For the guinea pig hot-plate test, each animal was placed in the 

center of a 20 cm X 40 cm food warmer tray that had been heated to 63° C 

through a variable transformer. The top surface of the tray was 3 cm 

above the table surface on which the tray rested. The time for each 

animal to step down from the hot surface onto the table top with all 

four limbs was then determined using an electric digital timer. Only 

one hot-plate determination was made with each animal. The cut-off time 

in the test was 30-60 sec depending on control values. 
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Non-nociceptive heat sensitivity was also assessed in guinea 

pigs. The pointed tip of a fully heated soldering iron was slowly 

brought in a perpendicular plane to a position one centimeter above the 

bare skin on the back and the presence or absence of a skin flick within 

5 sec below the tip of the iron was noted. With the use of a gold

plated thermistor connected to a telethermometer (Yellow Springs 

Instruments). it was determined that such a maneuver raised the surface 

temperature to 50° C in 5 sec. 

Cold Sensitivity 

Sensitivity of guinea pigs to nociceptive- cold was determined by 

measuring the escape latency from the top of a sheet of dry ice. Each 

animal was placed in the center on top of a 20 cm X 20 cm sheet of dry 

ice and the time for the animal to step down off the dry ice with all 

four limbs onto the table surface 3 cm below was noted. The cut-off 

time in the test was 15 sec. Guinea pigs used in this test were not 

subjected to the hot-plate test and vice versa in order to rule out the 

two tests influencing each other. 

Non-nociceptive cold sensitivity was assessed in each animal by 

slowly bringing a l-cm square piece of dry ice in a perpendicular plane 

to a point one centimeter above the bare skin of the back. The presence 

or absence of a skin flick within 5 sec below the dry ice was noted. 

With the use of the thermistor and telethermometer (vide supra). it was 

determined that such a maneuver lowered the surface temperature below 

the dry ice to 15° C in 5 sec. 
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Touch Sensitivity 

Responses to mechanical distortion were assessed in guinea pigs 

by two methods. In the first, a jet of air blown through a standard 

laboratory Pasteur pipet was aimed at bare skin of the back from one 

centimeter away and the presence or absence of a skin flick was noted. 

In the second method, the number of the smallest nylon filament on a Von 

Frey aesthesiometer (Stoelting Company) which elicited a skin flick when 

touched to the bare skin of the back was recorded for each animal. The 

aesthesiometer consisted of eight arbitrarily numbered fibers with 

increasing numerical value associated with increasing fiber rigidity. 

Pressure Sensitivity 

Sensitivity to noxious pressure was characterized in guinea pigs 

by two methods. In the first, a standard 2-cm bulldog clamp was 

fastened to the outside toe of a rear foot and the presence or absence 

of a flick of the foot was noted. In the second method, the plunger in 

a sealed 3-cc syringe was squeezed against the top of a rear foot on a 

table surface until vocalization and/or a foot jerk occurred. The 

amount of compression required to elicit this response was then read off 

the volume scale on the syringe barrel. 

Chemical Irritant Sensitivity 

To assess sensitivity to chemical irritation, one drop of a 1% 

solution of zingerone in saline was applied from a Pasteur pipet onto 

the cornea of an animal held with the surface of the eye horizontal. 

The animal was immediately placed standing on the surface of a table and 
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the presence or absence of vocalization and/or wiping of the eye with a 

limb was noted. 

Sensitivity to Vibration 

For determination of sensitivity to vibration, the vibrating tip 

of the handle of a Mettler Electric Vibrating Spatula was touched to the 

spine in the shaved area of the back. The presence or absence of a 

startle response (i.e., a quick body jerk or squirming) in each guinea 

pig was noted. Touching the spine with the tip when it was not 

vibrating elicited little or no response in the animals. 

Statistical Analysis of Data 

All statistical analyses were conducted with programs on the 

TI-59 Programmable Calculator. Differences between control and treated 

animal groups for the peptide levels and for the sensory testing where 

parametric data were obtained were tested with Student's t-test. For 

the non-parametric data obtained in some sensory tests, a 2 X 2 contin

gency table was used. In the tests for nociceptive heat sensitivity 

where some animals reached the cut-off times, a Wilcoxon-Mann-Whitney 

rank sum test was used. A P-value of 0.05 or less was required for 

significance in all analyses. 



RESULTS 

Substance P Radioimmunoassay 

Tracer Iodination 

Iodination of the TYR8_Sp by the chloramine T method routinely 

resulted in an elution profile from the gel chromatography that revealed 

two peaks. A profile is shown in Figure 3. The first peak coincided 

with commercial 125I-TYR8_Sp when it was chromatographed under identical 

conditions and the second peak coincided with Na 125 I when it was simi

larly chromatographed. Specific activity of the material in the first 

peak ranged from 250 to 500 Ci/mmole. In the run illustrated in Figure 

3, specific activity of the first peak was calculated to be 470 Ci/mmole 

based on the amount of radioactivity in this peak and assuming that 90% 

of the TYR8_Sp was in the first peak. Based on the amount of iodine-125 

added to the iodination reaction mixture, the recovery off the column 

for the run shown was 75%. After some iodinations, the percent of 

counts in each peak that was adsorbed by talc or by charcoal was deter

mined. Routinely, 80-90% of an aliquot of the first peak and 10-20% of 

an aliquot of the second peak were adsorbed by these agents confirming 

the association with organic molecules of most of the radioactivity of 

the first peak. 

Prepared versus Commercial Tracer 

Commercial TYR8_Sp had specific activities of 500-750 Ci/mmole 
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Figure 3. Gel Chromatography of Chloramine T Iodination Mixture. 

Commercial 125I-TYR8_Sp and Na 125I were chromatographed under 
similar conditions as the iodination mixture. The first peak 
was displaceable by authentic SP in the RIA and was assumed to 
be iodinated TYR8_Sp. Specific activity of the first peak was 
calculated to be 470 Ci/mmole. 
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and use of 12,000 CPM per tube of one of the commercial batches of 

tracer did not produce a standard curve that was any different from the 

curve generated when approximately 12,000 CPM of a prepared batch of 

tracer with a specific activity of 300 Ci/mmole was used (Figure 4). In 

addition, the use of amounts ranging from 5000-20,000 CPM per tube did 

not change the standard curve obtained with either prepared or commer

cial tracer. The higher specific activity of the commercial preparation 

did result in a greater number of counts maximally bound in the assay. 

Over time, as the specific activity of tracer decreased due to decay of 

the iOdine-125, increasing the amount of tracer used in each tube to 

keep the CPM at a suitable level did not change the standard curve with 

either the prepared or commercial tracer. Thus, there was a con

siderable margin of safety with both tracer preparations indicating that 

at the antibody concentration used in the RIA (vide infra), the tracer 

specific activities of even the prepared material were substantially 

higher than necessary for use in the assay. ~ith the prepared tracer 

stored at _20 0 C in chromatography solvent, it was observed that non

specific CPM was generally higher than that obtained with the commercial 

preparation and tended to increase with time faster than the commercial 

preparation. Additionally, the maximum CPM bound was lower with the 

prepared material and tended to decrease faster with time than the com

mercial preparation. Both prepared and commercial tracer preparations 

were usable in the RIA for at least two months. 

Standard Curve 

Using a 1:80,000 dilution of the SP antiserum, a standard curve 
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Fi gure 4. Comparison of RIA Standard Curves Obtained with Prepared and 
Commercial 125I-TYR8_Sp. 

Antiserum and tracer were added simultaneously and the incubation 
was for 16-24 hr as described in Methods. The two curves were run 
in the same assay. Approximately 12,000 CPM of either the prepared 
or the commercial tracer was used for each tube. Closed circles; 
prepared tracer, open circles; commercial tracer. 
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such as the one illustrated in Figure 5 was obtained. Sensitivity of 

the assay, defined as the amount of'cold peptide required to displace 

10% of the tracer, was approximately 10 pg (i.e., approximately 7 fmole). 

Maximum displacement of tracer, defined as the amount of cold peptide 

that displaced 90% of the tracer, occurred at approximately 1 ng (i.e., 

approximately 700 fmole). The IC50 for displacement by SP was about 

80 pg. The portion of the standard curve between 10 pg and 1 ng was 

routinely used as the linear standard curve and correlation coefficients 

of -.990 or better were generally obtained for this line (Table 2). As 

indicated by the duplicate points in Figure 5, the variability between 

duplicate tubes for each point on the standard curve was slight. 

Tissue samples that produced greater than 90% or less than 10% displace

ment of tracer in an RIA were routinely reassayed at a dilution suf

ficient to bring them within these assay limits. 

Antibody dilution as low as 1:50,000 and as high as 1:120,000 in 

the RIA as described in Methods could be used with lower and higher spe

cific activity tracer preparations, respectively, to achieve sufficient 

tracer binding for statistical accuracy. The antibody dilution of 

1:80,000 was used routinely because it provided sufficient binding with 

either lower or higher specific activity preparations of the prepared or 

the commercial 125I_TYR8_Sp. With this antibody dilution, non-specific 

CPM and maximum CPM bound ranged from 5-10% and 25-30%, respectively, 

of the total counts added to each tube for the prepared tracer and 3-5% 

and 30-35%, respectively, of the total counts added to each tube for 

the commercial tracer. 
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Figure 5. Substance P Radioimmunoassay Standard Curve. 

Antiserum and tracer were added simultaneously and 
the incubation was for 16-24 hr as described in 
Methods. Final antibody dilution was 1:80,000. 
Approximately 12,000 CPM of prepared tracer was 
added to each tube. The values for duplicate tubes 
at each SP amount are shown. 



Reproducibility of Assay 

Graphic representation of ten fitted standard curves for the 

SP RIA is presented in Figure 6. These assays were selected randomly 

from among those run over a one-year period. Table 2 contains the 

interassay coefficients of variation for the slopes, y-intercepts, 

correlation coefficients, and B/Bmax values for samples containing 

either 10 pg or 1 ng of SP from the assays depicted in Figure 6. The 

interassay coefficients of variation were less than 10% for all these 

parameters. The intra-assay coefficients for samples run in duplicate 
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were not calculated but variability was obviously quite low within 

assays as indicated by the duplicate points shown for the standard curve 

in Figure 5. 

Tissue Extraction Efficiency 

Addition to a sample containing whole brain and a sample con

taining gastrointestinal tissue of iodinated TVR8_Sp prior to 

Table 2. Interassay Coefficients of Variation for the SP RIA. 

The indicated coefficients of variation (C.V.) were 
calculated from data taken from ten assays run over 
a one-year period. The RIA was carried out as 
described in Methods. 

~s~ Parameter C.V. 

Slope 5.9% 

V-intercept 4.7% 

Corr. coef.(r) 0.5% 

10 pg SP sample 5.2% 

1 ng SP sample 7.8% 
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Figure 6. Comparison of Interassay Standard Curves from the SP RIA. 

Best-fit lines for the linear portions of the SP standard 
curves (i.e., 10 pg - 1 ng) are shown for ten different 
assays run over a one-year period. These are the same 
assays for which the coefficients of variation shown in 
Table 2 were calculated. 
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homogenization resulted in extraction of approximately 80% of the 

added CPM by the tissue extraction method described above. 

Assay Specificity Deduced from Neuropeptides and Substance P Fragments 

56 

Various mammalian neuropeptides were assayed in the SP RIA in 

amounts up to 700 nmole. The cross-reactivities obtain~d for these are 

shown in Table 3. Cross-reactivity was defined as the amount of test 

peptide giving 10% displacement of tracer divided by the amount of cold 

SP producing 10% displacement (i.e., 10 pg), this ratio then being con

verted to a percent. As shown in Table 3, there was no substantial 

activity of any of these neuropeptides in the SP RIA. 

When C-terminal fragments of SP and two peptides, physalaemin 

and eledoisin, sharing some C-terminal structural homology with SP were 

tested in the RIA, the displacement curves shown in Figure 7 were 

obtained. The decapeptide, SP-(2-11), in which the N-terminal ARG was 

missing, possessed considerably less ability than SP to displace tracer 

from the antiserum. Additional removal of the N-terminal PRO, LYS, PRO 

residues produced only a slightly greater shift of the displacement 

curve to the right. Removal of the #5 GLN produced a moderately greater 

shift while the additional removal of the #6 GLN resulted in a marked 

additional shift rightward. Removal of the #8 PHE shifted the curve 

still further such that no displacement at all was seen with the tripep

tide SP-(9-11). Physalaemin and eledoisin, both containing the #7 PHE 

and the C-terminal GLY-LEU-MET of SP, exhibited only slight cross

reactivity with the SP antibodies which is consistent with both of these 

peptides having an N-terminal region amino acid composition different 
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Table 3. Cross-Reactivity of Mammalian Neuropeptides in the SP RIA. 

The indicated peptides were tested in the standard RIA described 
in Methods in amounts up to 700 nmole (i.e., six orders of mag
nitude higher than the amount of SP producing maximum tracer 
displacement). Cross-reactivity was defined as described in 
Results. 

Neuropeptide 

Substance P 

Somatostatin 

Bombesin 

Bradykinin 

VIP 

Pentagastrin 

CCK-8 

CCK-(27-33) 

Neurotensin 

TRH 

Angi otens in II 

Alpha-Endorphin 

Beta-Endorphin 

Gamma-Endorphin 

LEU5-Beta-Endorphin 

Des-TYR-Gamma-Endorphin 

Dynorphin-(1-13) 

MET-Enkephalin 

D-ALA2-LEU-Enkephalinamide 

Cross-Reactivity 

100% 

.001% 

<.00001% 

<.00001% 

<.00001% 

<'00001% 

<'00001% 

<.00001% 

.0001% 

<'00001% 

<.00001% 

<.00001% 

<.00001% 

<.00001% 

<.00001% 

<.00001% 

<.00001% 

<.00001% 

<'00001% 
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Figure 7. Cross-Reactivity of SP-Related Peptides in the SP RIA. 

The peptides were tested in the amounts indicated in the 
standard RIA as described in Methods. The amino acid 
composition and numerical sequence for SP are shown above 
the Figure. 
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from that of SP. The SP antiserum used in the present investigation 

appears to be directed primarily at the N-terminal region of the SP 

molecule with major antigenic residues being the #1 ARG and the #5 GLN 

but with some antigenicity at the #8 PHE. A remarkably similar pattern 

of SP antigenicity has been described for an antibody produced in Dr. 

Joan Schwartz's laboratory at the NIMH (Ross et al., 1981). In addition 

to indicating the specificity of the antiserum, these results indicate 

that the most cross-reactive of the C-t€rminal fragments of SP would 

have to be present in at least ten-fold greater concentrations than SP 

in tissues to interfere with the RIA. 

Parallelism of Tissue Extract Dilutions and Standard Curve 

Figure 8 shows a comparison of a SP standard curve and curves 

derived from assaying varying amounts of tissue extract from the entire 

spinal cord and all of the dorsal root ganglia from a normal guinea pig. 

The slope of the spinal cord curve was -.38 and that of the dorsal root 

ganglia curve was -.36. These are both slightly less steep than the 

standard curve which had a slope of -.42. These data indicate that the 

tissue linearity curves for these two tissues are similar to but not 

identical to that for authentic SP. There may be some cross-reacting 

material in these tissues which reacts with the antibodies in a manner 

different from authentic SP. 

Use of High Pressure Liquid Chromatography to Characterize Immunoreacti
vity in Tissue Extracts 

Use of 0.01 M trifluoroacetic acid containing acetonitrile 
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Figure 8. Comparison of Tissue Extract Dilutions with SP Standard Curve 

The indicated amount of dissolved tissue extract was assayed in 
the standard SP RIA described in Methods. All three curves were 
run in the same assay. Closed dots = SP, open dots = spinal cord, 
XiS = dorsal roots plus ganglia. Correlation coefficients were 
-.993 for the SP curve, -.999 for the spinal cord curve, and -.996 
for the dorsal roots plus ganglia curve. The best-fit lines are 
shown along with the equation for each. 
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in a non-linear gradient of 2S% to 6S% organic solvent separated SP from 

six of its C-terminal fragments and from SP-sulfoxide (Figure 9). The 

elution order was SP sulfoxide, SP-(S-ll), SP-(4-11), SP-(6-11), SP-(3-

11), SP-(7-11), and SP-(2-11). The earliest elution time was 11.S min 

(SP sulfoxide) and the latest time was 2S.2 min (SP). SP eluted 3.S min 

away from the nearest fragment, the decapeptide SP-(2-11). When a 

portion of DRG extract was chromatographed and the fractions assayed in 

the SP RIA, the profile shown in Figure 10 was obtained. In the DRG 

sample, 6S% of the immunoreactivity co-eluted with either SP or SP 

sulfoxide. Small amounts of immunoreactivity eluted close to the 

times of some C-terminal SP fragments but in view of the low cross

reactivity of the fragments with the antiserum (vide supra), it is 

unlikely that they constitute this tissue immunoreactivity. 

It is acknowledged that the identity of the molecules being 

measured by RIA is only as absolute as the specificity of the antisera 

being used. Cross-reacting material may be detected. Nevertheless, for 

the sake of clarity, the present results are expressed in terms of the 

peptides of interest. 

Somatostatin Radioimmunoassay 

Standard Curve and Reproducibility of Assay 

The commercial RIA kit for somatostatin allowed an assay which 

had a sensitivity of 1 pg. The standard curve was linear between 1 pg 

and 20 pg of somatostatin with correlation coefficients of -.990 or 

better being routinely obtained. The ICSO for displacement was 
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Figure 9. HPLC Chromatogram of SP, SP Fragments, and SP Sulfoxide 
(SP-OX). 

Peptides were chromatographed in a non-linear gradient (45 min) 
of 25% acetonitrile to 65% acetonitrile in 0.01 N trifluoroacetic 
acid. A mixture containing 0.5 to 1 ug of each peptide was 
injected in the HPLC run shown. The peak at 7.5 min was an un
known contaminant of SP-(3-11). 
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Figure 10. HPLC Elution Profile of SP Immunoreactivity in DRG. 

A portion of DRG extract was chromatographed as in Figure 9. 
Fractions were collected every 0.5 min and assayed in the SP RIA 
as described in Methods. SP-OX = SP sulfoxide. 
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Figure 11. Comparison of Interassay Standard Curves from the Somato
statin RIA. 

Best-fit lines for the linear portions of the somatostatin 
standard curves (i.e., 1 pg - 20 pg) are shown for five 
different assays run over a one-year period. 



65 

approximately 5 pg. Figure 11 shows five best-fit somatostatin standard 

curves from assays conducted over a one-year period. Although interassay 

coefficients of variation were not calculated for these lines, the 

variability was not visibly greater than that for the SP standard curves 

(Figure 6). 

Tissue Extraction Efficiency 

Spiking of a sample containing whole spinal cord with iodinated 

somatostatin tracer prior to homogenization resulted in extraction of 

approximately 85% of the added CPM by the tissue extraction method 

described above. 

Effects of Capsaicin in Neonatal Rats 

Treatment of neonatal rats with a single 50 mg/kg dose of cap

saicin on day two of life resulted in a depletion of SP in sensory 

neurons that was evident at two weeks of age and at twelve weeks of age 

in the treated animals. SP levels were reduced by 70-80% in dorsal 

roots plus ganglia and by 36% in the dorsal cord. There was no effect 

on levels in the ventral spinal cord at either two weeks or twelve weeks 

after treatment indicating an effect of capsaicin that was limited to 

primary afferent neurons. In contrast, the tail-flick latencies in the 

treated animals were not significantly altered compared to controls at 

either time point in the same animals in which SP levels were reduced. 

Tail-flick latencies of approximately 5 sec were obtained in all groups 

(Table 4). 



Table 4. Effect of Capsaicin on SP Levels and Tail-Flick Latencies in 
Rats Treated as Neonates. 

Capsaicin was administered to neonatal rats of either sex on day 
two of life at a dose of 50 mg/kg s.c. Animals were tested for 
tail-flick latency at the indicated age and then killed for SP 
determinations. Values are mean ± S.E.M. (n = 5 each group). 

Control 

SP Level (pmole/g) 

Dorsal Roots 9.7 
pl us Gang. ±2.0 

Dorsal Cord 169.6 
± 23.9 

Ventral Cord 19.6 
±0.8 

Tail-Flick Lat. 4.8 
(sec) ±0.2 

SP Level (pmole/g) 

Dorsal Roots 11.8 
plus Gang. ±1.4 

Dorsal Cord 166.1 
± 11.2 

Ventral Cord 29.2 
±4.1 

Tail-Flick Lat. 5.2 
(sec) ±0.2 

TWO WEEKS OLD 

Capsai ci n 

2.9 
±0.4 

110.4 
±15.5 

20.9 
±1.7 

5.1 
±0.3 

TWELVE WEEKS OLD 

2.3 
±0.5 

103.9 
±9.6 

32.2 
±2.7 

5.4 
±0.5 

Change P 

-70% <.01 

-35% <.05 

+ 7% NS 

+ 6% NS 

-81% <.01 

-37% <.01 

+10% NS 

+ 4% NS 
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Effects of Capsaicin in Adult Rats 

Table 5 contains the results of treatment of adult rats with 

high doses of capsaicin. Treatment of either Wistar or Sprague-Dawley 

animals with a cumulative dose of 1000 mg/kg capsaicin depleted SP by 

greater than 80% in dorsal roots plus ganglia and by 32% in dorsal cord. 

There was no effect on SP levels in the ventral cord. There were also 

no differences in SP levels or in the effects of capsaicin between the 

two strains of rats. The depletion of SP by capsaicin in the adult ani

mals was similar in magnitude to that seen in animals treated as neo

nates (vide supra). 

Tail-flick latencies were determined in the two strains of rats 

at three different time points. One day before the capsaicin treatment 

began there were no differences between treatment groups within each 

strain and no major differences between the strains. One day after the 

last capsaicin injection there was a significant 15% increase in latency 

in the capsaicin-treated group in the Wistar strain. This increase was 

not present in the same animals five days later (i.e., one day before 

the animals were killed for peptide determinations). In the 

Sprague-Dawley strain, there was no effect of capsaicin on tail-flick 

latency at either one day or six days after the last injection. Tail

flick latencies were approximately 4.5 sec in all control groups 

(Table 5). 



Table 5. Effect of Capsaicin on SP Levels and Tail-Flick Latencies in 
Two Strains of Rats Treated as Adults. 

Capsaicin was administered to male rats (150-200 g) in five con
secutive daily doses of 100, 100, 200, 200, 400 mg/kg s.c.Ani
mals were tested for tail-flick latency at the indicated times 
and subsequently killed seven days after the last injection of 
capsaicin. SP levels in dorsal roots plus ganglia of capsaicin
treated rats were all below the limit of detection in the assay. 
Values are mean ± S.E.M. (n = 5 each group). 

WISTAR SPRAGUE-DAWLEY 

Control Capsaicin Change P Control Capsaicin Change P 

SP Level (pmole/g) 
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Dors. Rt. 5.1 all<1.0 -80% <.001 6.3 all <1.0 -80% <.001 
& Gang. ±0.7 ±0.7 

Dors. Cord 179.1 128.3 -28% <.025 178.6 112.3 -37% <.005 
±11.5 ±13.4 ±13.4 ±8.6 

Vent. Cord 16.0 19.7 +23% NS 20.0 17.1 -14% NS 
±2.5 ±4.1 ±2.7 ±2.2 

Tail-Fl ick Lat. (sec) 

Pre-Inject. 4.3 4.3 0 NS 4.4 4.1 - 7% NS 
±0.2 ±0.1 ±0.2 ±0.1 

One day after 4.7 5.4 +15% <.025 4.7 4.6 - 2% NS 
last inject.±0.2 ±0.2 ±0.1 ±0.1 

Six days 4.2 4.5 + 7% NS 4.7 4.3 - 9% NS 
after last ±0.2 ±0.2 ±0.2 ±0.3 
inject. 

Compari son Between Rats and Guinea Pigs in Gastrointestinal 
and Nervous System Substance P Levels 

In view of the lack of effect of capsaicin on thermal sensi

tivity in adult rats, the effects of the compound were investigated in 

adult guinea pigs. Part of the justification for the consideration of 
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guinea pigs as an alternative species to rats in which to carry out the 

capsaicin studies stems 'from the differences observed between the two 

species in primary afferent SP levels. In a direct comparison between 

the species in which tissues were dissected, extracted, and assayed at 

the same time, the results shown in Table 6 were obtained. Adult guinea 

pigs had up to 10-fold higher SP levels than rats in all regions of the 

gastrointestinal tract. SP levels in the corpus striatum were similar 

in both species whereas rats had significantly higher SP levels in the 

hypothalamus. Of particular interest are the differences seen in sen

sory neuron SP levels. Guinea pigs possessed 4-fold higher levels in 

dorsal roots plus ganglia and 2-fold higher levels in the dorsal spinal 

Table 6. Comparison Between Rats and Guinea Pigs in Gastrointestinal 
and Nervous System Substance P Levels. 

Male Sprague-Dawley rats (295-330 g; 101/2 weeks old) and male 
Hartley guinea pigs '233-265 g; 10~2 weeks old) were used in 
this experiment. Values are mean ± S.E.M. (n 6 each group) 
in pmole/g of tissue. 

Duodenum 

11 eum 

Colon 

Hypothal amus 

Rat 

7.0 ± 2.4 

19.1 ± 4.3 

5.0 ± 0.7 

131.6± 7.1 

Corpus Striatum 29.0 ± 2.3 

Dorsal Root & 3.3 ± 0.6 
Ganglion 

Dorsal Cord 141.6 ± 10.4 

Ventral Cord 12.4 ± 1.6 

Guinea Pig 

50.6 ± 3.5 

45.1 ± 5.3 

46.5 ± 3.5 

81.4 ± 7.8 

34.0 ± 3.0 

13.6 ± 2.7 

317.5 ± 13.7 

17.4 ± 2.5 

P 

<.001 

<.01 

<.001 

<.001 

NS 

<.01 

<'001 

NS 
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cord compared to rats. Guinea pigs also had somewhat higher levels than 

rats in the ventral cord but this difference was not significant. 

Effects of Capsaicin in Adult Guinea Pigs 

Substance P Depletion 

Adult guinea pigs were treated with high doses of capsaicin to 

determine if the compound depleted SP in this species. The data in 

Table 7 illustrate the effect of treating guinea pigs with consecutive 

daily doses of capsaicin of 50, 200, 200, 400, 400 mg/kg. There was no 

effect on SP levels in gastrointestinal tissue, hypothalamus, corpus 

striatum, or ventral spinal cord. In dorsal roots plus ganglia and in 

dorsal cord, there were decreases of 78% and 43%, respectively, when the 

Table 7. Effect of Capsaicin on SP levels in Adult Guinea Pigs. 

Adult guinea pigs (400-600 g) of either sex were treated with 
capsaicin in consecutive daily doses of 50, 200, 200, 400, 400 
mg/kg s.c. and animals were killed eight days after the last 
injection. Values are mean ± S.E.M. (n = 4-5 each group) in 
pmole/g of tissue. 

Control 

Duodenum 93.0 ± 18.3 

Ileum 73.9 ± 12.6 

Colon 65.4 ± 4.6 

Hypothalamus 129.9 ± 24.3 

Corpus Striatum 56.1 ± 5.1 

Dorsal Root plus 24.6 ± 6.0 
Ganglion 

Dorsal Cord 291.5 ± 36.4 

Ventral Cord 17.1 ± 3.0 

Capsaicin 

112.1 ± 11.4 

115.8 ± 23.4 

81.1 ± 5.1 

149.9 ± 32.2 

95.3 ± 38.1 

5.4 ± 0.5 

165.6 ± 25.1 

16.8 ± 5.0 

P 

NS 

NS 

NS 

NS 

NS 

<.025 

<.025 

NS 
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animals were killed eight days after the last injection. This depletion 

in dorsal root ganglia was confirmed by PAP immunostaining (Figure 12). 

Noxious Heat Sensitivity 

In another experiment, adult guinea pigs were treated with high 

doses of capsaicin and tested for sensitivity to noxious heat and 

noxious pressure. When tested in the skin-flinch test and hot-plate 

test nine to ten days after the last capsaicin injection, the capsaicin

treated animals had significantly less sensitivity to heat in both 

tests. The threshold in the skin-flinch test was elevated by 21~-fold 

while all the treated animals reached the 30-sec cut-off in the hot

plate test. When a bulldog clamp was attached to a toe of capsaicin

treated animals, all the animals exhibited a foot shake and/or vocaliza

tion as did all the control animals (Table 8). When these same animals 

were killed and SP levels determined in various tissues, there was an 

87% decrease in dorsal roots plus ganglia and a 32% decrease in dorsal 

cord. There were no significant changes in SP levels in hypothalamus, 

corpus striatum, or ventral spinal cord (Table 8). This experiment was 

carried out a second time with capsaicin doses of 50, 200, 200, 400, 400 

mg/kg and similar results were obtained as above in the sensory tests 

and in depletion of SP. 

Water Consumption 

In several experiments, it was observed that water bottles on 

cages containing capsaicin-treated guinea pigs had more water remaining 

in them each day than bottles on cages containing control animals. In 



Figure 12. PAP Immunostaining of Guinea Pig Dorsal Root Ganglia. 

Lumbar dorsal root ganglia were taken from randomly chosen 
animals in the experiment depicted in Table 7. Top photo
graph is control animal. Bottom photograph is capsaicin
treated animal. Arrowheads indicate immunopositive black
stained fibers. Magnification: X 125. 
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Table 8. Effect of Capsaicin on SP Levels and Nociceptive Heat Sensi
tivity in Guinea Pigs. 

Adult guinea pigs (400-600 g) of either sex were treated with 
capsaicin in consecutive daily doses of 50, 100, 100, 100, 100 
mg/kg s.c. The sensory tests were conducted 9-10 days after the 
last injection and the animals were killed for peptide determin
ations one day later. Values are mean ± S.E.M. (n = 4-5 each 
group) in pmo1e/g of tissue. Latencies are in sec. 

Control Capsaicin P 

Hypothalamus 83.4 ± 7.3 91.5 ± 4.8 NS 

Corpus Stri atum 34.7 ± 5.3 42.2 ± 1.8 NS 

Dorsal Root & 16.8 ± 2.6 2.4 ± 1.1 <.001 
Ganglion 

Dorsal Cord 324.8 ± 38.9 219.4 ± 18.5 <.025 

Ventral Cord 19.4 ± 2.7 18.9 ± 1.6 NS 

Skin-Flinch Lat. 9.5 ± 3.2 22.4 ± 4.7 <.04 

Hot-P1 ate Lat. 19.4 ± 3.2 all>30 <.007 

Table 9. Effect of Capsaicin on Water Consumption in Guinea Pigs. 

Adult guinea pigs (400-600 g) of either sex were injected with 
a single 50 mg/kg dose of capsaicin s.c. Water consumption 
was then checked on a daily basis and water bottles were 
refilled with a known amount. Control and capsaicin-treated 
groups were housed separately with five animals in each cage. 

Post-Inject. Day 1 

Post-Inject. Day 2 

Post-Inject. Day 3 

Post-Inject. Day 4 

Control 

447 ml 

445 ml 

451 ml 

443 ml 

Capsaicin-Treated 

170 m1 

160 m1 

245 ml 

325 m1 

73 



74 

an experiment in which adult guinea pigs were treated with a single dose 

of 50 mgjkg capsaicin, the daily water consumption of each cage of five 

animals was monitored. The data in Table 9 show the effect of capsaicin 

treatment on water consumption. Animals treated with the compound drank 

substantially less than controls one and two days after the injection 

but consumption began to rise on the third and fourth post-treatment 

days. After the first post-treatment day, the animals showed no visible 

effects of the injection. For 12-24 hr after the injection, the 

capsaicin-treated animals were somewhat hypoactive in their cage. In 

this same experiment, there was no gross effect of capsaicin on food 

consumption at any time. 

Skin and Corneal Lesions 

Treatment of adult guinea pigs with high doses of capsaicin pro

duced skin lesions and corneal opacities in all the treated animals. In 

Figure 13, this is shown in an animal which received 100 and 200 mgjkg 

doses of capsaicin on two consecutive days. The photographs were taken 

three weeks after the injections. The top photograph shows the skin 

lesions which had the appearance of unhealed sores around the face and 

neck area. Occasionally, these were accompanied by loss of hair around 

the wound. The bottom photograph shows a light colored opaque area in 

the center of the cornea. The animal shown was housed alone the entire 

period so the lesions were not the result of fighting among animals. In 

addition, the lesions of the skin and cornea in the animal shown exhi

bited considerable improvement in condition two weeks after the pictures 

were taken. In other experiments in which higher doses of capsaicin 



Figure 13. Capsaicin-Induced Skin Lesions and Corneal Opacity. 

The animal shown was treated with two consecutive daily 
doses of 100 and 200 mg/kg capsaicin s.c. and was housed 
alone thereafter. The photographs were taken three weeks 
after the injections. Top photograph shows skin lesions 
(arrowheads). Bottom photograph shows light colored 
opacity in center of cornea (arrowhead). 
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were used, the skin lesions did not show improvement and the corneal 

lesions progressed to corneal ulceration with adhesion of the damaged 
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cornea to the underside of the eyelids. These corneal lesions occurred 

in both eyes and in 100% of the capsaicin-treated animals. No control 

animals showed any such skin or corneal lesions. 

Characterization of the Specificity of the Sensory Effects 
of Capsaicin in Guinea Pigs 

To evaluate the effects of capsaicin on various sensory modali

ties, treated guinea pigs were subjected to a battery of sensory tests. 

Animals were treated with five consecutive daily doses of 50 mg/kg cap

saicin and then tested for sensory function ten days after the last 

injection. As shown in Table 10, capsaicin produced alterations only in 

the sensitivities to nociceptive and non-nociceptive heat and to chemi-

cal irritation. In the hot-plate test, all the treated animals reached 

the 30-sec cut-off and in the skin-flinch test five out of eleven 

treated animals reached the 30-sec cut-off. In both the non-nociceptive 

heat and chemical irritant tests, all capsaicin-treated animals were 

completely unresponsive to the sensory stimuli. Capsaicin-treated ani

mals exhibited no alterations in sensitivity in tests of mechanical dis-

tortion, nociceptive pressure, nociceptive and non-nociceptive cold, or 

vibration (Table 10). When the guinea pigs in this experiment were 

killed one day after the sensory testing and levels of SP and somatosta-

tin determined, there was a 79% decrease in SP in dorsal root plus 

ganglion and a 22% decrease in the dorsal cord with no change in levels 

of the peptide in ventral cord. Somatostatin levels were measured only 
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Table 10. Effect of Capsaicin on Various Sensory Functions 
in Gui nea Pi gs. 

Adult guinea pigs (400-600 g) of either sex were injected with 
five consecutive daily doses of 50 mg/kg capsaicin s.c. Animals 
were tested for various sensory functions nine to ten days after 
the last injection and then killed for peptide determinations 
one day later. N = 5-12 animals in each test. 

Mean ± S. E. M. or 
% Respondi ng 

Test Function Control Capsaicin P 

Hot-Plate Nociceptive Heat 4.7 ± 0.6 sec a 11 >30 sec <.003 

Skin-Flinch Nociceptive Heat 10.1 ± 0.7 sec 24.0 ± 1. O*sec <.001 

Heat Probe Non-Nociceptive Heat 100% 0% <.001 

Zi ngerone Nociceptive Chemical 100% 0% <'001 

Aesthesio- Touch 4.2 ± 0.2 units 4.6 ± 0.2 units NS 
meter 

Air Puff Mechanical Distortion 100% 100% NS 

Paw Press Noci cept i ve Pressure 0.9 ± 0.1 ml 0.8 ± 0.1 ml NS 

Toe Pinch Nociceptive Pressure 83% 91% NS 

Cold Probe Non-Nociceptive Cold 92% 100% NS 

Dry Ice Nociceptive Cold 6.9 ± 2.3 sec 4.6 ± 1.2 sec NS 
Plate 

Vibrator Vibration 92% 100% NS 

*Five of eleven animals reached the 3D-sec cut-off and are not 
included in the mean. 



Table 11. Effect of Capsaicin on SP and Somatostatin Levels in the 
Sensory Function Experiment. 

Dorsal 

Animals were killed for peptide determinations one day after 
the sensory testing. Same animals as in Table 10. Values 
are mean ± S.E.M. (n = 10-11 in each group) in pmolejg of 
tissue. 

SUBSTANCE P SOMATOSTATIN 

Control Capsaicin P Control Capsaicin 

27.8 5.9 <.001 3.0 2.9 
Root & ±3.2 ±1.6 ±0.4 ±0.4 
Ganglion 

Dorsal 230.3 180.5 <.005 Not Determined 
Cord ±13.0 ±10.6 

Ventral 30.4 28.3 NS Not Determined 
Cord ±3.4 ±2.3 

in dorsal roots plus ganglia and there was no change in somatostatin 

levels with capsaicin in this tissue (Table 11). 

Characterization of the Specificity of the Sensory Effects 
of Morphine in Guinea Pigs 

P 

NS 
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Since capsaicin was clearly not active in all tests of nocicep

tive sensory stimulation, the pattern of the specificity of the sensory 

effects of capsaicin was compared to that of morphine, a classical 

opiate analgesic. In Table 12, the effects of a 10 mgjkg dose of 

morphine sulfate in guinea pigs are shown in the battery of sensory 

tests. Morphine was active in all tests of nociceptive sensory stimuli 

confirming that these were in fact tests of nociceptive functions. The 

opiate was also active in the non-nociceptive aesthesiometer test 
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possibly because of some CNS depression produced by the dose employed. 

In both the test for nociceptive heat and the test for nociceptive cold, 

morphine treatment caused essentially all the animals tested to reach 

the cut-off times (Table 12). Table 13 shows a direct comparison bet

ween the pattern of sensory effects of capsaicin and that of morphine. 

Capsaicin had a much more limited effect in depressing sensory function 

in that it was active in only three of ten tests. One of these (i.e., 

non-nociceptive heat) tests was a measure of non-noxious stimulation. 

Table 12. Effect of Morphine on Various Sensory Functions in 
Gu i nea Pi gs. 

Adult guinea pigs (400-600 g) of either sex were injected i.p 
with 10 mg/kg morphine sulfate 1 hr before sensory testing. 

Mean ± S.E.M. or 
% Responding (n = 5) 

Test Function Control Morphine P 

Hot-Plate Nociceptive Heat 12.5 ± 2.4 sec all>30 sec <.01 

Heat Probe Non-Nociceptive Heat 100% 100% NS 

Zingerone Nociceptive Chemical 100% 20% <'01 

Aesthesio- Touch 2.4 ± 0.5 3.8 ± 0.2 <.03 
meter 

Ai r Puff Mechanical Distortion 100% 100% NS 

Paw Press Nociceptive Pressure 1.2 ± 0.2 ml 0.4 ± 0.1 ml <.003 

Toe Pi nch Nociceptive Pressure 100% 56% <'05 

Cold Probe Non-Nociceptive Cold 100% 100% NS 

Dry Ice Nociceptive Col d 4.8 ± 1.5 sec 4/5>15 sec <.02 
Plate 

Vi brator Vibration 100% 100% NS 
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Table 13. Comparison of Capsaicin and Morphine on Sensory Functions. 

Data are from experiments depicted in Tables 11 and 12. 
o = no activity. + = reduction in sensory response. 

Test Function Capsaicin Morphine 

Hot-Plate Nociceptive Heat + + 

Heat Probe Non-Nociceptive Heat + 0 

Zingerone Nociceptive Chemical + + 

Aesthesiometer Touch 0 + 

Ai r Puff Mechanical Distortion 0 0 

Paw Press Nociceptive Pressure 0 + 

Toe Pi nch Nociceptive Pressure 0 + 

Cold Probe Non-Nociceptive Cold 0 0 

Dry Ice Pl ate Nociceptive Cold 0 + 

Vibrator Vibration 0 0 

Morphine, on the other hand, was active in six of ten tests and most of 

these were tests of nociceptive stimulation (i.e., nociceptive heat, 

nociceptive chemical, nociceptive pressure, and nociceptive cold 

sensation). 

Characterization of the Peptide Specificity of Depletion 
Produced by Capsaicin in Sensory Neurons of the Adult Guinea Pig 

In order to asceratin whether or not capsaicin depleted sensory 

neuron neuropeptides other than SP, the effects of capsaicin on primary 

afferent levels of SP, somatostatin, VIP, and CCK were determined at 
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several time points after systemic administration of capsaicin in adult 

guinea pigs. 

Effect of Capsaicin on Neuropeptide Levels at Four Days 

Four days after two consecutive daily doses of 100 and 250 mg/kg 

capsaicin, SP levels were reduced by 88% in dorsal roots plus ganglia 

while there was no significant decrease in dorsal or ventral cord. 

Levels of VIP and somatostatin were not altered at the same time in dor-

sal roots plus ganglia, dorsal cord, or ventral cord. However, there 

was a 50% reduction in CCK levels in dorsal roots plus ganglia and in 

ventral cord with no change in dorsal cord (Table 14). 

Effect of Capsaicin on Neuropeptide Levels at Ten Days 

Higher doses of capsaicin were administered systemically to 

guinea pigs and the effects on the same four neuropeptides were deter-

mined ten days after this treatment. The data in Table 15 indicate that 

this treatment produced the usual depletion of SP in dorsal roots plus 

ganglia (91% decrease) and in dorsal cord (32%). In contrast, at this 

time point there was no effect of capsaicin on levels of somatostatin, 

VIP, or CCK in dorsal roots plus ganglia, dorsal cord, or ventral cord. 

Effect of Capsaicin on Neuropeptide Levels and Sensory Function at 
Ten \~eeks 

Ten weeks after a single 50 mg/kg systemic dose of capsaicin in 

adult guinea pigs, SP was still markedly depleted in dorsal roots plus 

ganglia (77% decrease) and in dorsal cord (37% decrease). The level of 

SP in the ventral cord was not altered. There was no effect of 



82 

Table 14. Effect of Capsaicin on Neuropeptide Levels at Four Days. 

SP 

Somato
statin 

VIP 

CCK 

Adult guinea pigs (400-600 g) of either sex were treated 
with two consecutive daily doses of 100 and 250 mgjkg cap
saicin s.c. Animals were killed for peptide determinations 
four days after the last injection. Values are mean ± S.E.M. 
(N = 5-6) in pmole/g of tissue. **P<.Ol. 

Dorsal 
Root & 
Gang. 

31.0 
±6.8 

1.8 
±0.6 

1.7 
±0.5 

4.2 
±0.3 

Control 

Dorsal Ventral 
Cord Cord 

259.5 
±32.5 

52.0 
±4.3 

3.5 
±0.6 
13.4 
±1.6 

26.9 
±5.1 
26.7 
±0.9 

2.4 
±0.4 

2.2 
±0.3 

Dorsal 
Root & 
Gang. 

3.8** 
±1.0 
1.1 

±0.2 
1.9 

±0.4 
2.1** 

±0.6 

Capsai ci n 

Dorsal 
Cord 

222.3 
±24.4 

50.3 
±1.2 

2.5 
±0.8 
13.0 
±2.1 

Ventral 
Cord 

33.2 
±8.5 
24.5 
±4.4 

1.7 
±0.2 

0.9** 
±0.2 

Table 15. Effect of Capsaicin on Neuropeptide Levels at Ten Days. 

SP 

Somato-
statin 

VIP 

CCK 

Adult guinea pigs (400-600 g) of either sex were treated 
with capsaicin in five consecutive daily doses of 50, 100, 
200, 200, 400 mgjkg s.c. Animals were killed for peptide 
determinations ten days after the last injection. Values 
are mean ± S.E.M. (n = 5-6) in pmole/g of tissue. *P<.05, 
**P<.01. 

Control Capsaicin 

Dorsal Dorsal 
Root & Dorsal Ventral Root & Dorsal Ventral 
Gang. Cord Cord Gang. Cord Cord 

70.5 307.9 25.0 6.2** 210.9* 21.4 
±16.4 ±30.0 ±2.6 ±0.8 ±17 .5 ±2.7 

3.8 18.2 9.5 3.0 19.1 9.4 
±0.5 ± 2. 4 ±0.7 ±0.4 ±1.0 ±0.8 

1.7 1.1 1.7 1.6 1.8 1.6 
±0.3 ±0.2 ±0.3 ±0.1 ±0.5 ±0.4 

1.8 6.3 0.4 1.5 4.5 0.4 
±0.3 ±1.0 ±0.04 ±0.3 ±0.7 ±0.05 



Table 16. Effect of Capsaicin on Neuropeptide Levels and Sensory 
Function at Ten Weeks. 

SP 

Soma to-
statin 

Hot-Plate 

Zingerone 

Adult guinea pigs (400-600 g) of either sex were treated 
with a single dose of 50 mg/kg capsaicin s.c. Animals were 
tested for sensory function and then killed one day later. 
Values are mean ± S.E.M. (n = 4-6) in pmole/g of tissue. 
*P<.05, **P<.Ol. 

Control Capsaicin 

Dorsal Dorsal 
Root & Dorsal Ventral Root & Dorsal Ventral 
Gang. Cord Cord Gang. Cord Cord 

67.1 664.7 57.2 15.5** 419.1* 54.9 
±7.2 ±120.8 ±10.7 ±2.5 ±70.7 ±5.0 

1.0 29.0 15.0 1.5 34.1* 17.4 
±0.2 ±1.7 ±1.3 ±0.5 ±1.3 ±0.7 

25.1 ± 2.7 sec 4/5>45 sec** 

100% responding 0% responding** 
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capsaicin on somatostatin levels except for a slight increase in dorsal 

cord (Table 16). 

When the same animals were tested for sensitivity to nociceptive 

heat and chemical irritation ten weeks after the single capsaicin injec-

tion, there was still a profound insensitivity to both types of stimu-

lation (Table 16). 

Dose-Response and Time Course of Capsaicin-Induced 
Substance P Depletion in Guinea Pigs 

In view of the marked depletion of SP in sensory neurons pro

duced by a single 50 mg/kg dose of capsaicin (vide supra), it was 
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decided to investigate the effects of this and lower doses on SP levels 

in adult guinea pigs. The results of these studies are presented in 

Figure 14. A single dose of 1 mg/kg had no significant effect on SP 

levels in dorsal roots plus ganglia or in dorsal cord at four or ten 

days after treatment. A dose of 2.5 mg/kg produced a progressive 

decrease in SP levels in dorsal roots plus ganglia that was significant 

at four (38% decrease) and ten days (70% decrease). The slight 

decreases seen after this dose in dorsal cord were not significant at up 

to ten days after treatment. A dose of 5 mg/kg capsaicin depleted SP in 

dorsal roots plus ganglia at two (32% decrease), four (55% decrease), 

and ten (74% decrease) days. The 5 mg/kg dose produced approximately a 

20% decrease in SP levels in dorsal cord that was significant only at 

two days. A single 10 mg/kg dose of capsaicin produced maximal SP 

depletion in dorsal roots plus ganglia (85% decrease) and in dorsal cord 

(35% decrease) at ten days. Capsaicin at the dose of 50 mg/kg depleted 

dorsal roots plus ganglia of SP by 42% at 12 hr and this progressed to 

an 80% decrease at four days and an 84% decrease at ten days. This dose 

reduced SP levels in dorsal cord by 20% at 12 hr, by 33% at four days, 

and by 38% at ten days (Figure 14). 

Capsaicin-Induced Substance P Depletion in Tissues Innervated by 
Sensory Neurons in the Guinea Pig 

To determine if capsaicin depleted SP in certain tissues known 

to be innervated by primary afferent neurons with cell bodies in dorsal 

root ganglia, levels of the peptide were measured in blood vessels, 

superior cervical ganglia, and adrenal gland after treatment of adult 
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Figure 14. Dose-Response and Time Course of Capsaicin-Induced SP 
Depletion in Guinea Pigs. 

Adult guinea pigs (400-600 g) of either sex were treated 
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with single s.c. doses of capsaicin and killed for peptide 
determinations at the indicated time. Values are mean ± S.E.M. 
(n = 5-10). Top panel = dorsal roots pl us gangl i a. Bottom 
panel = dorsal cord. *P<.05 compared to control. In the 
experiments depicted, control SP levels ranged from 36.7 ± 7.8 
to 63.0 ± 8.0 pmole/g in dorsal roots plus ganglia and from 
385.2 ± 36.6 to 675.4 ± 82.6 pmole/g in dorsal cord. 



Table 17. Effect of Capsaicin on SP Levels in Tissues Innervated 
by Sensory Neurons. 

guinea 

Adult guinea pigs (400-600 g) of either sex were treated 
with two consecutive daily doses of capsaicin of 100, 250 
mgjkg s.c. Animals were killed for peptide determinations 
four days after the last injection. Tissues were taken 
from the same animals as in the experiment depicted in 
Table 14. Values are mean ± S.E.M. (n = 4-6) in pmolejg 
of tissue. **P<.Ol. 

Ii ssue Control Capsaicin 

Pi al Arteries 6.3 ± 2.7 <0.2** 

Mesenteric Artery 49.1 ± 16.5 <0.2** 

Superior Cervical 18.1 ± 3.7 3.0 ± 0.5** 
Ganglion 

Adrenal Gland 0.4 ± 0.1 <0.1 ** 

pigs. Four days after two consecutive dai ly doses of 100 and 

mgjkg capsaicin s.c., SP was almost obliterated in pial arteries, 

mesenteric artery, and adrenal gland. SP levels were depleted by 

84% at the same time in superior cervical ganglia (Table 17). The 

levels of SP were simultaneously reduced by 88% in dorsal roots plus 

ganglia in the same animals (Table 14). 
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DISCUSSION 

Radioimmunological Measurement of Substance P 

The RIA developed for the present investigation was sensitive 

and reliable. Variability between assays and within each assay was low 

with similar standard curves being obtained among assays. The sensitiv

ity of 10 pg of the present SP RIA was slightly less than the 3-5 pg sen

sitivity of the assays of Mroz and Leeman (1979) and McGregor and Bloom 

(1982) but substantially more sensitive than the 100 pg sensitivity of 

the SP RIA of Lee, Emson, and Iversen (1980). The two-order-of

magnitude span of the linear portion of the standard curve of the pre

sent RIA was substantially greater than that of the two former SP assays 

and comparable to that of the RIA of Lee et ale (1980). The coef

ficients of variation calculated for the SP RIA in this investigation 

were somewhat better than those reported by Mroz and Leeman (1979). 

Differences in SP levels in the same tissue regions in different assays 

occasionally reached 100% and were most likely due to small variations 

in the SP standard curve and differences in SP levels in animals 

used in different experiments. Substantial variability in basal SP 

levels in tissues in different experiments has also been reported by 

other research groups with established SP assays (O'Connell, Skrabanek, 

and Powell, 1976; Gamse et al., 1981b). 

The results indicate that the present RIA was very specific for 

SP. There was little or no cross-reactivity of the SP antiserum with 
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other mammalian neuropeptides. In addition, even the largest C-terminal 

fragments of SP exhibited considerably less affinity for the antiserum 

than SP itself. Dilution curves of dorsal roots plus ganglia and dorsal 

cord extracts were slightly less steep than the SP standard curve 

suggesting the possibility of some cross-reacting material with a some

what different amino acid composition than SP. Relevant to this point 

may be the fact that the displacement curves for both physalaemin and 

eledoisin in the SP RIA, although shifted substantially to the right, 

were slightly less steep than the curves for authentic SP or any of its 

cross-reacting fragments (Figure 7). Physalaemin and eledoisin have 

only the #7 PHE and the C-terminal GLY-LEU-MET in common with SP. Other 

investigators have observed small amounts of immunoreactive material not 

corresponding to known SP fragments on HPLC analysis of tissue extracts 

(Gamse et al., 1981c; Harmar and Keen, 1981). Chromatography of DRG 

tissue immunoreactivity in the HPLC system developed in the present 

investigation revealed that the majority of the immunoreactivity co

eluted with either SP or SP sulfoxideo SP sulfoxide is an oxidation 

product of SP that can be formed by acetic acid extraction of tissues 

(Floor and Leeman, 1980). The immunoreactivity that did not co-elute 

with these two undecapaptides may be responsible for the slight dif

ference in slopes of the tissue dilution curves compared to the standard 

SP curve in the RIA (vide supra). As indicated below in the results 

with capsaicin, most of the SP tissue immunoreactivity was depletable 

by capsaicin which further strengthens the conclusion that most of this 

immunoreactivity was SP or a closely related molecule. 
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Effects of Capsaicin in Rats 

In the present study. treatment of neonatal rats with a dose of 

capsaicin which produced essentially maximal SP depletion in dorsal 

roots plus ganglia (i.e •• 70-80% decrease) and in dorsal cord (i.e •• 36% 

decrease) did not alter thermal sensitivity in the treated animals. The 

SP depletion appeared irreversible since it was still present twelve weeks 

after a single capsaicin injection. There was no indication of signifi-

. cantly altered tail-flick latencies at either two weeks or twelve weeks 

after the treatment while SP was depleted in sensory neurons of the same 

animals at both time points. These findings are at variance with the 

results of Holzer et al. (1979) and Nagy et ale (1980). The former 

group employed a tail-flick procedure giving somewhat longer latencies 

than ours and observed a doubling of tail-flick latency with the same 

capsaicin treatment used in the present study. Nagy and coworkers (1980) 

also treated neonatal animals with a single 50 mg/kg dose of capsaicin 

and. using a tail-flick procedure with shorter latencies than in the 

present study. reported a 66% increase in latency twelve weeks after 

treatment. Hayes and coworkers (1980) and Cervero and McRitchie (1981) 

have attempted to reproduce the alterations in nociceptive heat sen

sitivity in rats treated as neonates with capsaicin and have been unable 

to do so. even at times when SP was markedly depleted and a marked 

insensitivity to chemical irritants was present. Thus. it does not seem 

that the phenomenon of altered heat sensitivity is easily reproduced in 

rats treated as neonates with capsaicin. Differences in dose of drug. 

route of administration. time of administration. time lapse after 
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treatment, strain of animal, and purity of the capsaicin used do not 

appear to explain the different results (Buck, Miller, and Burks, 1982). 

Recently, one of the coauthors of the report of Holzer et al. (1979) has 

re-examined the effects of capsaicin treatment of neonatal rats on ther

mal sensitivity. Gamse (1982) repeated the earlier study using a 

single 50 mg/kg dose of capsaicin administered on day two of life and 

observed only slight alterations in tail-withdrawal and hot-plate 

threshold. Hot-plate latency was increased 20-30% and tail-withdrawal 

latency (from immersion in hot water) was increased approximately 50% 

over the life of the treated animals. With N values of 20-50 animals 

per group, these increases were significant (Gamse, 1982). Therefore, 

there may be small increases in thresholds to nociceptive heat in the 

animals treated as neonates but it is not apparent why groups with con

siderable experience in analgesic testing such as Hayes and coworkers 

(1980) have been unable to replicate this capsaicin-induced thermal ana

gesia even with the same test (i.e., tail immersion). Similarly, some 

groups of investigators have observed altered tail-flick latencies in 

rats so treated (Holzer et al., 1979; Nagy et al., 1980) while other in

vestigators have been unable to detect this tail-flick alteration (Buck, 

Miller, and Burks, 1982). Cervero and McRitchie (1981) and Hayes and 

colleagues (1980) were unable to replicate the altered hot-plate laten

cies in rats treated with capsaicin as neonates. Thus, the data 

available from studies in which neonatal rats are treated with doses of 

capsaicin which destroy up to 80% of the unmyelinated sensory fibers 

(Scadding, 1980; Jancso and Kiraly, 1980) do not consistently support a 
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role of SP in nociceptive thermal sensation in these animals. The 

reason for the discrepancies may lie in some subtle methodological dif

ferences which only additional experimentation will uncover. However, 

additional results with capsaicin in adult rats have not supported this 

sensory role for SP (vide infra). 

Treatment of adult Wistar or Sprague-Dawley rats with high doses 

of capsaicin depleted SP maximally in dorsal roots plus ganglia and dor

sal spinal cord with no effect on SP in ventral cord. At the same time, 

there was no substantial change in tail-flick times in either strain of 

rat. The small increase in tail-flick latency in the Wistar rats one day 

after the last capsaicin injection may have been due to the acute anal

gesic effects of a single capsaicin injection (Hayes, Skingle, and 

Tyers, 1981). The lack of an effect of systemic capsaicin on nocicep

tive thermal sensitivity in adult rats has been consistently reported in 

normal animals although Virus and colleagues (1981) observed a small in

crease in tail-flick and hot-plate latencies in adult spontaneouslyhy

pertensive rats treated with capsaicin (Hayes and Tyers, 1980; Virus et 

al., 1981). Gamse (1982) has recently observed a transiently elevated 

hot-plate latency and a slight increase of less than two days duration 

in the tail-flick latency in adult rats treated systemically with cap

saicin. Some of these effects of capsaicin were no doubt again due to 

the acute analgesic actions of the compound (Hayes, Skingle, and Tyers, 

1981). It is clear from the data obtained in adult rats that the long

lasting depletion of primary afferent SP produced by capsaicin is not 



accompanied by a long-lasting simultaneous decrease in sensitivity to 

nociceptive heat. 
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The results with systemic administration of capsaicin in rats do 

not support the hypothesis that SP is an important neurochemical 

mediator of thermal sensation in this species. This is in contrast to 

previous electrophysiological findings which supported such a role for 

the peptide (Henry, 1976; Randic and Miletic, 1977). Salt and cowork~rs 

(1982) have recently reported that the proportion of neurons in the tri

geminal nucleus responding to nociceptive mechanical and nociceptive 

thermal stimuli is reduced in rats treated neonatally with capsaicin but 

not in rats treated as adults. SP was depleted to the same extent 

(i.e., by 60%) in the nucleus after either treatment so these investiga

tors concluded that SP is not the neurotransmitter mediating thermal 

sensitivity in the rat. Thermal analgesia produced by intrathecal cap

saicin administration in adult rats (Yaksh et al., 1979) has sub

sequently been ascribed to effects of capsaicin other than those on SP 

levels (Nagy, Emson, and Iversen, 1981). While it is clear that SP de

pletion by capsaicin in rats is associated with reductions in sen

sitivity to nociceptive mechanical and chemogenic stimuli (Hayes and 

Tyers, 1980; Faulkner and Growcott, 1980; Lembeck and Donnerer, 1981; 

Salt, Crozier, and Hill, 1982), it is not clear why conflicting exper

imental data have been obtained regarding SP and thermal sensitivity. 
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Effects of Capsaicin in Guinea Pigs 

Substance P Depletion 

There were suggestions from some of the early work on capsaicin 

from Hungary that the compound had greater biological activity in guinea 

pigs than in rats. Guinea pigs were substantially more susceptible to 

capsaicin-induced bronchospasms and also more sensitive than rats to the 

thermoregulatory and chemogenic desensitizing actions of capsaicin 

(Jancso-Gabor, Szolcsanyi, and Jancso, 1970). Guinea pigs have higher 

levels of radioimmunoassayable SP in the gastrointestinal tract and in 

sympathetic ganglia than rats and greater numbers of SP-positive neuro

nal fibers in the peripheral nervous system (Hokfelt et al., 1977; Gamse 

et al., 1981c; Holzer et al., 1981). The present results confirm that 

guinea pigs have substantially higher levels of SP than do rats through

out the gastrointestinal tract. Levels in the dorsal spinal cord of the 

guinea pig were Significantly higher than in rats and the markedly 

higher SP levels in guinea pig dorsal roots plus ganglia indicate that 

the greater levels in the spinal cord are of primary afferent origin in 

this species. It cannot be determined from these results if there are 

more SP-containing primary afferents in guinea pigs than in rats or if 

the concentration of SP is higher in SP-containing sensory neurons of 

the guinea pig compared to the rat. However, immunohistochemical obser

vations of a greater number of SP-positive sensory fibers in guinea pigs 

make the former the more likely explanation (Hokfelt et al., 1977). 

Systemic treatment of adult guinea pigs with capsaicin in a cum

ulative dose of over one gram per kilogram depleted SP in dorsal roots 
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plus ganglia and in dorsal cord but not in ventral cord, hypothalamus, 

corpus striatum, or any region of the gastrointestinal tract. The 

extent of depletion in sensory neurons was similar to that seen in rats 

(i.e., 78% decrease in dorsal roots plus ganglia and 43% decrease in 

dorsal cord) and the regional specificity of SP depletion was identical 

to that observed in rats (Gamse, Holzer, and Lembeck, 1980; Holzer, 

Gamse, and Lembeck, 1980; Helke et al., 1981). In both rats and guinea 

pigs, immunohistochemical studies have revealed capsaicin-induced SP 

depletion in vasculature and in some nerve plexuses of the gastrointes

tinal tract (Hoyes and Barber, 1981; Furness et al., 1982) but this de

pletion has not been reflected by RIA determinations of SP in gut tissue 

of either species (Holzer, Gamse, and Lembeck, 1980; Table 7). These 

results, and the differences between rats and guinea pigs in SP levels 

in sensory neurons and in the gastrointestinal tract, most likely indi

cate that both species contain some capsaicin-sensitive primary afferent 

fibers which innervate the gut but that the contribution of these to the 

overall SP levels in the gut is small. Guinea pigs presumably have more 

of these sensory fibers but this species also has substantially higher 

SP levels due apparently to intrinsic SP-containing cells of the gastro

intestinal tract. 

In this investigation, capsaicin reduced SP levels in pial and 

mesenteric arteries, in superior cervical ganglia, and in the adrenal 

gland. These findings are in agreement with recent immunohistofluores

cence studies of SP in the guinea-pig vascular system (Papka et al., 

1981; Furness et al., 1982) and RIA determinations of the peptide in the 
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autonomic nervous system (Gamse et al., 1981c; Bucsics, Saria, and Lem

beck, 1981). The total depletion of SP (i.e., 97-100% decrease) by cap

saicin seen in the present investigation in guinea-pig blood vessels was 

greater than the depletion seen in dorsal roots plus ganglia (i.e.~ 88% 

decrease) of the same animals. In fact, it was greater than the maximal 

depletion of 75-85% seen with high doses of capsaicin in dorsal roots 

and/or ganglia in this and other investigations of SP depletion by the 

compound (e.g., Gamse, Holzer, and Lembeck, 1980; Gamse et al., 1981a,b). 

An essentially total obliteration of SP-positive immunoreactivity by 

capsaicin has also been reported in the heart and cardiovascular system 

of the guinea pig (Papka et al., 1981; Furness et al., 1982). The less

than-total reduction of SP in dorsal roots plus ganglia raises the pos

sibility that there are some SP-containing primary afferent neurons that 

are capsaicin-resistant, possibly myelinated A-delta fibers (Leeman and 

Gamse, 1981). The existence of capsaicin-insensitive sensory neurons 

has also been speculated by Gamse, Holzer, and Lembeck (1980). These 

neurons may be the source of the capsaicin-resistant SP immunofluores

cence seen by Furness and coworkers (1982) on blood vessels exclusively 

in the distal colon and rectum of the guinea pig. The remainder of the 

cardiovascular system of the guinea pig is presumably innervated only 

by capsaicin-sensitive SP-containing sensory neurons (Papka et al., 

1981; Furness et al., 1982; Table 17). 

Capsaicin is a potent depletor of SP in sensory neurons of 

the guinea pig. The present results indicate that a single systemic 

dose of 2.5 mg/kg produces a near-maximal depletion of the peptide in 
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dorsal roots plus ganglia. The depletion by this dose is evident at 

four days after treatment and reaches a maximum between four and ten 

days. In the dorsal spinal cord, no significant SP depletion is seen 

with the 2.5 mg/kg dose even at ten days when SP in dorsal roots plus 

ganglia has been reduced by 70%. A similar dissociation between maximal 

SP depletion in the dorsal cord and maximal SP depletion in dorsal roots 

plus ganglia was seen with a capsaicin dose of 5 mg/kg. At the doses 

of 10 and 50 mg/kg, however, maximal SP depletion occurred in both dor

sal cord and dorsal roots plus ganglia. Dissociation of maximal deple

tion in these two regions has also been observed in the adult rat 

(Lembeck and Donnerer, 1981). Thus, there may be a mechanistic dif

ference between depletion in the spinal cord and depletion in the cell 

bodies-central processes of sensory neurons (see Mechanism of Action of 

Capsaicin). The single 50 mg/kg dose of capsaicin depleted SP in dorsal 

roots plus ganglia as early as 12 hr after injection. From the 40% 

decrease at this time point, the depletion was essentially maximal 

(i.e., 80% decrease) by four days. In the dorsal spinal cord, this dose 

of capsaicin depleted SP by 20% at 12 hr and the depletion progressed to 

the maximum by four days. The depletion of SP by this dose was signifi

cant at all time points in both dorsal roots plus ganglia and dorsal 

cord and the time course for depletion was similar in both regions. 

This time course similarity was not seen with capsaicin doses lower than 

50 mg/kg. In contrast to a reported increase in SP levels in dorsal 

root ganglia in rats several days after a single 50 mg/kg dose of cap

saicin (Lembeck and Donnerer, 1981), no increase was seen in the present 
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investigation in dorsal roots plus ganglia of guinea pigs. In further 

contrast to rats, a single 50 mg/kg dose of capsaicin substantially 

depleted SP in dorsal roots plus ganglia and in dorsal cord for at least 

ten weeks in adult guinea pigs. Gamse and colleagues (1981b) have 

reported that a capsaicin treatment of 125 mg/kg in adult rats depleted 

SP by only 50-60% in dorsal root ganglia and dorsal roots and that this 

depletion had begun to reverse by one month after the treatment. 

Therefore, guinea pigs appear to be more sensitive to the SP-depleting 

action of capsaicin and the compound may produce a longer-lasting pep

tide depletion in this species compared to the rat. 

Alteration of Sensory Function 

Preliminary experiments indicated that guinea pigs treated with 

capsaicin showed reduced responses to heated objects touched against 

their skin. Sensitivity to nociceptive heat was then quantitated by the 

use of two tests developed for use in guinea pigs. When animals treated 

with high systemic doses of capsaicin were tested in the hot-plate and 

skin-flinch procedures, markedly increased response latencies were 

observed. In fact, it was observed in one experiment that treated ani

mals could be left on the hot-plate without exhibiting discomfort until 

vesiculation appeared on the bottoms of the feet. Similarly, treated 

animals showed little or no discomfort when the hot light beam of the 

skin-flinch test was left shining on the skin to the point of producing 

immediate erythema and subsequent scab formation over the burned skin. 

The treated animals also were insensitive to the application of a chemi

cal irritant to the cornea. Capsaicin was very potent in producing 
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these sensory alterations since the changes could be seen after a single 

50 mgjkg dose and the thermal and chemogenic insensitivity lasted for at 

least ten weeks after such treatment. 

The specificity of the sensory changes produced by capsaicin was 

assessed in a battery of test5 of peripheral sensory function. A dose 

regimen of capsaicin which was supramaximal for SP depletion produced 

specific sensory function changes in the treated animals. Only tbe sen

sitivities to nociceptive and non-nociceptive heat and to chemical irri

tants were altered with sensitivities to touch, nociceptive pressure, 

nociceptive and non-nociceptive cold, and vibration unaltered. In 

contrast to the analgesic specificity of capsaicin, morphine reduced 

sensitivities in guinea pigs to all forms of nociceptive stimuli (i.e., 

nociceptive heat, nociceptive chemical, nociceptive pressure, and noci

ceptive cOld). Table 13 presents a direct comparison of the analgesic 

patterns of morphine and capsaicin. The sensory specificity of cap

saicin in guinea pigs was also observed in discrete body regions after 

localized injection of capsicin or dihydrocapsaicin into the region. 

Systemic doses of capsaicin as low as 4 mgjkg produced marked atte

nuation of corneal sensitivity to chemical irritation (Miller, 1982). 

The pattern of sensory changes observed in the present investi

gation with capsaicin in guinea pigs is somewhat different from that 

observed with capsaicin in adult rats. Whereas in guinea pigs capsaicin 

reduced sensitivities to nociceptive and non-nociceptive heat and to 

chemical irritation, adult rats treated with the compound exhibited 

reduced sensitivity to chemical irritation and to nociceptive pressure 
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only (Hayes and Tyers, 1980; Lembeck and Donnerer, 1981). Chemogenic 

sensitivity was essentially abolished in both species (Lembeck and 

Donnerer, 1981; Table 10). Rats treated with capsaicin as adults showed 

no major changes in sensitivity to nociceptive heat stimuli (Hayes and 

Tyers, 1980; Salt, Crozier, and Hill, 1982; Gamse, 1982) while similar 

treatment of guinea pigs produced a contrastingly marked reduction in 

sensitivity to both nociceptive and non-nociceptive heat (Tables 8 and 

10). Thus, the results with capsaicin in guinea pigs are compatible 

with the hypothesis that SP is an important neurochemical mediator of 

thermal sensation. 

Guinea pigs treated with capsaicin developed skin and corneal 

lesions. The skin lesions were not due to a vessicant action of the 

compound since they did not occur at the site of injection. The lesions 

were slow in onset and at higher capsaicin doses they were prolonged. 

At these doses, the corneal opacities progressed to frank ulceration. 

These peripheral lesions are consistent with a peripheral sensory neuro

pathy and it is tempting to speculate that they involve the reported 

covalent binding of capsaicinoids to components in the dermis (Miller et 

a1., 1982a). Capsaicin treatment of guinea pigs also produced a tran

sient, marked decrease in water consumption which may also be related to 

effects of the compound on sensory systems since capsaicin does not 

affect SP levels in discrete hypothalamic nuclei (Helke et a1., 1981). 

Peptide Specificity versus Sensory Specificity 

The massive loss of unmyelinated sensory fibers in rats treated 

with capsaicin suggested the possibility that more than just 
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SP-containing sensory cells were destroyed by the compound. This was 

subsequently confirmed when it was reported that radioimmunoassayable 

somatostatin was also depleted in sensory neurons of these animals (Nagy 

et al., 1981; Kessler and Black, 1981). In addition, immunohistochemi

cal studies have shown that VIP, CCK, and somatostatin are depleted as 

well as SP in rats treated with capsaicin as neonates (Jancso et al., 

1981). Even though CCK determined by immunohistochemistry is affected 

by capsaicin, RIA determinations by two laboratories of CCK levels have 

not indicated depletion of the peptide so there may be some molecular 

species related to CCK that is observed with the high antibody con

centrations used in histochemistry and that is affected by capsaicin 

(Schultzberg, Dockray, and Williams, 1982; Marley et al., 1982). These 

data indicate that capsaicin is not a SP-specific neurotoxin in neonatal 

rats and raise the possibility that the reduced sensitivities to ther

mal, pressure, and chemogenic stimuli in the treated animals result from 

effects on other than SP-containing primary afferent neurons. 

The specificity of the sensory neuron neurotoxicity of systemic 

capsaicin in adult rats has received only limited consideration. Gamsc 

and coworkers (1981a) first reported that treatment of adult rats with a 

dose of 125 mg/kg capsaicin did not affect somatostatin levels in the 

dorsal horn of the spinal cord at times when SP was maximally depleted. 

In a later publication, however, these same investigators indicated that 

the same dose of capsaicin produced a slight reduction in primary 

afferent levels of somatostatin that lasted only a few days in contrast 

to the long-lasting depletion of SP in the same adult rats (Gamse et 

al., 1981b). 
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The results of the present investigation in guinea pigs suggest 

a different pattern of capsaicin neurotoxicity in this species. 

Somatostatin levels in primary afferent neurons or the dorsal cord were 

not reduced by supra-maximal SP-depleting doses of capsaicin as early as 

four days or as long as ten weeks after treatment. Similarly, levels of 

VIP in dorsal roots plus ganglia and in dorsal cord were not altered 

four days or ten days after high doses of capsaicin. CCK levels were 

significantly reduced in dorsal roots plus ganglia and in ventral spinal 

cord by 50% four days after high doses of capsaicin. There was no 

effect on CCK levels in dorsal cord and the changes in the other regions 

were not present ten days after high doses of capsaicin (Tables 14-16). 

There may be a short-lived effect of capsaicin on CCK levels in sensory 

neurons of the adult guinea pig which send their central processes 

through the ventral root instead of the dorsal root (see Hosobuchi, 

1980). In contrast to adult rats, there was no indication of an effect 

of capsaicin on sensory neuron somatostatin levels at any time point. 

SP, on the other hand, was markedly depleted in sensory neurons of the 

same guinea pigs at all time points examined. 

Treatment of guinea pigs with doses of capsaicin which specifi

cally altered thermal and chemogenic sensitivity also produr.ed maximal 

SP depletion in sensory neurons of the same animals. In this experi

ment, somatostatin levels were not altered in sensory neurons of the 

same animals. Similarly, treatment of adult guinea pigs with a single 

50 mg/kg dose of capsaicin produced marked insensitivity to nociceptive 

heat and chemical stimuli that was present ten weeks later. At the same 
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time, SP was markedly depleted in primary afferent neurons of these 

animals while somatostatin levels were unchanged. In addition, systemic 

doses of capsaicin as low as a few milligrams per kilogram abolished 

corneal sensitivity to chemical irritants in guinea pigs (Miller, 1982). 

These doses were similar to the threshold dose for SP depletion in dor

sal roots plus ganglia. On the other hand, the chemogenic insensitivity 

after these low capsaicin doses was evident within a few hours after 

injection (Miller, 1982) whereas SP depletion in cell bodies and central 

processes of sensory neurons at these doses was presumably not substan

tial this early (Figure 14). The possibility of rapid SP depletion in 

peripheral processes of sensory neurons being responsible for the rapid 

analgesia will require measurement of SP in peripheral tissues. Two 

groups of ir.vestigators have obser'ved that corneal insensitivity and 

blockade of plasma extravasation after capsaicin treatment occurs within 

minutes of systemic administration of the compound, considerably sooner 

than SP depletion in peripheral and central parts of sensory neurons 

(Gamse et al., 1981a,b; Lembeck and Donnerer, 1981). A dissociation be

tween corneal insensitivity to chemical irritation and SP depletion in 

the cornea has been observed after topical application of capsaicin 

onto the eye (Lembeck and Donnerer, 1981). The apparent specific deple

tion of primary afferent SP by capsaicin may, therefore, be a biochemi

cal marker of the neuronal specificity of capsaicin neurotoxicity rather 

than the cause of capsaicin-induced sensory deficits. 

In the adult guinea pig, it is likely that capsaicin renders 

abnormal the neurophysiology of at least one of the two types of 
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temperature-sensitive polymodal nociceptor neurons (see Introduction). 

The loss of chemogenic sensitivity indicates that the type of nociceptor 

neuron sensitive to noxious mechanical stimuli, noxious heat, and che

mical irritation is affected by capsaicin. It cannot be determined from 

the results if the loss of nociceptive heat sensitivity and of non

nociceptive heat sensitivity is due to an effect of the compound on one 

type of neuron or on two different types. The fact that noxious mecha

nical sensation and noxious cold sensation remain intact suggests that 

some nociceptive sensory neurons in the guinea pig are not affected by 

capsaicin. Since SP is the only sensory neuron neuropeptide that is 

consistently affected by capsaicin, those neurons mediating the sensory 

functions altered by capsaicin presumably are SP-containing, probably 

type C unmyelinated primary afferents. 

The question arises as to why the sensory effects of capsaicin 

are different in adult rats compared to adult guinea pigs. The dif

ferent patterns of senso~ deficits produced in these two species 

suggests that the sensory modalities subserved by the capsaicin

sensitive SP-containing neurons are different in the two species. In 

the rat, SP-containing nociceptive C fibers may be less important in 

thermal sensitivity than in the guinea pig. It is interesting to note 

that in all experiments in the present studies in which SP and soma

tostatin levels were determined in the same guinea pigs, SP levels were 

markedly higher than somatostatin levels in dorsal roots plus ganglia 

and in dorsal spinal cord. This differs from the data in two reports by 

Gamse and coworkers (1981a,b) which indicated that in adult rats SP and 
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somatostatin levels were identical. This raises the possibility that 

different neuropeptides are important in the neurophysiology of sensory 

neurons which mediate the same sensory functions in the two species. 

Somatostatin could have an intimate role in thermal sensation in rats 

while SP-containing sensory neurons may have this role in guinea pigs. 

The recent description of the somatostatin depleting actions of 

cysteamine may provide a means for investigating this possi~ility (Sagar 

et a 1 ., 1982). 

Mechanism of Action of Capsaicin 

Sensory Effects 

The early observations of Jancso (1968) that localized injection 

of capsaicin into a rat paw produced localized chemogenic insensitivity 

and abolished action potentials along sensory nerves to the paw led this 

investigator to postulate that the site of capsaicin's biological 

actions was the peripheral processes of primary afferents. This 

hypothesis was also compatible with the immediate localized irritation 

produced by application of the compound onto epidermal surfaces. The 

rapid onset of chemogenic insensitivity after systemic capsaicin and the 

localized specific analgesia produced by local injection of capsaicin 

are also consistent with this site of action (Gamse et al., 1981a,b; 

Lembeck and Donnerer, 1981; Miller, 1982). The data available suggest 

that capsaicin has three distinct actions on some sensory neurons: 

1) an initial stimulation of the peripheral endings; 2) a subsequent 

desensitization of these sensory endings to specific stimuli and; 3) a 
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depletion of SP from the entire extent of the capsaicin-sensitive sen

sory neurons. Any or all of these actions probably result from an 

action of capsaicin on membrane ion channels since the compound blocks a 

potassium channel in neuronal processes and requires the presence of 

Ca++ for some of its initial biochemical effects in vitro (Gamse et al., 

1981a; Helke, Jacobowitz, and Thoa, 1981; Dubois, 1982). 

Some indication has emerged that capsaicin can have effects on 

neuronal systems other than primary afferents. In the isolated guinea

pig ileum, capsaicin produces atropine-sensitive contraction and choli

nergic contractions induced by periarterial nerve stimulation were abo

lished after capsaicin-induced tachyphylaxis (Szolcsanyi and Bartho, 

1978). Intranigral capsaicin depletes nigral 5-hydroxytryptamine but 

not SP (Dawbarn, Harmar, and Pycock, 1981). Prostaglandins are released 

by localized administration of capsaicin in the isolated perfused rabbit 

ear (Juan et al., 1980). Non-specific effects of capsaicin in the spi

nal cord may have been responsible for the analgesia produced in adult 

rats by intrathecal administration of the compound (Nagy, Emson, and 

Iversen, 1981). These observations indicate that caution must be exer

cised in assessing the effects of locally administered capsaicin. 

Unless sufficient consideration is given to specificity of the actions 

of the compound in these instances, the results obtained may not be 

relevant to the specific biochemical and sensory effects seen with low 

doses of the compound in vivo. Such consideration was not given by 

Ainsworth and coworkers (1981) who reported that local application of 

capsaicin onto the exposed sciatic nerve of adult rats depleted SP and 
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CCK in the spinal cord. These two peptides were the only two putative 

sensory neuron neurotransmitters measured; since spinal somatostatfn is 

apparently not markedly affected by systemic capsaicin in adult rats, 

this neuropeptide should have also been assayed to rule out a non

specific effect of capsaicin to deplete all sensory neuron peptides. 

Similarly, the report that direct application of capsaicin onto the 

sciatic nerve inhibited the axoplasmic transport of SP and somatostatin 

but not that of acetylcholine or norepinephrine did not consider proper 

controls. This treatment also abolished sensitivity to chemical irri

tants and to noxious heat in the innervated limb (Gamse et al., 1982). 

Since acetylcholine and norepinephrine are probably not sensory 

neurotransmitters (see Introduction) and since no other sensory neuro

peptide was considered in this study, the possibility that non-specific 

effects of capsaicin on all sensory neurons cannot be excluded. This 

possibility is especially important since it is clear that systemic cap

saicin in adult rats does not produce long-lasting or marked thermal 

insensitivity and intrathecal capsaicin may do so only at doses pro

ducing non-specific effects in the spinal cord (vide supra). 

Nerve Growth Factor 

Several laboratories have reported in recent years that pertur

bation of the neurotrophic effects of NGF in neonatal animals results in 

alterations in SP-containing primary afferent neurons. SP levels in 

dorsal root ganglia increase markedly during the first few weeks of life 

in rats and amputation of the innervated limb, presumably the peripheral 

source of neurotrphic factors, prevents this increase. Administration 
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of NGF after the amputation restores the levels of SP in sensory ganglia 

(Kessler and Black, 1980). Administration of NGF to neonatal rats or to 

cultured embryonic dorsal root ganglia increases the SP content in the 

ganglia in a specific manner (Schwartz and Costa, 1979; Kessler and 

Black, 1980). Conversely, administration of antibodies to NGF reduces 

the level of SP in dorsal root ganglia and peripheral tissues innervated 

by primary afferents in neonatal animals (Otten et al., 1980; Mayer et 

al., 1982). Administration of NGF or of NGF antibodies to adult 

animals has not revealed effects on sensory neurons that resemble those 

seen in neonates, possibly because of difficulties inherent in the 

systemic administration of large proteins to animals (Harper and 

Thoenen, 1981). To circumvent these difficulties, Ross and colleagues 

(1981) have developed an autoimmune model in which pregnant female rats 

are inoculated with NGF and the mothers' antibodies against the molecule 

then affect the offspring in utero and during nursing. These offspring 

exhibit a marked loss of sensory and autonomic ganglia neurons as well 

as a marked depletion of primary afferent SP. In addition, it has been 

observed that the NGF-treated mothers themselves have a marked reduction 

in dorsal root ganglia SP levels but without loss of sensory neuron cell 

bodies (Schwartz, Pearson, and Johnson, 1982). These consequences of 

modification of the neurotrophic actions of NGF bare a striking resem

blance to the consequences of capsaicin neurotoxicity: 

1- Both capsaicin and NGF antibodies deplete SP and somato

statin in neonates while causing a loss of certain sensory 

neurons. 



2- Both capsaicin and NGF antibodies deplete SP without 

producing cell death in adult animals. 

3- Both capsaicin and NGF (and NGF antibodies) are specific 

for peripheral neurons, albeit the former for sensory 

neurons only and the latter for both sensory and sympa

thetic neurons. 

4- Both capsaicin and the NGF autoimmune model produce 

syndromes in animals that resemble familial dysautonomia, 

a disorder in which a defect in NGF is thought to be a 

cause (vide infra). 
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It has now been observed that capsaicin inhibits the retrograde 

axoplasmic transport of NGF in guinea pigs. The dose-response curves 

for SP depletion and for transport inhibition were similar and coad

ministration of NGF with capsaicin blocked capsaicin-induced SP deple

tion in dorsal root ganglia (Miller et al., 1982b). Otten (1982) has now 

stated in an abstract that NGF administration with capsaicin in neonatal 

rats blocks the capsaicin-induced SP depletion in these animals. This 

mechanism of action is also consistent with the observation by Lembeck 

and Donnerer (1981) that SP depletion by capsaicin occurs slightly 

sooner in dorsal root ganglia than in peripheral or central processes of 

the same neurons. Another consequence, then, of the probable actions of 

capsaicin on membranes of sensory neuron peripheral processes is the 

disruption of the actions of NGF and this may contribute to the marked, 

long-lasting depletion of SP. The effect of capsaicin on NGF may 

involve alterations in axoplasmic transport of the protein and may not 

be specific for NGF (Gamse et al., 1982). 
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Capsaicin Versus Other Neurotoxins 

Capsaicin is unique in the specificity of its sensory neurotoxi

city and in the fact that it can apparently produce marked sensory defi

cits in adult animals without destroying sensory neurons. Acrylamide 

neurotoxicity in humans can involve depression of pain and temperature 

sensation but it usually also involves marked alterations in other sen

sory functions and in motor function. In contrast to capsaicin, the 

neurotoxicity of acrylamide involves primarily large diameter"neurona1 

fibers and is reflected by a dying back of the affected neurons. Di

methylaminoproprionitrile (DMAPN) can produce severe loss of pain and 

temperature sensation soon after toxic exposure and the effects seem to 

be mediated by an effect on small diameter sensory neuronal fibers. 

Later in the syndrome produced by DMAPN, the sensory deficits become 

less specific and my involve large diameter neurons. DMAPN 

neurotoxicity is reversible and, similar to that of capsaicin, may 

involve alterations in axoplasmic transport. Doxorubicin has been 

reported to produce cell death that is largely limited to dorsal root 

ganglion neurons and cardiac myocytes. Large diameter sensory cells 

seem to be the most sensitive to these effects and large doses 

produce many sensory deficits in rats. The mechanism of doxorubicin 

neurotoxicity involve~ anatomical changes in nuclear organelles 

probably resulting from the intercalation of the compound with DNA (see 

Spencer and Schaumberg, 1980). 

Another apparent peptide neurotoxin has recently been reported. 

High systemic doses of cysteamine (2-mercaptoethylamine) in rats deplete 
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somatostatin from all areas of the eNS in a reversible manner (Sagar et 

al., 1982). Although both somatostatin-14 and somatostatin-28 were 

depleted by the compound, a report from Bloom's laboratory at the Salk 

Institute observed that only somatostatin-14 and not the larger presum

ably precursor form of the peptide was affected (Bakhit, Benoit, and 

Bloom, 1982). Thus, cysteamine may not act by inhibiting the overali 

synthesis of somatostatin. Potential effects of the.neurotoxin on 

other neurochemical systems have not yet been extensively studied. 

Capsaicin-Induced Sensory Deficits and Familial Dysautonomia 

Pearson and coworkers {1982} have observed that SP in the dorsal 

horn of the spinal cord is virtually undetectable by immunohistochemical 

means in victims of familial dysautonomia. Johnson's group in St. Louis 

has observed that guinea pigs made autoimmune to NGF exhibit a 

marked depletion of sensory neuron SP and a marked attenuation of their 

sensitivities to various types of pain suggesting that these animals 

provide a laboratory model of dysautonomia (Johnson, 1981). The 

results of the present investigation and those from other laboratories 

studying capsicin indicate a striking similarity between the syndrome 

of sensory deficits produced by capsaicin in guinea pigs and the 

syndrome of sensory deficits in familial dysautonomia. This is il

lustrated in Table 18. The capsaicin-treated guinea pig may thus be a 

model of certain aspects of familial dysautonomia. The relative ease of 

treating animals with capsaicin compared to the use of NGF injections to 

produce an autoimmunity to the protein may make the capsaicin model a 
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more useful one for research. Additional data will be necessary to de-

termine if the important autonomic dysfunction seen in victims of dys-

autonomia is also mimicked by capsaicin neurotoxicity. 

The similarity between the sensory functions most affected in 

capsaicin neurotoxicity and in familial dysautonomia and the marked loss 

of SP in both conditions strongly suggest that SP is intimately involved 

in the processing of sensory information from heat and/or chemogenic 

stimuli in guinea pigs and in human beings. 

Table 18. Comparison of Sensory Deficits in Capsaicin-Treated Guinea 
Pigs and Familial Dysautonomia. 

+ = Normal, - = reduced. 
Capsaicin-Treated 

Function Dysautonomi a Gui nea Pi gs 

Nociceptive Heat Response 
Non-Nociceptive Heat Response 
Nociceptive Cold Response 
Non-Nociceptive Cold Response 
Nociceptive Chemical Response 
Corneal Tactile Response 
Touch Response 
Proprioception 
Vibration Response 
Nociceptive Pressure Response 
Corneal Ulceration 
Axon Refl ex 
NGF Involvement 
Baro- and Chemoreceptor Involvement 
Autonomic Nervous System Dysfunction 

? 

+ 
+ 
+ 
+ 

Yes 

Probable 
Yes 
Yes 

+ 
+ 

+ 
+ 
+ 
+ 
+ 

Yes 

Probable 
Probable 

? 



CONCLUSIONS 

1 - Systemic capsaicin depletes primary afferent SP in neonatal 

and adult rats without producing a marked change in sensi

tivity to thermal stimuli. 

2 - Capsaicin depletes SP in sensory neurons of the adult guinea 

pig without affecting levels in other regions of the CNS. 

3 - Systemic capsaicin produces marked, selective peripheral 

sensory deficits in adult guinea pigs that are limited to 

nociceptive and non-nociceptive heat and nociceptive chem

ical sensitivity. 

4 - Adult guinea pigs are extremely sensitive to the neurotoxic 

effects of capsaicin and the compound produces remarkably 

long-lasting biochemical and neurophysiological changes in 

certain sensory neurons in this species. 

5 - Capsaicin is primarily a SP-specific neurotoxin in primary 

afferent neurons of the adult guinea pig and implicates SP 

in the sensory functions modified by capsaicin, presumably 

in unmyelinated type C fibers. 

6 - The syndrome of sensory deficits produced by capsaicin in 

guinea pigs closely resembles that seen in familial dysauto

nomia; thus, SP may be involved in similar sensory functions 

in guinea pigs and humans. 
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7 - The capsaicin-treated guinea pig provides a useful model in 

which to investigate the roles of SP in the peripheral 

nervous system. 
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