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I. Introduction

THE PEPTIDES constitute the newest class of molecules
considered to play key roles as transmitters or modula-
tors in the central and peripheral nervous system. The
list of these peptides is steadily growing and now includes
more than 20 different molecules, some of them being
structurally related (261). Of all these peptides, Sub-
stance P (SP) has the longest history and is probably the
best characterized as far as distribution, release, and
biological properties are concerned.

The story of SP began in 1931 (164) and important
works on its distribution and pharmacological effects
were performed during the following 30 years. These
studies, however, were restrained by the lack of chemi-
cally pure preparations and specific analytical methods.
The isolation and chemical characterization of SP in
1970 (71, 72), followed by its synthesis (624), was, there-
fore, an important milestone in the scientific saga of SP
and opened possibilities to develop highly specific im-
munohistochemical and radioimmunological techniques
for detailed mapping of the distribution and release of
SP. These discoveries substantially stimulated the re-
search on SP, which has exploded during the last few
years (fig. 1).

This review will describe our present knowledge of the
distribution of SP in various organs, its release and
pharmacological properties, and will discuss briefly the
putative physiological role of the peptide. The main
emphasis will be on the progress made after 1970,
whereas studies performed earlier will be mentioned only
briefly since they have already been reviewed extensively
(658, 403, 58). The reader is also referred to other re-
views, which describe various aspects on progress in SP
research (484, 471, 382), and to symposia entirely or

partly devoted to SP (566, 590, 645, 168, 438, 385, 530).
Finally, the continuous follow-up of the entire literature
on SP by Skrabanek and Powell (582) is invaluable for
all scientists interested in this field.

II. Studies before 1970

In 1931, von Euler and Gaddum (164) reported that
extracts of equine brain and intestine contained a hy-
potensive and spasmogenic factor, which could be sepa-
rated from all biologically active principles known at that
time. It differed qualitatively from acetylcholine and its
biological effects were not blocked by atropine. Further-
more, the new active substance, which was prepared in a
form of dry powder and called preparation P, showed
chemical and biological characteristics, which distinctly
separated it from histamine and adenine nucleotides.
Early findings suggested that the new compound, provi-
sionally named Substance P (187), might be a protein
(160).

A. Chemistry
1. Extraction. SP was originally extracted by mincing

the tissue in acid ethanol. After stirring for 1 hour the

alcohol was evaporated under pressure. Lipids were re-
moved by ether in which SP is insoluble (160, 161, 164).
A simpler method used later (162, 513, 5) was to suspend
the minced tissue in acidified water and boil for a few
minutes. After neutralization the extract could then be
immediately tested on various biological preparations.

SP could be precipitated from aqueous solutions by
ammonium sulphate (162), while most other biologically
active compounds such as histamine, 5-hydroxytrypt-
amine (5-HT), and adenosine nucleotides remained in
the supernatant.
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Fi1G. 1. Annual number of publications on SP from 1931 to 1981 related to some important observations.

2. Purification. The first attempt to purify SP was
made in 1953 when Pernow (514) obtained a high degree
of purity by absorption of SP from alcoholic solutions
on aluminium oxide columns and elution with water. A
further passage on a cellulose column and elution with
butanol/acetic acid/water yielded a highly active prepa-
ration that contained 13 amino acids (514). Further use
of advanced purification procedures such as gel filtration,
ion exchange chromatography, and high voltage electro-
phoresis yielded SP preparations close to purity (176, 34,
662).

3. Chemical Properties. Partly purified SP was easily
soluble in water and alcohol but insoluble in ether and
chloroform. It tolerated boiling at pH 1 to 7 but was
rapidly destroyed in alkaline environment (161, 162,
164). During paper electrophoresis it traveled to the
cathode at pH < 10 and its isoelectric point was near 9
(516).

The biological activity of SP was destroyed by trypsin
and pepsin (160) but resistant to carboxypeptidases
(176). The SP destroying activity of chymotrypsin was
about 200 times greater than that of trypsin (515). The
weak effect of the trypsin preparations used possibly was
due to the presence of traces of chymotrypsin. Extracts
of several organs such as the kidney, spleen, intestine,
liver, and lung destroyed SP (216, 515, 136).

Since no physicochemical or biological differences
could be observed between SP prepared from brain and
intestine, they were considered identical (148).

B. Occurrence and Tissue Distribution

1. Bioassay. Detailed studies on the occurrence of SP
in various organs were performed in the 1930s and 1950s.
These studies were based entirely on bioassay of crude

tissue extracts. In the first studies (160, 164) the hypo-
tensive effect of SP in the rabbit and spasmogenic effect
on isolated rabbit jejunum were used as test of activity.
Later the isolated guinea-pig ileum was found to be more
suitable (127, 513) and thereafter used for routine assay.
The most sensitive assay preparation was, however, the
isolated goldfish intestine with the microtechnique sug-
gested by Gaddum and Szerb (188), which allowed the
detection of microunits of SP. (One unit of SP corre-
sponded to 2 to 4 times the threshold dose on the isolated
rabbit jejunum in a 30-ml Tyrode’s solution (162) or 7 to
10 times the threshold dose on the guinea-pig ileum in a
3-ml organ bath (514).

2. Nervous System. SP can be extracted from the brain
of all vertebrate species from fish to mammals, including
man (514, 166, 659, 593, 368). The concentration of SP
seemed to be lower in species with highly differentiated
brains, since SP in whole brain was found to increase in
the following order—man, cat, rabbit, guinea-pig, rat,
duck, pigeon, and chicken (213). A detailed mapping of
the occurrence in various parts of the mammalian brain
including man was performed in the 1950s (356, 514, 5,
660, 504). Generally, the SP concentration was much
higher in the grey than in the white matter. The cere-
bellum contained negligible amounts. Relatively low con-
centrations also were found in the cortex, except for the
anterior cingulate gyrus and the somatomotor, somato-
sensory, and olfactory areas, where high or moderate
concentrations were identified.

In the subcortical areas considerably higher SP con-
centrations were found than in the cortex. However, the
distribution was very uneven. The highest values were
found in the substantia nigra, but also in the hypothal-
amus, globus pallidus, caudate nucleus, putamen, and
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central grey matter high concentrations were present.
The medulla oblongata generally contained moderate
amounts, but with certain regions such as the area ci-
nerea and area postrema again showing high concentra-
tions.

In the spinal cord, the dorsal half was found to contain
more SP than the ventral. As in the brain, more SP was
present in the grey matter than in the white, except for
the dorsal columns, where much more SP was found than
otherwise in the white matter. The dorsal roots were 5
to 10 times richer in SP than the ventral roots.

SP was also found in peripheral nerves, although much
less than in most parts of the central nervous system
(514). The highest concentrations were observed in the
spinal ganglia and cervical sympathetic trunk, whereas
the thoracic trunk and the vagus contained smaller
amounts. Small but significant amounts were also found
in the stellate and nodose ganglion as well as in the
sciatic, splanchnic, phrenic, and splenic nerves.

After section of the sciatic nerve, a significant decrease
of SP occurred in the distal stump, while the SP concen-
tration rose in the proximal part to about 600% of the
control (276). From this observation Pamela Holton
concluded: “It seems that substance P behaves more like
the substances associated with transmission from nerve
endings than those which are not” (277).

The subcellular distribution of SP was studied both in
the central nervous system and in peripheral nerves. In
broken cell preparation of brain tissue, two thirds of the
total SP activity could be found in the mitochondrial
fraction (396).

SP was present together with acetylcholine, histamine,
and 5-HT in the mitochondrial subfraction, which con-
tains the synaptic vesicles of the nerve endings (186,
297). In peripheral nerves, the SP activity was found in
the microsomal fraction, where it evidently was stored
in a conjugated inactive form, since the activity could be
elicited only after sulphuric acid treatment (165).

3. Gastrointestinal Tract. SP was found in the intes-
tine of mammals (164), fish (166), and frogs (403). De-
tailed studies on the distribution of SP in the gastroin-
testinal tract (127, 513) showed that SP occurred in all
parts with low concentrations in the oesophagus and
stomach, high in the duodenum and jejunum, and pro-
gressively decreasing amounts in the small intestine to-
wards the caecum. In the colon and rectum the concen-
tration was moderate. Large species differences occurred
with the highest concentrations in the monkey (approx-
imately 50 units/g in the duodenum).

All tissue layers of the intestine were found to contain
SP, particularly in the muscularis mucosae with the
submucous nerve plexus, whereas the concentration was
equally distributed in the external muscle layers. Lower
concentrations were found in the mucosa (127, 513). In
the gut, SP also seemed to be connected to nervous
structures, since in Hirschsprung’s disease low concen-
trations of SP were found in the distal aganglionic seg-

ment of the rectosigmoid colon while the proximal, neu-
roanatomically normal part showed high values (143).

C. Pharmacological Actions

Von Euler and Gaddum (164) reported that SP stim-
ulates the intestinal smooth muscle and lowers blood
pressure. During the following 30 years, studies on the
pharmacology of SP were mainly concentrated on the
gastrointestinal tract and circulation, while the effect of
SP on the nervous structures was studied less intensively.

1. Intestine. SP was found to effectively stimulate
smooth muscle in all parts of the gastrointestinal tract
as well as in the isolated uterus, ureter, and urinary
bladder, whereas the gall bladder was almost resistant to
SP. These effects were shown in mammals, birds, and
amphibia (160, 514, 403). The spasmogenic effect of SP
was not blocked by atropine, hexamethonium, nicotine,
cocaine (514), antihistamines (127), or 5-HT antagonists
(185), which suggested that SP acts directly on the
smooth muscle fibers (514). With the Trendelenburg
technique, a peristaltic reflex could be elicited at a lower
threshold when SP was present (205). Hexamethonium
inhibited the effect of SP on peristalsis, indicating that
SP, in addition to its direct effect on smooth muscle,
probably also stimulates nerve fibers of the peristaltic
reflex arc (18).

Intravenous or local application of SP in the rabbit
stimulated the intestinal motility in vivo (205). In man,
intravenous infusion of 1000 units during a 20-minute
period increased both segmental and peristaltic motility
as illustrated by cineradiology (408). A transient motility
was also initiated in patients with intestinal paralysis
(408).

2. Circulation. The hypotensive effect of SP was found
to be due to a peripheral vasodilatation and no cardi-
otropic effects were observed (160). The fall in blood
pressure following intravenous or close-arterial injec-
tions was dose-dependent and not blocked by atropine,
antihistamine, or ganglionic blocking agents (514, 414).

Also, close-arterial injection in man of a few units of
SP in the forearm elicited a rapid and transient vasodi-
latation (414). Intravenous infusions in man led to a
bright red flush in the face, a fall in blood pressure, and
tachycardia (135). SP was about 100 times more potent
as a vasodilator than bradykinin (414). Cardiac output
and stroke volume were increased, when SP was infused
intravenously in man (135).

3. Nervous System. The observations of high concen-
trations of SP in certain areas of the central nervous
system early initiated pharmacological studies on SP in
the brain. Particular attention was focused on the obser-
vations that crude SP preparations elicited sedative ef-
fects in mice (658) and wild hares (594), measured as a
reduection in spontaneous and induced motor activity. SP
was also found to antagonize morphine and methylam-
phetamine (658), prolong hexobarbitone sleeping time
(658), and protect against convulsions induced by
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strychnine and picrotoxin (658) or tetanus toxin (591).
Later, Stern and Hucovi¢ (592) repeated all these exper-
iments with partly purified SP preparations. Their prep-
arations failed to antagonize convulsions caused by stry-
chnine or to prolong the hexobarbitone sleeping time but
were still able to antagonize morphine analgesia when
SP was given in small doses (1000 units/kg).

Intracerebroventricular injection of partly purified SP
in rabbits and cats elicited various neurotropic effects
such as inhibition of spontaneity, licking, and stupor.
The most constant finding was, however, a long-lasting
stimulation of respiration (167). Local application of
crude SP on the cortex of the cat (94) or injection into
the carotid artery (94, 376) increased cortical activity
and excitability. In contrast, Caspers and Stern (67)
found an EEG-pattern resembling that of sleep when
applying SP locally to the cortex. Although these results
were conflicting, they indicated that SP exerts significant
central neurotropic effects, which stimulated future stud-
ies with pure SP.

D. Possible Physiological Role

The widespread distribution of SP and its pronounced
pharmacological effects early initiated the discussion on
its putative physiological role. Although several proposed
functions for SP were pure speculations, some are still
relevant. Most authors were anxious to emphasize that
the SP preparations used were often far from purity and
that some of the effects observed, therefore, might be
due to factors other than SP.

The uneven distribution of SP in the central nervous
system seemed to indicate clear-cut functional roles for
the substance. Of particular importance was the obser-
vation of much higher SP concentrations in the dorsal
than in the ventral roots of the spinal cord (387, 514),
which was the basis for the hypothesis that SP may serve
as a transmitter of the primary sensory neuron (387).
The observation of large amounts of SP in the intestinal
wall and its powerful spasmogenic effects led to early
speculation that SP may play a role in the control of
intestinal motility (160).

III. Isolation of SP and Its Identification as an
Undecapeptide

The first complete purification of SP was done by
Chang and Leeman (71) as a “result of a serendipitous
finding rather than an intentional effort” (386). While
involved in an attempt to isolate a corticotropin-releas-
ing factor from bovine hypothalamus, Leeman and Ham-
merschlag (384) found a peptide material showing sialo-
gogic activity. (It is interesting to recall that von Euler
and Gaddum detected SP while investigating the distri-
bution of acetylcholine in various tissues.) The effect of
the “sialogen” was not blocked by atropine or adrenergic
blocking agents, It was stable to heat and acid but was
destroyed by pepsin. The following year Lembeck and
Starke (402) showed that SP stimulated salivary secre-

tion and suggested that the “sialogen” might be identical
to SP. Leeman and associates now turned from the
corticotropin-releasing factor to the isolation of the
newly discovered hypothalamic peptide. The purification
steps involved gel filtration, ion exchange chromatogra-
phy, and high voltage paper electrophoresis. The homog-
enous peptide thus obtained consisted of 11 amino acids,
Lys,, Arg,, Pros;, Gln,, Gly,, Met,, Leu,, and Phe;, and
the molecular weight was 1348 (71). The pure material
had biological properties identical to those reported for
partly purified SP preparations. In addition, the physical
and chemical properties were very similar.

The amino acid composition of SP was determined by
chymotryptic cleavage, Edman degradation, and carbox-
ypeptidase treatment and found to be: H-Arg-Pro-Lys-
Pro-Gln-Gin-Phe-Phe-Gly-Leu-Met-NH; (72). The first
synthesis of SP was done by Tregear et al. (624) by using
the solid-phase procedure. The synthetic material was
identical in physical, chemical, and biological character-
istics with the naturally occurring material. The synthe-
sis of SP has since been performed by several groups
(647, 170, 602, 655) and synthetic SP is now available
commercially.

In 1973 Studer et al. (602) isolated SP from horse
intestine. The tissue extraction was done according to
von Euler (162) and the initial steps in the purification
were the same as used by Pernow (514). In the final
isolation Studer et al. (602) essentially used the proce-
dure of Chang and Leeman (71). The amino acid com-
position and sequence of the SP from intestine was
identical to that of the sialogogic peptide from bovine
hypothalamus (71). This result definitely showed iden-
tity between the sialogogic compound and SP of von
Euler and Gaddum as well as between SP extracted from
intestine and brain.

IV. Aspects on Methodology

The results presented in this review are based on a
variety of chemical, immunological, pharmacological,
and physiological techniques; most of them are conven-
tional, although others are specially designed for the
particular experimental situation. Radioimmunological
and immunohistochemical studies have provided quan-
titative data on the distribution of SP and other peptides,
identification of their cellular and subcellular localiza-
tion, and information on the release of SP in various
situations. Since these data are fundamental for our
present view of the functional role of SP, some aspects
of the methodology will be briefly given.

A. Radioimmunoassay

Due to the small size of the SP peptide, conjugation to
a large protein is necessary to elicit an immune response.
For this purpose, synthetic SP is coupled, for example,
to bovine serum albumin or proteins. The conjugated SP
is separated from the nonconjugated by dialysis. At im-
munization the conjugate is mixed with complete
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Freund’s adjuvant and injected repeatedly in nanomole
quantities into rabbits or guinea-pigs. After about 2
months the antibody titer may be high enough to use the
antiserum for assay (531, 478, 655). Also, a standardized
and permanent source of monoclonal SP antibodies has
been obtained in a culture cell system from a hybrid
clone, isolated after fusion of mouse myeloma cells with
hyperimmune rat spleen cells (100).

For labeling with radioactive iodine, most groups have
used an SP derivative synthesized with a Tyr residue
substituted for the Phe®. In general, 60% to 80% of the
isotope can be attached to the [Tyr’]SP. Besides
1351 [Tyr®]SP, '%I-N*-Tyr-SP has also been used as tracer
(654).

The specificity of the SP antisera and monoclonal SP
antibodies has been analyzed by testing the ability of
various SP fragments, SP analogues, and peptides with
a structure similar to SP to interfere with the binding of
131 Tyr®]SP or '*I-N*-Tyr-SP to the SP antisera raised.
The SP fragments SP,_;;, SP;_;;, and SP,_;; have been
found to displace the tracer almost identically to SP;_;,
while C-terminal SP fragments shorter than SPs_,; dra-
matically reduce crossreactivity (64, 655, 42, 612). This
indicates that the binding of the antisera to SP fragments
is well correlated to the biological activity of these frag-
ments.

Recently an antiserum has been produced that is spe-
cifically directed to the N-terminal part of the SP mole-
cule (379). This antiserum produces only 0.1% and 0.01%
crossreactivity with SP,_;; and SP3_,,, respectively. The
same content of SP immunoreactivity in the brain was
measured with N- and C-terminal-directed antisera
(879).

For the structurally related peptides eledoisin and
physalaemin a slight crossreactivity has been reported,
amounting to 0.03% to 5% (531, 532, 479, 100). Other
peptides, including bradykinin, somatostatin, glucagon,
bombesin, met-enkephalin, vasoactive intestinal poly-
peptide, and gastrin exhibit no or negligible crossreactiv-
ity (479, 100, 42). A typical assay (531, 479, 100) is carried
out with a sample volume of 0.25 ml and an incubation
volume of 2.5 ml. The incubation medium consists of
0.02 M barbital buffer or 0.05 M barbitone/acetate buffer
(pH 8.6) to which is added 0.8% bovine serum albumin
or 0.1% gelatin in order to reduce adsorption of SP to
surfaces of glass or plastic. The rabbit antisera are diluted
to give bound/free peptide values near 1. The most
sensitive antisera are diluted up to 1:500,000. In order to
inhibit peptidases, Trasylol (500 to 1000 KIE, Kallikrein
Inaktiverung Einheiten) or other peptidase inhibitor is
added to the tubes. Tissue extracts of synthetic SP are
preincubated for 4 hours at 4°C with the incubation
medium containing the antiserum or antibody. *I[Tyr?]
SP (1000 to 1500 cpm) is then added and the incubation
continued for another 18 hours at 4°C. Antibody-bound
label is separated from unbound by charcoal absorption.
Both free and antibody-bound radioactivity is then re-

corded in a gamma counter. The minimum detectable
amount of SP using this radioimmunoassay (RIA) is a
few fmol and the interassay coefficient of variation for
duplicate samples is less than 10% (42).

B. Immunohistochemistry

The indirect immunofluorescence technique, generally
used to identify peptide-containing structures, was intro-
duced by Coons and collaborators (85). A modified pro-
tocol often used in studies on SP and other peptides
includes fixation of the tissue in formalin, sectioning in
a cryostat, and incubation with specific antisera (262).
After rinsing, the sections are incubated with fluorescein
isothiocyanate-conjugated sheep antirabbit antibodies
and examined in a fluorescence microscope. Subse-
quently markers other than the fluorescent compounds
have been introduced, such as horseradish peroxidase,
which can be used for studies both at the light and
electron microscopic level. The peroxidase-antiperoxi-
dase technique (595) needs no conjugation, since all steps
depend on antigen-antibody reactions.

To establish the occurrence of more than one sub-
stance (peptides and amines) in a single neuron, either
adjacent sections incubated with different antisera are
examined or an elution-restaining technique is used (465,
623). With the latter technique the distribution pattern
obtained with one antiserum is first studied, thereafter
the antibody is washed out with, for example, acid potas-
sium permanganate (623) and the same section is then
reincubated with a new antiserum, photographed, and
compared with the previous one.

Recently a combination of radioautographic detection
of internally labeled monoclonal antibodies with the
peroxidase-antiperoxidase technique has been used for
simultaneous localization of SP and 5-HT or enkephalin
(105). This elegant method seems to solve many prob-
lems involved in the simultaneous study of two different
antigenic sites in a single preparation and clarifies the
coexistence of neuropeptides and classical neurotrans-
mitters in single neuronal cell bodies or nerve terminals.

In the immunohistochemical analyses both rabbit anti-
sera and monoclonal antibodies have been used. Since
crossreactivity exists between SP and structurally re-
lated peptides such as eledoisin and physalaemin, al-
though to a small extent, most authors have described
the material as SP-like immunoreactivity. It also has to
be emphasized that negative immunohistochemical re-
sults should be interpreted with caution, since the exist-
ing intraneuronal levels of the various compounds may
be too low to be detected with the techniques used.

V. Central Nervous System
A. Distribution

Extensive radioimmunological and immunohisto-
chemical studies have established the presence of SP in
most parts of the central nervous system of all mammals,
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including man. A characteristic feature is the uneven
distribution with very large accumulation in some areas,
while other areas seem completely devoid of SP (for ref.
see 103, 411). Detailed RIA studies have confirmed ear-
lier findings that the highest concentrations are present
in the mesencephalon, hypothalamus, and preoptic area,
whereas insignificant amounts are found in the cerebel-
lum (table 1). (46, 326, 189, 149, 86). The immunohisto-
chemical mapping has so far identified SP in cell bodies
in more than 30 areas in the brain including the spinal
cord and many parts of the brain stem, as well as in
fiber-like structures representing axons and nerve ter-
minals. Experimental studies combining lesion tech-
niques with immunohistochemistry have established sev-
eral specific SP pathways (fig. 2).

In the following, a brief account on the distribution of
SP neurons will be given with main emphasis on the rat
central nervous system as described by Hokfelt et al.
(263, 260, 476), Cuello and Kanazawa (103), Ljungdahl
et al. (411, 412), and Tohyama et al. (296, 556).

In the telencephalon, the neocortical areas are mainly
devoid of SP immunoreactive cells, while the septal
complex as well as the nucleus caudatus and the nucleus
interstitialis striae terminalis contain many SP fluores-
cent cells. The highest density of SP immunoreactivity
is found in the central and medial amygdaloid nuclei and
in the nucleus caudatus putamen.

Networks of SP positive fibers are also present in the
globus pallidus, the substantia innominata, and in the
lateral parts of the septum (512). Also, the caudal part
of capsula interna shows strong SP fluorescence. Single
positive fibers are seen in most cortical areas, particularly
in the laminae I and II and the basal layer of the medial
frontal cortex. Studies with hemisections extending from
the cortex to the base of the brain indicate that the SP
immunoreactivity of the frontal cortex derives from a
long axonal SP projection originating in a region poste-
rior to the interpeduncular nucleus in the midbrain (507).
A well defined distribution of SP fibers is observed in
the hippocampal formation (326, 411, 466, 634). This
area is of particular interest from the autopharmacolog-
ical point of view, since both 5-HT and noradrenaline
(600), and histamine (15) have been found to occur in
high concentrations in the hippocampus. Lesioning of
the septal area in the rat significantly reduces the SP
concentration in the hippocampus, which suggests that
the SP projection to this area arises in or passes through
the septum (635). Destruction of the nucleus laterodor-
salis tegmenti results in a marked reduction of septal SP
fibers in the forebrain, indicating the existence of a long
ascending SP neuron system from the nucleus laterodor-
salis tegmenti to the lateral septal area (557). SP cell
bodies in the amygdaloid complex project to the red
nucleus of the stria terminalis and lateral hypothalamus
(558).

In the diencephalon the preoptic area, the suprachias-
matic area, the ventromedial nucleus, the perifornical

area, and pre- and supramamillary areas contain several
SP cells. A high density of SP immunoreactive fibers has
been found in some areas of the hypothalamus, for ex-
ample the preoptic nucleus, and SP fibers and terminals
are abundant in the median eminence in close connection
with the portal vessels supplying the anterior pituitary
gland (268). SP axons are also scattered in the pituitary
neural lobe (599). Subcellular distribution studies reveal
that in the hypothalamus, as in many other areas of the
central nervous system, SP is localized in synaptosome
particles (129). In the pituitary gland SP is predomi-
nantly localized to those cells that also exhibit thyrotro-
pin-stimulating hormone (TSH) (120) or prolactin and
gonodotropin immunoreactivity (459). The habenula
complex, which provides a major link between the fore-
brain and more caudal structures, contains SP cell bodies
that project to the lateral margin of the interpeduncular
nucleus. Lesioning of the medial habenular nuclei results
in a drastic decrease in the SP immunoreactivity in the
interpeduncular nuclei (287, 461, 150, 260, 462, 99, 636).
Also, injections of kainic acid into the habenular complex
in the rat, which destroy the habenular cells, deplete SP
in the interpeduncular nucleus and dorsal raphe as well
as in the habenula (636). These results indicate that
most SP in the interpeduncular nuclei is present in axons
and nerve terminals originating from the habenula, thus
strongly supporting the existence of a habenulointerpe-
duncular SP pathway. The SP levels in the ventral
tegmental area and interpeduncular nucleus in the rat
are significantly decreased by electrical stress, whereas
SP in the cortex and substantia nigra is not affected
(409).

The SP positive cell groups found at the hypothalamic
level continue in the central grey of the mesencephalon,
where the interpeduncular nucleus also contains numer-
ous SP cell bodies. The highest density of SP positive
nerve terminals in the rat (46, 326, 411), cat (203), and
human (149, 86) central nervous systems has been found
in substantia nigra, particularly in the zona reticulata,
in the ventral tegmental area, and in the nucleus inter-
pedunculus. The SP fibers in the substantia nigra are
both myelinated and unmyelinated and form axon ter-
minals containing intensely labeled granular vesicles
(122, 584). These terminals are in continuity with a SP
plexus in the ventral tegmental area. Strong immunoflu-
orescence is also seen at the fasciculus retroflexus, i.e.,
the pathway from the habenula to the interpedunculus
nucleus.

Several lesion studies have been performed in order to
establish inputs of SP-containing neurons to the sub-
stantia nigra (47, 190, 288, 325, 462, 507, 586, 636).
Cutting the medial forebrain bundle and medial crus
cerebri removes about 90% of SP in the reticular part of
the ipsilateral substantia nigra, which probably indicates
that the bulk of SP in the substantia nigra is localized
in fibers of the striato-nigral tract. This assumption is
further supported by the finding of a significant decrease
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TABLE 1
Regional distribution of SP in the central nervous system
Rat Human
Ref. 326 Ref. 46 Ref. 128 Ref. 189 Ref. 149 Ref. 86
(n=4) (n = 20) (n=6) (n = 10-20) (n=3-13) (n = 5-10)
Telencephalon
Somatosensory cortex 19+ 2*
Visual cortex 23+4
Olfactory bulb 62 +11 20+5 418
Olfactory tubercle 300 + 14
Hippocampus 37+4 340 + 45 104 + 29
Amygdala 382 + 86 340 + 50 25+ 12 26+3
Nucleus caudatus 247 + 28 370 + 80 138 + 14 113 £ 12
Putamen 330 + 60 112 + 29 81+11
Globus pallidus 332+ 45 1800 + 330 877 + 253 518 + 151
Septum 405 + 44 116 + 14 89 + 23
Lateral septal nucleus 360 + 20
Internal capsule 137+ 21
Retina 66 £+ 14
Optic nerve 65+ 14 0.6 £ 0.2
Diencephalon
Hypothalamus (medial) 626 + 64 208 + 37 122 £ 22
Hypothalamus (lateral) 135 + 20
Habenula 377 £ 101
Mammillary body 2078 83+ 14
Pituitary stalk and median eminence 134 £ 21
Posterior pituitary 489 + 24
Anterior pituitary n+2 205
Thalamic nucleus 215 + 68 35+8
Globus pallidus 332+ 45 1800 + 330 877 + 253 518 + 151
Lateral geniculate body 82+ 12 90 £+ 13 37+10
Mesencephalon
Substantia nigra 1725 + 106 2560 + 195
Zona compacta 298 + 44 4720 + 480 1264 + 239
Zona reticularis 1138 + 136 4290 + 490 1635 + 170 922 + 156
Zona lateralis 298 + 39
Periaqueductal central grey 614 + 37 130 + 21
Interpedunculus nucleus 599 + 63 590 + 129 994 + 149 83+ 25
Red nucleus 58 + 12 76 +19
Interferior colliculi 94+18 234 + 19
Pons
Locus coeruleus 332 + 50 199 + 32
Nuclei parabrachiales 546 + 124
Motor nucleus V 145+ 29
Dorsal raphe nucleus 222+ 25
Cerebellum
Cortex 104 2+1 121 20+ 6 1+0.1
Nuclei 29+5 1+0.1
Medulla oblongata
Nucleus cuneatus 320 + 32
Nucleus tractus spinalis V 383 + 125
Nucleus tractus solitarii 436 + 93
Motor nucleus XII 217 £ 26
Area postrema 167 + 36 114 + 47
Nucleus reticularis gigantocellularis 95 + 11
Inferior olive 127+ 15 8+2
Nucleus raphe magnus 229 + 23 115
Medulla spinalis
Dorsal horn 1070 £ 160
Dorsal column 129 £ 29
Ventral horn 134 + 33

* All values have been converted to pmol/g of wet tissue (mean + SEM).
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F1G. 2. Schematic representation of SP projecting neurons. Horizontal view of the rat brain. Neurons from the caudate putamen (CP) project
heavily to the substantia nigra (SN), pars reticulata (r) and also the pars compacta (c); the fibers run in the capsula interna and crus cerebri
(CI, CC). Along their way fibers terminate in the nucleus entopeduncularis (EP). Repetitive synapses of striatonigral SP containing fibers onto
presumptive dopaminergic neurons are also indicated. Neurons from medial habenula (m) project to the lateral habenula (1), to the ventral
tegmental area (VT) surrounding the nucleus interpeduncularis (IP), and to dorsal raphe (d). H, habenula. Raphe nuclei (R) containing SP (also
SHT and other peptides) project to the spinal trigeminal nucleus (SNV) and to the dorsal horn (DH) and ventral horn (VH) of the spinal cord
(SC). In the amygdala (A) neurons from medial amygdala project to central amygdala and probably beyond this nucleus via the stria terminalis
(ST). In the stria terminalis SP-containing neurons ramify within the nucleus and also project to the medial preoptic area of the hypothalamus
(Hy). Some ascending fibers originating presumably from brain-stem project to the frontal cortex (CX) while the lateral septum (S) receives SP-
containing fibers from ventral aspects. The nucleus of the tractus solitarius (NTS) receives fibers presumably from cell bodies located in the
sensory ganglia of the VII, IX, and X cranial nerves (Gg VII, IX and X). The nucleus spinalis of the trigeminal nerve, subnucleus caudalis (SNV)
is heavily innervated by SP-containing fibers originating in the trigeminal ganglia (GgV) while peripheral branches of these nerves and
presumably also those from the dorsal root ganglia (DRg) terminate freely among blood vessels, glands and epidermis of the skin of the trigeminal
and spinal cord sensory territories. Some peripheral fibers of the SP-containing sensory neurons terminate synaptically on sympathetic neurons
of the prevertebral ganglia (PCg), while free endings terminate in the submucosa and adventitia of the gastrointestinal tract. The central fibers
of these neurons terminate in the most superficial layers of the dorsal horn (DH) of the spinal cord (SC). MO, medulla oblongata. [From Cuello
et al., 1982 (106) with addition of a long-ascending neuron system from the nucleus laterodorsalis tegmenti of Castaldi to the lateral septal area,
and the indication that the amygdalofugal SP pathway in the ST innervates Hy. This reconstruction is based on experimental evidence discussed

in the text.]

in the SP concentration in substantia nigra following
destruction of the globus pallidus. The striato-nigral
projection descends in the internal capsule (507). The
existence of a striato-nitral SP pathway is conclusively
indicated by the recent observation that **S-methionine,
infused into the corpus striatum in the rat in vivo, is
incorporated into SP in the striatum and that the labeled
peptide subsequently is transported to the substantia
nigra (585).

In the lower brain stem SP positive cells are found in
various nuclei with a particularly large amount in the
medullary raphe nuclei, which project intra-arterially to
the spinal cord (36, 270). Also, strong SP fluorescence
networks are present in the locus coeruleus, the parabra-
chial nuclei, the caudal spinal trigeminal nucleus, the
solitary tract nucleus, and in the dorsal motor nucleus of
the vagal nerve. In the substantia gelatinosa of the spinal
trigeminal nucleus several postsynaptic targets for SP-
containing terminals have been suggested, including both

large lamina I neurons and lamina II interneurons (534).
SP neurons project from the ventral medulla to the
intermediolateral cell column of the thoracic and upper
lumbar segment of the spinal cord, the site of origin of
the sympathetic outflow (243).

The immunohistochemical distribution of SP in the
spinal cord has been extensively studied in the rat, cat,
and monkey by using both immunohistochemical tech-
niques (476, 262, 260, 411, 14, 616, 292, 123) and RIA
(46, 462, 286). SP-positive nerve cell bodies of varying
sizes are present only in the dorsal horn, while SP-
immunofluorescent fibers are found in all parts of the
grey of spinal cord. The highest density of SP fibers is
found in the dorsal horns, particularly in laminae I and
II. A strong SP fluorescence is also found in the dorso-
medial part of the lateral fasciculus and in the tract of
Lissauer. In the area around the central canal and in the
ventral horns, distinct but less dense SP networks are
present, often in close vicinity of motoneurons and some-
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times radiating into the white matter. By electron mi-
croscopy SP-positive staining is mostly found in unmye-
linated and thinly myelinated small diameter fibers. SP-
positive nerve terminals from axodendritic synapses with
dorsal horn cells (14, 123).

Quantitative RIA reports up to 10 times higher con-
centrations of SP in the dorsal parts of the dorsal horns
(300 pmol/g of wet weight) than in the ventral horns and
up to 100 times higher than in the white matter (46, 462,
286).

The origin of SP in the spinal cord is clearly elucidated
by ligation and transection studies. By using bioassay,
Takahashi and Otsuka (610) showed that after unilateral
ligation and/or section of the dorsal root in the cat, the
level of SP in the dorsal horn is markedly lowered,
particularly in its dorsal part. In the ligated or sectioned
dorsal root, SP is highly accumulated on the ganglion
side, whereas its level is lowered in the central part. The
substantial decrease of SP in the dorsal horns following
unilateral lumbosacral deafferentation by dorsal rhi-
zotomy was confirmed by immunohistochemistry (260,
262, 14, 616) and by RIA (314). SP staining in the
deafferented dorsal horn declines to a minimum over the
first 10 days and then partially recovers by 1 month
(616). These data suggest that SP is biosynthesized in
the spinal ganglia and transported in the dorsal root
towards intraspinal axon terminals. Tessler et al. (616)
have suggested that the return of SP staining depends
on the presence of interneurons, which contain SP im-
munoreactivity (265, 411, 14). Also, a unilateral section
of the sciatic nerve in the rat results in a considerable
depletion of SP in the dorsal but not in the ventral horn.
The onset of this depletion occurs within 7 days and is
maintained for 1 to 2 months (314, 16, 640). Dorsal
rhizotomy also reduces to some extent the SP content of
the ventral horn (314) indicating that some of the SP-
containing terminals in this region may originate from
primary afferent neurons. Most terminals in the ventral
horn, however, seem to have a supraspinal origin, since
after total transection of the spinal cord at the upper
thoracic level almost all SP positive fibers disappear in
the ventral horns below the lesion (260, 411, 273, 327).
These fibers evidently emanate from SP cell bodies in
the ventral medulla oblongata, since lesion of this area
including the nucleus interfasciculus hypoglossi reduces
the SP content of the ventral horns of the spinal cord
(243). However, even after a combination of dorsal rhi-
zotomy and transection of the spinal cord some SP
fluorescence is still present in the spinal cord, evidently
originating from intraspinal neurons (574).

In summary, these findings clearly indicate that SP
occurs in three distinct populations of neurons in the
spinal cord. In the dorsal horns and the spinal trigeminal
nucleus SP is largly present in nerve terminals repre-
senting central branches of the primary sensory neurons.
Nerve terminals in the ventral horns containing SP
mainly arise from supraspinal descending neurons lo-

cated in the lower brain stem and some higher centers.
Finally, SP is also present in interneurons and/or pro-
priospinal neurons, their cell bodies being located mainly
in the dorsal horn.

The occurrence of SP in the human central nervous
system has been studied in detail by immunohistochemis-
try (267, 84) and by RIA (323, 189, 149, 86). The accu-
mulated data show that the distribution in the human
brain has a similar pattern to that found in a variety of
animal species (table 1). In general, however, the values
reported for humans seem to be lower than those in most
animals. To some extent these differences may be related
to the fact that the tissue obtained from animals can be
handled more rapidly than the human material, although
SP appears to have a remarkable postmortem stability
(189).

In patients with Alzheimer’s disease and senile demen-
tia of the Alzheimer type, characterized by structural
changes throughout the neocortex, several cortical areas
show significantly lower SP immunoreactivity than that
seen in control subjects (95).

In the human spinal cord SP immunoreactivity is
present, especially in the dorsal horn, as an intense band
of immunofluorescent nerve terminals in lamina I and IT
(104, 366). At the level of entrance of the dorsal roots,
the SP fibers are characterized as fine unmyelinated
axons. SP is also localized in varicosities and terminals
in the intermediomedial nucleus, the reticular nucleus of
lamina V, and the ventral horn (104, 366). SP immuno-
reactive fibers and terminals are, furthermore, found in
all major cell columns of the ventral horn in close appo-
sition to motoneurons, forming synaptic junctions pre-
dominantly with dendrites (117).

RIA of the lumbar cerebrospinal fluid in man has
revealed the occurrence there of SP. The concentrations
found in normal adults were 3 to 11 fmol/ml (482) and
50 to 120 fmol/ml (612). The large difference between
these values is probably due to methodological factors.
Decreased SP concentration has been found in disorders
involving the spinal cord and nerve roots (482).

B. Ontogeny

A detailed mapping of the early ontogeny of the SP
neuron system has recently been performed (296, 447,
556, 573). SP-positive nerve cells and fibers appear in
the rat forebrain, brain stem, and spinal cord as early as
gestational days 14 to 19 and show a histochemical
maximum on the first postnatal days, tending thereafter
to decrease in number as the rats grow (296, 573); this
indicates that the development of the SP neurons takes
place long before the establishment of normal synaptic
transmission (296, 556, 573). A dramatic increase in SP
content occurs during the first 3 postnatal weeks, when
the SP levels approach and often exceed that of the adult
rat (447).

The development of SP in the embryonic spinal cord
and dorsal root ganglia is stimulated by nerve growth
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factors (572, 343), whereas administration of antinerve
growth factor antibodies produces a marked but reversi-
ble reduction of the SP content of dorsal root ganglia
(444). When sensory neurons from trigeminal, nodose,
and dorsal root ganglia containing SP are transplanted
to the anterior eye chamber of the rat, a regeneration of
new SP-containing plexus in the iris occurs (580). Also,
a denervated iris grafted into the anterior eye chamber
becomes reinnervated by SP fibers from the host and
induces a 5 to 10-fold increase in SP content of the host
iris (580). This regeneration is probably also induced by
a nerve growth factor mechanism.

C. Release, Pharmacological Effects, and Physiological
Significance

The uneven distribution of SP in the central nervous
system speaks in favour of specific functions in certain
areas, where the substance is particularly accumulated.
Numerous studies have, therefore, been devoted to the
possible role of SP in the brain and spinal cord. Some of
these studies will be reviewed briefly with particular
attention to the striato-nigral system and spinal cord.

1. Cortex. Only a few studies have so far been devoted
to the effect of synthetic SP on the cortex. SP as well as
other peptides such as bradykinin, bombesin, and phys-
alaemin have powerful excitatory actions on cortical Betz
neurons. SP is the most potent of these peptides (522).
Many of these neurons are also excited by acetylcholine,
but SP is more effective as an excitant of Betz cells than
acetylcholine. A relationship seems to exist between the
sensitivity of cortical structures to acetylcholine and
peptides, and it has been suggested that the peptides
have a presynaptic, acetylcholine-releasing action (522).
Iontophoretic application of SP to the medial amygdaloid
nucleus and putamen elicits a strong and prolonged
acceleration of the spontaneous neuronal discharge
(371). This response is similar to that obtained in other
areas such as the spinal cord (250), cuneate nucleus (361),
and cortex (522) and is in keeping with the hypothesis
that SP may play a role in the modulation of neuronal
activity.

2. Hypothalamus—Neurohypophysis. A calcium-de-
pendent, potassium-induced release of SP has been dem-
onstrated in slices from the hypothalamus (299, 362) and
from superfused hypothalamic synaptosomes (567). If
the plasma levels of SP as well as enkephalins are in-
creased, an acceleration of the orthodromic neural activ-
ity occurs in the hypothalamo-neurohypophyseal tract
(12), which might indicate an enhanced rate of secretion
of pituitary gland hormones. Local application of SP to
the guinea-pig hypothalamus in vitro markedly increases
the spontaneous firing of hypothalamic neurons (487).

The functional role of SP in the hypothalamus is not
clear. However, it has been found that SP stimulates
release of growth hormone when given both intraventri-
cularly (632) and intravenously (542), but has no effect
on growth hormone release from pituitary gland cells in

vitro (542). Also prolactin is released by intraventricular
injections of SP (631, 137), while secretion of gonadotro-
pin is inhibited (341). These findings, in addition to the
high accumulation of SP immunoreactive fibers close to
the blood vessel supply to the hypophysis (268), might
suggest that SP is involved in the control of hormonal
secretion from the anterior pituitary. This hypothesis is
further strengthened by the recent finding that the SP
content of the rat’s median eminence varies with the
oestrus cycle, being highest in dioestrus (9).

3. Striato-nigral Area. Several groups have demon-
strated an in vitro and in vivo release of SP in the
substantia nigra. Thus, Schenker et al. (567) reported
that potassium evokes a calcium-dependent SP release
from synaptosomal fractions prepared from the ventral
mesencephalon of the rat. Similar results were obtained
by Jessell (310) and Torrens et al. (621) on slices of rat
substantia nigra. The basal efflux of SP was estimated
to be approximately 8 fmol X mg of tissue™ X min™?,
e.g., about 0.5% of the tissue store. Increase of the
potassium concentration in the superfusing medium to
47 mmol evokes a 5-fold increase in the rate of SP efflux
(310). Gamma-aminobutyric acid (GABA), L-glutamic
acid, and nicotine inhibit the potassium-induced release
of SP, whereas veratridine enhances the reaction. Evi-
dence for an in vivo release of SP was given by Michelot
et al. (451) who used push-pull cannulae inplanted in the
substantia nigra and the caudate nucleus. This release
seem to be dependent on the degree of nerve impulse
flow, since it is enhanced during depolarization of cells
in the ipsilateral caudate nucleus.

Several observations have indicated an excitatory ac-
tion of SP in the substantia nigra. Thus, electrophoretic
administration of SP into single neurons in the substan-
tia nigra induces a prolonged increase in the neuronal
activity (114, 639). Bilateral injections of SP into the
substantia nigra in the rat increases basal locomotor
activity (338), whereas unilateral microinjection of SP
discretely into the reticular part of the substantia nigra
elicits dose-dependent circling movements, characterized
by slow and undirectional turning on the spot towards
the uninjected side (302, 492, 546). On the other hand,
SP applied to the zona compacta, zona lateralis, or the
medial lemniscus evokes ipsiversive turning (302). Intra-
nigral application of SP, furthermore, causes a substan-
tial increase in stereotyped rearing and sniffing in rats
(339). Finally, injection of SP into the substantia nigra
of the rat produces a drastic retrograde amnesia for a
passive avoidance task (293). It is apparent from these
pharmacological studies that the effects induced by local
application of SP depend to a large extent on the precise
localization of its injection within the substantia nigra
and that both excitatory and inhibitory effects can be
elicited.

The complexity of the actions of SP in the substantia
nigra is probably due to its interaction with the classical
transmitters. The structural basis for this suggestion is
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given by the findings. that the SP fibers are in close
proximity to dopamine cells and dendrites in the zona
compacta of the substantia nigra (412) and that SP-
containing boutons are in direct contact with these struc-
tures (584). Several observations also clearly indicate a
functional interaction between SP and classical trans-
mitters. Thus, injection of SP in the rat lateral ventricle
stimulates the synthesis of dopamine, noradrenaline, and
5-HT in various parts of the brain, including the stria-
tum, and accelerates the disappearance of these amines
(432). Also, an increase in dopamine metabolites and *H-
dopamine release from the ipsilateral striatum is ob-
served after infusion of SP into the substantia nigra (78,
79, 638). Similarly, SP stimulates uptake and release of
dopamine when added to superfused slices of rat sub-
stantia nigra (540) or to nigral synaptosomes (576).
Intranigral application of SP also enhances the in vivo
release of dopamine from nerve terminals in the caudate
nucleus (78, 451). In addition, immunoneutralization by
local infusion of anti-SP rabbit serum into the substantia
nigra results in an inhibition of the release of dopamine
in the cat caudate (79). It is also most likely that the
behavioral effects, which are induced by local application
of SP, are mainly due to a stimulation of the nigro-
striatal dopamine system. Thus, SP infusion directly into
the ventral tegmental area, which contains the cell bodies
of the dopaminergic A10 neurons, elicits a behavioral
excitation (597, 300, 340) and intraventricular SP re-
verses the decrease in locomotor activity induced by the
dopamine receptor antagonist, haloperidol (321, 230).

On the other hand, recent findings indicate that SP
has no or only a slight effect on dopaminergic neurons
in the zona compacta (83, 529), whereas nondopami-
nergic cells of the zona reticulata are much more sensitive
to SP (529), which seems inconsistent with the earlier
mentioned behavioral and neurochemical observations.
It is possible, however, that the sensitivity or SP receptor
density of the cell bodies of neurons in the zona compacta
is less than that of their distal dendrites and of reticulata
neurons (529), or that SP activates the dopaminergic
nigro-striatal pathway indirectly via reticular formation
cells (83).

Evidence has also been given for a feedback influence
exerted by the dopamine pathways on the SP- as well as
on GABA-containing striato-nigral neurons (540). Halo-
peridol reduces SP-like immunoreactivity in the rat stria-
tum (519, 231) and decreases, in a specific, dose-depend-
ent, and reversible way, SP immunoreactivity in the
substantia nigra (231). Similarly, destruction of the ni-
gro-striatal dopaminergic pathway results in a decrease
in nigral SP content, which returns to the control level
after several weeks (231).

The accumulated data thus suggest an important re-
lationship between the dopaminergic nigro-striatal and
SP striato-nigral systems and a role for SP as a dopamine
modulator in the sense that SP afferents enhance the
firing rate of dopamine neurons. GABA, which is also

present in high concentrations in this brain area, has
been attributed a transmitter role in inhibitory striato-
nigral neurons (489). In fact, the GABA and SP pathways
follow a similar course in this area, although a clear
anatomical dissociation has been demonstrated between
GABA- and SP-containing neurons (47, 190, 311). Both
GABA and SP seem to interact synaptically with dopa-
minergic elements (541, 584). GABA inhibits the potas-
sium-induced SP release from rat nigral slices, while the
GABA antagonist, picrotoxin, increases the SP release
(309). These findings indicate that GABA may modulate
the release of SP from striato-nigral afferent fibers via
GABA receptors located on SP-containing presynaptic
nerve terminals (309). It is attractive to suggest that an
interaction between the dopamin-, GABA-, and SP-ergic
systems in the striatal-nigral area contributes to the
control of neuronal tone in these extrapyramidal path-
ways and thereby the locomotor functions.

The functional significance of SP in the substantia
nigra is also elucidated by observations of abnormally
low SP levels in this area of brains seen post mortem
from patients with Huntington’s chorea, a disease in
which there is a marked atrophy of the basal ganglia
(323, 324, 189, 149). Substantial reductions in SP levels
are observed also in the globus pallidus (149), caudate
nucleus, and putamen (48), i.e., areas known to be most
severely atrophied in the choreic brain. There are, there-
fore, reasons to believe that the drastic reduction of SP-
ergic neurons in the basal ganglia in Huntington’s disease
contributes to the symptomatology of this disease. How-
ever, the reduction of SP in the brain stem is not reflected
by changes in SP concentration of the lumbar cerebro-
spinal fluid in patients with Huntington’s chorea, Par-
kinson’s disease, progressive supranuclear palsy, or var-
ious forms of dyskinesias (93, 482).

Neurons in the substantia nigra respond to noxious
radiant heat to both excitation and reduction in firing
rate (13). These nociceptic neurons are predominantly
located to the zona compacta, an area containing high
concentrations of enkephalin (256) as well as of SP (129,
326). It is therefore attractive to speculate that SP in the
substantia nigra, besides being involved in the extrapyr-
amidal motor function, is also implicated with nocicep-
tive mechanisms, as seems to be the case in the primary
sensory neuron and the trigeminal system (see below).

4. Brain Stem. Application of SP in the lateral ven-
tricle (0.5 to 5 nmol) of the rat (237) or newborn rabbit
(651), or into the dorsal surface of medulla (1.5 nmol) in
the rabbit (651) elicits a considerable enhancement of
respiratory rate and amplitude. The effect of the local
application is potentiated by naloxone (651). It is sug-
gested that the stimulatory effect of SP on ventilation is
exerted on structures located in the lower brain stem.

5. Spinal Cord. RELEASE. In 1976 Otsuka and Konishi
(496) showed that SP is released from the perfused spinal
cord of newborn rats either upon electrical stimulation
of the dorsal root or by increasing the potassium concen-
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tration in the perfusate. The release, which is calcium-
dependent, coincides with a simultaneous release of
GABA and glycine (1). By combining high pressure liquid
chromatography and RIA Akagi et al. (1) were able to
identify the radioactive SP released from the isolated rat
spinal cord as the undecapeptide SP. SP is also released
from the dorsal horn in vitro (312, 197) as well as from
dissociated sensory neurons grown in culture. This re-
lease is inhibited by enkephalin (463).

A release of SP from the superfused cat spinal cord in
vivo has also been demonstrated in response to stimula-
tion of A; delta and C fibers of the sciatic nerve (649).
This result provides evidence that SP is released in vivo
when nociceptive sensory afferents are activated. Mor-
phine, at concentrations known to cause analgesia, com-
pletely blocks the release of SP after sciatic nerve stim-
ulation, whereas intraperitoneal administration of nalox-
one fully restores the evoked release of SP in the presence
of morphine (649). Capsaicin, a homovanillylamide de-
rivate, when administered directly into the spinal cord,
causes a calcium-dependent release of SP in vitro but
not of amino acids such as GABA, glutamic acid, or
glycine (197, 617, 1, 649, 50). A similar capsaicin-evoked
release of SP in the spinal cord has been demonstrated
in vivo (649). The immunoreactive SP released by cap-
saicin coincides with the authentic undecapeptide SP on
high pressure liquid chromatography (1). Daily treat-
ment of rats with subcutaneous capsaicin for 5 days gives
an almost complete depletion of SP but not of glutamic
acid decarboxylase, the GABA synthesizing enzyme,
from the terminals in the substantia gelatinosa and
dorsal roots of the spinal cord and medulla oblongata
(313, 193). The SP content of the ventral horns, however,
remains unchanged (193), indicating that the depletion
of SP from the spinal cord induced by capsaicin is limited
to terminals in the dorsal horn of the spinal cord.

Capsaicin per se elicits a depolarization of spinal mo-
toneurons which is similar to that of SP (617), and it is
likely that this effect of capsaicin is mediated by a release
of SP from nerve terminals.

A spontaneous release of SP has been demonstrated
also from the spinal trigeminal nucleus, representing
0.2% to 0.4% of the tissue store per minute. Exposure to
high potassium concentrations elicits a marked increase
in this release, which is calcium-dependent (312). Also
capsaicin elicits a SP release from the spinal trigeminal
nucleus as well as from the nucleus tractus solitarius
(242). On the other hand, the SP content of higher
centers of the central nervous system such as the mid-
brain, hypothalamus, striatum, and cortex is unaffected
by capsaicin (193, 242). These findings indicate that
capsaicin stimulates SP efflux from regions receiving SP
containing sensory afferents but is ineffective in nonsen-
sory SP-containing terminal regions.

PHARMACOLOGICAL ACTIONS. The first evidence that
SP exerts a depolarizing action on spinal motor neurons
was given by Otsuka et al. (498, 499). They showed that

extracts of bovine dorsal root excite the isolated cord of
bullfrog and in addition produce a fall in rat blood
pressure and stimulation of the guinea-pig ileum. The
active principle was soon identified as the undecapeptide
SP on the basis of various chemical, immunological, and
pharmacological tests (500, 609). The electrophysiologi-
cal studies were extended by using an isolated spinal
cord preparation of the newborn rat (494). Application
of SP to the surrounding bath fluid induced a repetitive
firing of the spinal motor neurons as revealed by record-
ings both intracellularly and from the ventral root. After
SP had been washed out, recovery took place with a time
course of a few minutes. Evidence was given that the
effect is due to a direct excitatory action of SP on the
spinal motoneurons (349, 350, 502) since the depolarizing
effect of SP is observed even when the synaptic trans-
mission is blocked by lowering calcium or by tetrodotoxin
(503). The depolarizing potency of SP is up to 10,000
times higher than that of /-glutamate (495). The actions
of SP on spinal neurons have, since the original obser-
vation by Otsuka et al. (498), been studied by many
groups (361, 522, 247, 248, 250, 555, 537, 470, 131, 564,
661, 115, 116) preferentially in the rat and cat. In the
typical experiment, microiontophoretic application of SP
to cuneate or spinal neurons elicits an excitation, which
is characterized by a slow and prolonged time course,
starting after a delay of several seconds. Also, in the frog
spinal cord the effect of SP is slow both in onset and
recovery. The maximal depolarization obtained is quite
small, the motoneurons rarely reaching the threshold for
spike generation (470).

After unilateral dorsal root section a supersensitivity
is developed in the deafferented side of the rat spinal
cord to iontophoretic application of eledoisin (646), a
peptide with a similar amino acid sequence as the C-
terminal SP hexapeptide, to which the main biological
activity is bound. The development of such supersensitity
to SP and analogues is probably attributed to an increase
in the number of receptors rather than to an increase in
receptor affinity (467).

In cultured mouse spinal neurons, two distinct actions
of SP have been reported, one being a rapid desensitizing
excitation and the other a depression of excitatory re-
sponses to glutamate (633). These findings suggest that
SP may serve different functions in interneuronal com-
munication. It may mediate excitatory synaptic events
but may also have effects other than that of a conven-
tional neurotransmitter. Varying results have been ob-
tained concerning the effect of SP on membrane resist-
ance. Krnjevic (359) observed in spinal motoneurons of
the cat that the depolarization induced by SP was accom-
panied by a decrease in membrane conductance, i.e., an
increase in membrane resistance and a reversal potential
more negative than the resting. Similar results were
obtained in cultured spinal neurons (290, 481) and in
neurons of the guinea-pig hypothalamus in vitro (486).
Intracellular recordings from lamina V in the cat spinal
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cord did, however, not indicate any change in membrane
conductance in association to SP-induced depolarization
(661). In the frog a reduction in membrane resistance
occurs after application of SP (470), which confirms
previous findings (497).

The excitatory action of SP described above does not
involve more than about half of the cell units in the
dorsal horns of the spinal cord or cuneate nucleus (361,
250). This finding, together with the cellular localization
of SP particularly in laminae I and II (263), suggests
that SP is involved in the central transmission of specific
sensory modalities. This problem was first studied by
Henry (247), who correlated the effects of SP on spinal
dorsal horn neurons to the response of these neurons to
natural peripheral stimulation. Henry found that SP
selectivity excites those units of the dorsal horn neurons,
which respond to noxious radiant heat applied to the
skin. SP fails, on the other hand, to excite those cell
units which are stimulated by other peripheral sensory
modalities such as touch, pressure, or hair movement.
These findings were later confirmed and extended (537,
564, 526). In amounts not directly influencing neuronal
firing rate, SP specificallly prolongs the response to
noxious stimulation and potentiates the late response of
dorsal horn neurons to sural C afferent stimulation (537,
564). Units activated by light pressure applied to the rat
tail are either depressed or not affected by SP (537).
These results seem to indicate that SP rather specifically
facilitates nociceptive pathways by increasing their level
of excitability or by depolarization.

VI. Peripheral Nervous System
A. Distribution

In the periphery, SP is mainly localized to two systems,
the primary sensory neurons and neurons intrinsic to
the gastrointestinal tract. The latter localization will be
discussed in section IX. Also, in sympathetic ganglia, SP
is connected to sensory fibers as is discussed separately
in section VIII.

1. Ganglia and Nerves. Numerous SP-containing cell
bodies are present in spinal ganglia at all levels (262,
263) as well as in the jugular (260, 334), nodose (422,
196, 334), and trigeminal ganglia (263, 260, 96, 97). These
cells are almost exclusively of the small type (B type)
and seem to constitute about 20% of all cells in these
ganglia. SP-fluorescent axons without or with only a
very thin myelin sheath, i.e., C or possibly A delta fibers,
are observed between the cells.

SP is present in the vagus (422, 196, 421, 37, 244),
sciatic (422, 37, 391), and splanchnic nerves (422). The
SP fibers, however, only account for about 10% of all
axons in the cat vagus and most of them seem to be
unmyelinated (196). Ligation of the vagal nerve results
in a considerable accumulation of SP fluorescence prox-
imal to the ligature and a decrease in the distal part (196,

421, 37). The initial accumulation of SP after ligation is,
however, followed by a slow progressive decrease of SP
in the entire proximal section (314).

SP is also present in the phrenic nerve of rat in
quantities similar to that found in the vagus and sciatic
nerves (436). Transection of the phrenic nerve close to
the diaphragm results in a considerable accumulation of
SP proximal to the lesion, indicating a rapid axonal
transport of SP from the spinal cord to the diaphragm
(436).

2. Organs and Tissues. SP-positive fibers are present
in most peripheral tissues. In the human skin (110) the
hind paw of the cat (262), and the inferior lip and nostrils
of the rat (260, 97) SP immunofluorescent fibers, single
or in bundles, are consistently found in the dermis and
epithelium, more exceptionally penetrating into the epi-
thelium as apparent free nerve endings. Often the SP
fibers are observed in relation to blood vessels, sweat
glands, and hair follicles. In the tongue, SP positive fibers
are seen in the connective tissue under the epithelium
(260), but particularly as nerve terminals in the taste
buds of the cat and rat tongue (423, 480). Since the
papillae of the tongue, where the taste buds are located,
are innervated by the glossopharyngeal nerve, it is inter-
esting to note that SP-immunoreactivity is present in
ganglion petrosum and the entire nucleus tractus solitarii
(244, 411). In the salivary gland these fibers are observed
close to secretory elements. In the nasal mucosa of the
cat, peripheral branches of SP neurons have been iden-
tified with nerve endings in the respiratory epithelium
and around blood vessels (8). SP fluorescent fibers are,
furthermore, present in large amounts in the tooth pulp
(491), again mainly localized around blood vessels but
also as apparently free nerve endings (39, 40).

Trigeminal rhizotomy or electrolytic lesioning of the
Gasserian ganglion causes a substantial ipsilateral loss
of SP immunofluorescent fibers not only in the substan-
tia gelatinosa of the spinal trigeminal nucleus, but also
in the ipsilateral lip (97). More strikingly, sectioning of
the peripheral part of the trigeminal nerve produces a
total disappearance of all SP-immunoreative fibers of
the skin (97). Similarly, crushing or transection of the
inferior alveolar nerve results in a disappearance of SP
immunoreactivity in the tooth pulp of the denervated
side (491), but in an accumulation of SP in axons prox-
imal to the injury (39, 40). Sympathectomy does not
interfere with the appearance or frequency of SP fibers
in the pulp (491), indicating the sensory character of
these fibers in peripheral tissues.

In the tracheobronchial tissue numerous SP fibers are
present in both the muscular and submucosal connective
tissues. Occasionally SP-fluorescent cells of an endo-
crine-like type are also found (475).

In the kidney of the guinea-pig a sparse plexus of SP
positive fibers is observed mainly in the cortex, mostly
following blood vessels, and in the renal pelvis close to
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the smooth muscle. Numerous SP fibers are present in
the ureter of the cat and guinea-pig, particularly in the
proximal part. All layers of the urinary bladder contain
SP with dense networks especially in the trigonum area
(4, 269).

Treatment of newborn rats with capsaicin, which
causes a selective and permanent degeneration mainly of
unmyelinated sensory fibers, decreases SP content in
various skin areas, in the oral and nasal mucosa, and in
the trachea, lungs, and ureter (279).

B. Biosynthesis and Transport

The biosynthesis of SP has recently been studied in
dorsal root ganglia (233). When the ganglia are incubated
in vitro with 3°*S-Methionine and *H-Proline, both amino
acids are incorporated into SP after a Jag phase of about
1 hour. The biosynthesis is inhibited by cycloheximide,
suggesting that SP in dorsal root ganglia is synthesized
by a ribosomal process. SP synthesis is also reduced
almost completely in ganglia from rats treated neonatally
with capsaicin (195).

Several studies have elucidated how SP, after its syn-
thesis on ribosomes in the perikaryon, is delivered to
terminal regions where it exerts its biological effects. The
early observation by Holton (276) that SP accumulates
in the central stump when a peripheral nerve is cut, has
later been confirmed in biochemical and immunohisto-
chemical studies (262, 206, 422, 196, 37, 207, 39, 199).
The rate of accumulation of SP following ligation at
various levels of the vagal and sciatic nerves indicates
that about 90% of SP biosynthesized in the sensory
ganglion cells is subjected to an axoplasmic transport
towards the terminal regions of their peripheral
branches. The average velocity of transport of SP in the
peripheral direction could be calculated to be about 1
mm per hour in the vagal and sciatic nerves. However,
much of SP in these nerves is probably stationary, while
a small part is undergoing a rapid transport. The velocity
of this moving fraction was calculated to be about 5 mm
per hour or 120 mm per day, some even faster. The SP
undergoing rapid transport along the axons of peripheral
nerves is bound to intra-axonal particles, whereas sta-
tionary or slowly moving SP is largely soluble in the
axoplasma (37). The axoplasmic transport of SP in the
sciatic nerve is completely blocked by capsaicin (199).

The axonal transport of SP has also been studied in
rat dorsal ganglion with short segments of dorsal root
and peripheral branch attached (232). SP immunoreac-
tivity of the ganglion increases linearly with time and is
transported down both branches, the accumulation in
the peripheral branch being four times larger than in the
dorsal root. The turnover time for SP in the ganglion
was calculated to be 3.6 hours. Demecoline, which inhib-
its axonal transport of neurotransmitter vesicles, causes
accumulation of SP in the ganglion due to an inhibition
of the transport to the periphery (232). A similar accu-

mulation of SP in the cell bodies of dorsal root ganglion
neurons is found if axonal transport is inhibited by
colchicine (262). Anisomycin, which blocks ribosomal
protein synthesis, inhibits synthesis of SP (232).

In summary, these results clearly indicate that SP in
the sensory neurons is synthesized in the cell bodies of
dorsal root ganglia and distributed to nerve terminals
both in the spinal cord and peripheral tissues by a fast
axonal transport.

C. Release

A series of data indicates that SP is released from
peripheral, probably sensory, nerve endings in connec-
tion with antidromic nerve stimulation. The first obser-
vation was made by Olgart et al. (490), who showed that
electrical stimulation of the inferior alveolar nerve sig-
nificantly elevates the concentration of SP immunoreac-
tivity in the superfusate of the cat dental pulp. As a
consequence, a 60% depletion of the SP occurs in the
pulp (40, 204). A release of SP has also been observed in
the eye (see section VII B).

VII. The Visual System
A. Distribution

SP-positive nerve cells and fibers are present in all
parts of the peripheral visual system. About one third of
the nerve cell population, particularly small-sized cell
bodies, in the Gasserian ganglion shows SP immunoflu-
orescence (260, 119, 614). The ophthalmic nerve contains
numerous SP-positive nerve fibers. Furthermore, dense
networks of SP fibers are found in most layers of the
eye. SP positive cell bodies and fibers are frequently seen
in the retina of several species such as the pigeon (329),
monkey, rat, chicken, and bullfrog (158). In the iris, they
occur in the sphincter muscle and in the stroma with
fibers running close to the dilator muscle (260, 454, 614,
620). In the ciliary processes, numerous SP fibers are
present with a predominantly subepithelial localization,
while only a few fibers are observed in the ciliary body
(620). Blood vessels in the anterior uvea are often sur-
rounded by SP fibers (620).

After denervation of the trigeminal nerve or electro-
coagulation of the ophthalmic branch of this nerve, a
complete disappearance occurs of all SP immunoreactive
axons in the iris (60, 454, 615, 626). The SP level in the
cornea of the adult mouse is reduced 40% by a similar
procedure (337). No change in the tissue content of SP
is, however, observed after removal of the superior cer-
vical ganglion, which results in a disappearance of all
noradrenergic axons (337, 454). Neonatal capsaicin treat-
ment results in an 80% reduction of the SP level in the
cornea (337). These results indicate that the eye is sup-
plied by sensory nerves containing SP immunoreactivity.
In the retina, in contrast, sensory denervation does not
reduce SP immunoreactivity, which indicates that in this
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tissue SP is not connected to sensory nerves, but proba-
bly to amacrine cells (615), which are known to contain
SP (329).

B. Release

Electric or mechanical stimulation of the trigeminal
nerve distal to the Gasserian ganglion significantly in-
creases the amount of SP immunoreactivity in the
aqueous humor of the eye (28). A similar release of SP
is induced by a topical application of nitrogen mustard
(62). Furthermore, depolarizing concentrations of potas-
sium induce a calcium-dependent release of SP, as well
as of somatostatin, in vitro from the retina of the bullfrog
(159).

C. Pharmacological Effects

Injection of SP into the anterior chamber produces
miosis in the intact rabbit eye (28). Also, in the isolated
iris sphincter muscle of the rabbit a dose-dependent
miosis is obtained, the threshold being 2 X 107° mol,
which is far below that of other known miotic compounds
(583, 620). Similar effects-are obtained in the isolated
bovine pupillary sphincter (82). This constrictor re-
sponse to SP is not influenced by blockade of muscarinic,
nicotinic, or alpha- and beta-adrenergic receptors. Nei-
ther does baclofen (see section XIX) affect the SP action
in the iris (583). Pretreatment with prostaglandin bio-
synthesis inhibitors is also without effect (82, 583). Te-
trodotoxin, which blocks miosis caused by trigeminal
nerve stimulation, does not appreciably influence the
effect of SP (437). Furthermore, SP retains its miotic
effect even after trigeminal denervation (59). These re-
sults indicate that miosis caused by SP is a direct effect
on the pupillary sphincter muscle. Intracameral injec-

- tions of SP in picomole doses, which causes a strong and

persistent miosis, does not affect the intraocular pressure
or the aqueous humor protein concentration (598).
Higher doses of SP, however, elicit both a pressure
increase and protein leakage from the blood vessels (28).
The increase in intraocular pressure induced by SP can,
however, be prevented by iridectomy, which seems to
indicate that this effect of SP is caused by a papillary
block from the intense miosis (598). The finding that SP
induces miosis in doses that do not interfere with local
blood flow or pressure support the idea that miosis and
circulatory changes induced by painful stimuli are elic-
ited by separate pathways (442).

Infusion of SP into the common carotid artery results
in an immediate ipsilateral constriction of the pupil and
a transient increase in intraocular pressure simultane-
ously with a decrease in the contralateral intraocular
pressure and arterial blood pressure (598).

Several observations indicate that SP plays an impor-
tant role as a possible primary mediator of the ocular
response to chemical irritants. Thus, topical application
of nitrogen mustard to the rabbit eye causes hyperemia,
miosis, and ocular hypertension (62). Since SP is simul-

taneously released, it is suggested that these reactions to
nitrogen mustard and similar irritants are due to a local
release of SP, presumably from sensory neurons in the
anterior uvea (62). Retrobulbar administration of cap-
saicin, which also releases SP, acutely produces similar
symptoms. After a few days of capsaicin treatment, when
the SP storage was depleted, nitrogen mustard no longer
produced any changes in intraocular pressure (62).
Local application of SP increases spontaneous spike
activity and enhances light-evoked excitation of retinal
ganglion cells of amphibia (121) and carp (211). SP does
not influence the excitation produced by acetylcholine
and there are reasons to believe that SP and acetylcho-
line act on different receptors in the retina (212), as also
seems to be the case in the locus coeruleus (221). Since
the effect of SP in the retina is not influenced by gan-
glionic blocking agents, the SP receptors are probably
located on the ganglion cell membrane, particularly on
cells with an on-component in their light response (212).

VIII. Sympathetic Ganglia
A. Distribution

Immunohistochemical (259, 108, 109, 441, 568) and
radioimmunological analyses (352, 200) have shown that
prevertebral mammalian sympathetic. ganglia contain
SP. The number of SP positive nerve fibers varies con-
siderably, however, between different ganglia as well as
between species. The inferior mesenteric and coeliac
superior mesenteric ganglia show the highest density of
SP fluorescence followed by the thoracic and cervical
ganglia. Bundles of SP fibers are traversing the ganglion
but varicose networks of SP nerve endings are also seen
in close contact to the ganglion cells (147, 109), and SP
positive boutons are in synaptic contact with principal
ganglion cells (441). Also in the coeliac ganglion of the
guinea-pig, SP-fibers form axo-dendritic synapses on the
postganglionic neurons (348). When a fluorescent dye,
true blue, is injected into the inferior mesenteric gan-
glion, it is transported retrogradely to cell bodies in the
dorsal root ganglia L, and L3, where SP immunoreactiv-
ity is also observed (108).

The origin of the SP immunoreactive fibers in sym-
pathetic ganglia has been most extensively studied in the
inferior mesenteric ganglion. Ligation or cutting of the
lumbar splanchnic and intermesenteric nerves leads to a
drastic accumulation of SP proximally to the lesion,
while an almost total disappearance of varicose and
nonvaricose SP fibers occurs in the inferior mesenteric
ganglion (352, 109, 441). Cutting the hypogastric, inter-
mesenteric, and colonic nerves, leaving the lumbar
splanchnic nerves intact, results in an accumulation of
SP immunoreactivity within the inferior mesenteric gan-
glion (109).

These results indicate that SP is biosynthesized in the
cell bodies of the dorsal root ganglia and subjected to
axoplasmic transport through the lumbar splanchnic
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nerves to the inferior mesenteric ganglion directly or via
the intermesenteric nerve. Most of the SP-positive fibers
traverse the ganglion on their way from the visceral organ
to their cell bodies in the spinal ganglia. Some of these
fibers form synpases on sympathetic neurons in the
ganglion. The observations with fluroescent dye convinc-
ingly indicate the sensory origin of the SP terminals,
which is in agreement with electrophysiological studies
(see below).

B. Release

SP is released from the prevertebral ganglia by potas-
sium in a calcium-dependent manner (352). A significant
increase in the spontaneous release of SP from the
mesenteric ganglia is also obtained when capsaicin is
added to the incubation fluid (354, 200). This effect of
capsaicin is, however, not seen when the calcium is
decreased and magnesium increased in the Tyrode solu-
tion used as perfusion medium. There is no release of
vasoactive intestinal polypeptide, which is also present
in large amounts in the mesenteric ganglia (258, 354,
109).

After pretreatment of guinea-pigs with capsaicin (125
mg/kg over 2 days) an almost complete depletion of SP
occurs in the sympathetic ganglia and splanchnic nerve
(200), which supports the sensory nature of the SP fibers
in these nerve tissues.

C. Pharmacological Effects

When applied to neurons of isolated, perfused inferior
mesenteric ganglia of guinea-pigs, SP causes a membrane
depolarization, which is often accompanied by intense
neuronal discharges (133, 352, 134). The SP-induced
depolarization is not depressed by tetrodotoxin, d-tubo-
curarine, atropine, or a low calcium/high magnesium
medium (133, 354), suggesting that SP acts directly on
the postganglionic cell.

Stimulation of preganglionic nerves elicits in the in-
ferior mesenteric ganglion cells a fast cholinergic excit-
atory postsynaptic potential followed by a slow-devel-
oping depolarization. If only the preganglionic fibers in
the ventral root are stimulated, a pure cholinergic excit-
atory postsynaptic potential is elicited, whereas stimu-
lation of the dorsal root produces only a slow noncholi-
nergic excitatory postsynaptic potential (352, 354). There
are now several observations supporting the view that
the slow excitatory postsynaptic potential is produced by
SP. The conductance changes associated with the SP-
induced depolarization are similar to those associated
with the slow excitatory postsynaptic potential. The
depolarization induced when SP is applied to neurons of
the inferior mesenteric ganglia is accompanied by an
increase in membrane resistance analogous to that in-
volved in synaptically induced noncholinergic depolari-
zation (134). Both responses are insensitive to anticho-
linergic agents and their ionic mechanisms appear to be
similar (133, 352, 354). Exogenous application of SP

renders the neuron incapable of generating the slow
excitatory postsynaptic potential upon repetitive stimu-
lation of preganglionic fibers (133, 352, 132). Further-
more, capsaicin, which depletes SP from prevertebral
ganglia, markedly depresses the slow excitatory postsyn-
aptic potential evoked by stimulation of the lumbar
splanchnic nerve (354). Finally, in the inferior mesen-
teric ganglion of rats the specific SP receptor antago-
nists, [D-Pro?, p-Phe’, b-Trp®]SP and [D-Arg!, D-Pro?,
D-Trp™?]SP, block the noncholinergic, slow, excitatory
postsynaptic potential induced by preganglionic nerve
stimulation (316, 351).

Both the noncholinergic excitatory postsynaptic po-
tential and the potassium-evoked release of SP from the
inferior mesenteric ganglion are depressed by the meten-
kephalin analogue, [D-Ala?]Met-enkephalin amide (354).
By contrast, the SP-induced depolarization of the gan-
glion cell is not blocked by this analogue (354). These
observations suggest that there exists an enkephalinergic
pathway that exerts a presynaptic inhibition of SP-
mediated slow excitatory postsynaptic potentials in the
mesenteric ganglia (354). Similarly, enkephalin serves as
a transmitter of presynaptic inhibition by modulating
the release of acetylcholine in the sympathetic ganglia
(353).

In summary, these results give strong support for the
presence in the prevertebral ganglia of SP nerve endings
in contact with sympathetic neurons (fig. 3). The sensory
nature of these intraganglionic SP fibers is well estab-
lished by retrograde tracing and immunohistochemistry
as well as by the results obtained after capsaicin appli-
cation. Convincing evidence is also given that SP is
released in the mesenteric ganglia where it causes a
membrane depolarization in sympathetic neurons. It may
therefore be suggested that SP is the transmitter me-
diating the noncholinergic potential in prevertebral sym-
pathetic neurons. The accumulated data suggest two
possible pathways of SP-containing fibers in the inferior
mesenteric ganglion. Sensory SP afferents from the in-
testinal wall with cell bodies in the spinal ganglia and
central terminals in the spinal cord pass the ganglion
where they give off collaterals forming synapses on the
noradrenaline-releasing cells. As recently pointed out by
Dun and Jiang (132), the noncholinergic transmission
may also function as a local reflex, whereby sensory
information is transmitted from the intestinal wall in
SP-ergic fibers to the sympathetic neurons of the gan-
glion, initiating efferent inhibitory adrenergic signals
back to the gut, thus providing a functional connection
between sensory and autonomic neurons. The finding
that SP is released from peripheral nerve endings in the
sympathetic ganglia, therefore, gives new insights on the
functional role of sensory neurons as not being merely
transducers of afferent sensory information.

While SP in the inferior sympathetic ganglion evi-
dently has a sensory origin, SP in other sympathetic
ganglia might have a different origin. Thus, Kessler et
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F1G. 3. Schematic representation of somatic and visceral primary
afferent neurons and synaptic connections in the inferior mesenteric
ganglion (IMG). Sensory SP afferents from both the skin and intestine
have their cell bodies in the dorsal root ganglia (DRG) and central
terminals in the dorsal horn of the spinal cord (SC). SP-afferents from
the intestine pass the IMG where they give off terminals forming
synapses on the noradrenaline-releasing cells (NA). ACH, acetylcho-
line; ENK, enkephalin; BV, blood vessel. [Modified from Konishi et
al., 1980 (354), Dalsgaard et al., 1982 (109), and Dun and Jiang, 1982
(132).]

al. (342) showed that denervation of the superior cervical
sympathetic ganglion of the neonatal rat, or pharmaco-
logical blockade of transmission, causes a remarkable
increase in SP immunoreactivity in the ganglion. Con-
versely, pharmacological stimulation of sympathetic ac-
tivity reduced SP content of the ganglion. Treatment of
rats as neonates with 6-hydroxydopamine, which selec-
tively destroys principal ganglion neurons, profoundly
decreased SP in the superior cervical ganglion in the
adult rat (344). In cultured ganglia, SP increased more
than 50-fold after 48 hours and this rise was dependent
on protein and RNA synthesis. Veratridine prevented
the increase of SP and tetrodotoxin blocked the veratri-
dine effect, which suggests that sodium influx and mem-
brane depolarization prevent SP elevation (343). As
pointed out by Kessler and Black (344), these findings
suggest that the level of SP is regulated by the sympa-
thetic impulse activity and may mediate a feedback
mechanism tending to stabilize sympathetic activity. In
general terms, they suggest that local level of a neuro-
peptide is dependent on the degree of physiological activ-
ity of the neuron.

IX. Gastrointestinal Tract

A. Distribution

The occurrence and distribution of SP in the gastroin-
testinal wall has been described in detail both qualita-
tively, with indirect immunofluorescence techniques
(471, 509, 604, 269, 569, 175, 266, 88, 89, 38, 374, 434),
and quantitatively by RIA (474, 604, 281, 41) (table 2).
In general, there is a good agreement between the results
obtained from these studies.

The distribution pattern of SP is similar in different
parts of the gastrointestinal tract where, as in all other
organic systems, SP is almost entirely connected to the
nervous structures. Two principal populations of neurons
can be distinguished—nerves intrinsic to the gastroin-
testinal wall and extrinsic nerve fibers. Initially, difficul-
ties arose when trying to determine the origin of pepti-
dergic nerve fibers and nerve cells in the gastrointestinal
tract, mainly because peptide levels in cell bodies often
are too low to be detected with the indirect immunoflu-
orescence technique. Therefore, tissue culture techniques
(569, 315), denervation (175), and transplantation (571,
172, 434) were used to solve this problem. These studies
clearly show the presence of SP neurons intrinsic to the
intestine. Thus, SP fibers were found mainly in cultures
of both the myenteric and submucous plexus from all
intestinal segments. Only in the submucous plexus of the
caecum was there an absence of SP fibers (569, 315). In
segments of ileum, which had been extrinsically dener-
vated, the amount of SP in the external muscle layers,
which includes the myenteric plexus, was significantly
lower than in the normally innervated ileum (175). The
existence of an intrinsic peptidergic neuronal system in
the intestine is also suggested by autotransplantation
studies. Tissues from the small and large intestine of
pre- and postnatal and adult rats, transplanted to the
anterior eye chamber, reveal many SP-containing nerve
fibers as well as vasoactive intestinal polypeptide- and
enkephalin-containing nerve fibers, especially in the cir-
cular muscle layer and in the myenteric plexus (571).
Similarly, transplants of various tissues from the embry-
onic avian digestive tract to the chorioallantoic mem-
brane contain numerous SP- and vasoactive intestinal
polypeptide-immunofluorescent nerve fibers (172).

Taken together, these observations on different exper-
imental models clearly suggest that the major part of the
SP-containing axons and all other peptidergic nerve
fibers in the intestinal wall originate from cell bodies
within the myenteric and submucosal plexus. It is, how-
ever, evident that the gastrointestinal tract is also inner-
vated by extrinsic SP-immunoreactive axons. These ax-
ons reach the intestine via the mesenteric nerves and
most likely represent sensory nerve fibers passing
through prevertebral sympathetic ganglia (259, 422, 88,
441). Furthermore, SP-containing fibers in the vagus
terminate in the stomach and the intestine (422, 196, 37,
207). Experimental evidence for the existence of extrinsic
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TABLE 2
Distribution of SP in the gastrointestinal tract

Rat

Guinea-pig Man

(Ref. 281) (x‘t’."ﬁ) (Ref. 281) (ReDt?ﬁl) (Ref. 43)
Boiled in 1 M Boiled;tpH4 Boiled in 1 M Boiled;:tpH4 Boiled in
acetic acid acetic acid 1 M acetic acid
Oesophagus 14 £0.2 (6)* .
Proximal 13.7+ 4.7 (5) 10.4 £ 1.5 (5) 0.28 + 0.1 (5)
Distal 6.3 £ 1.7 (5) 0.30 £ 0.1 (5)
Stomach
Fundus 249 £ 1.6 (6) 149 + 2.8 (5) 39.3 +£3.7(8) 0.54 £ 0.1 (5)
Antrum 9.2 + 0.6 (6) 6.1 £1.8(5) 81.6 + 82 (5) 0.76 £ 0.2 (5)
Duodenum 57.6 +£ 2.8 (6)
Proximal 18.1 £ 2.9 (5) 117 +£ 8.2 (6) 154 £ 3.8 (5)
Distal 189 + 6.2 (5) 14.6 £ 4.1 (5)
Jejunum 120 (2)
Proximal 62.4 £ 6.4 (6) 72+ 1.4(5) 108 + 8.9 (6) 5.5+ 1.3(5)
Distal 151 £ 8.2 (6)
Ileum 86 (2)
Proximal 76+ 28 (5) 167 £ 17.1 (6) 53+1.2(5)
Distal 64.5 + 6.2 (6) 12.4 + 3.7 (5) 173 + 14.1 (10) 6.1+ 1.5 (5)
Colon 63 (2)
Proximal 27.1 + 2.8 (6) 98 + 4.4 (5) 122 + 19.3 (6) 54 +1.3(5)
Distal 12.7 £ 3.4 (5) 107 £ 10.4 (9) 42+ 1.0 (5)
Rectum 11.5 £ 4.0 (5) 90.5 + 8.2 (8) 6.3+19(5)

* Values are given in pmol/g of wet tissue and represent mean + SEM.

SP innervation of the gut is shown by the finding that
crushing the mesenteric nerves 1 month before sacrifice
results in a complete disappearance of the SP immuno-
reactive nerves associated with submucous arteries and
also to a small extent SP fibers in the submucous plexus,
whereas in all other layers of the intestinal wall extrinsic
denervation does not influence the number or distribu-
tion of SP fibers (88). Also, bilateral ligation of the
splanchnic nerves of spinal ganglionectomy from Th5 to
L2 in the cat considerably decreases SP immunoreactiv-
ity in Auerbach’s plexus in the stomach and duodenum
(234).

In the following, a brief summary of the distribution
of SP in various parts of the gastrointestinal tract will
be given on the basis of results from the papers cited
above. The distribution has been studied mainly in the
rat and guinea-pig.

In the oesophagus, the lower part contains about 10
times more SP than the upper part. SP immunoreactive
nerve fibers are particularly numerous in the myenteric
and submucous plexus (372). In the stomach the highest
concentration of SP fibers is seen in the myenteric
ganglionic plexus. The longitudinal muscle layer, partic-
ularly in the cardia (rat) and antrum (guinea-pig), has a
high density as compared to other parts of the gastroin-
testinal tract. In the submucous layer and in the lamina
propria less dense networks are found. In the myenteric
plexus, but not in the submucous plexus, single cell
bodies show SP immunoreactivity.

In the small intestine, the highest density of SP fibers
is found in the circular muscle layer and in the myenteric
and submucous plexus, while the SP positive fibers occur
much less frequently in the longitudinal muscle layer

Number of observations are given within brackets.

and lamina propria. Also, in the muscularis mucosae and
in lamina propria there are numerous SP fluorescent
fibers, partly associated with blood vessels. Only a rela-
tively small proportion of neurons, however, contain SP
(3% to 5% of total myenteric neurons and 3% to 11% of
total submucous neurons) (88, 570). Some SP positive
fibers are present at the bases of the mucosal villi and
extend in the connective tissue to their tips. SP immu-
nofluorescence has also been observed in epithelial cells,
which have been identified as enterochromaffin cells, in
the mucosa of both duodenum and colon (477, 509, 240).

SP-positive cell bodies are located in both the myen-
teric and submucous plexus. Analyses of the projections
of the intrinsic and extrinsic SP neurons indicate that
cell bodies in the myenteric ganglia supply the circular
muscle, the submucosa, and the mucosa, while the sub-
mucous ganglia only supply the mucosa. Only SP fibers
around the submucosal arteries and some varicose fibers
in the submucous ganglia have extrinsic origin (88, 89,
315, 570) (fig. 4).

Also, in the large intestine, the highest density of SP
fibers if found in the myenteric plexus and in the circular
muscle layer. Both in myenteric and submucous plexus
they surround the ganglion cells, of which a small number
are SP-positive. Numerous SP-positive fibers are also
seen in the muscularis mucosae. In the lamina propria,
there are few SP fibers.

In the muscle layer of the taenia coli of the caecum
frequent SP fibers run in thin nerve bundles or are
present as single varicose terminals along the smooth
muscle fibers (88, 315, 570, 374)..

Also, in the human intestine, there are many SP fibers
in the myenteric plexus and a moderate amount in the
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F1G. 4 Schematic representation of the distribution and density of
SP cell bodies and nerve terminals in the small intestine. The drawing
also indicates the origin of the SP processes. LP, lamina propria; MM,
muscularis mucosae; SM, submucosa; CM, circular muscle layer; MP,
myenteric plexus; LM, longitudinal muscle layer; SG, sensory ganglion.
[Modified from Schultzberg et al., 1980 (570) and Costa et al., 1981
(89).]

submucous plexus (43). In contrast to most animals
studied so far, a very dense network of SP immunoreac-
tive nerve fibers is found in the human mucosa, partic-
ularly in the lamina propria with single fibers running
close to the base of the epithelium. These mucosal fibers,
which are most numerous in the ileum, evidently ema-
nate from SP-containing cell bodies in the submucosal
plexus, which are more frequently seen in man than in
animal species (43).

B. Comparison with Other Peptides

Besides SP, many other peptides have been identified
in the gastrointestinal tract. Particular interest has been
focused on the distribution of vasoactive intestinal poly-
peptide, enkephalin, somatostatin, gastrin/cholecysto-
kinin, and neurotensin in the rat (570, 315, 374, 434, 605,
568). It appears from these studies that the general
distribution patterns for vasoactive intestinal polypep-
tide, enkephalin, and SP often exhibit similarities, but
also some interesting differences. The vasoactive intes-
tinal polypeptide seems to be the most abundant. In
general, the circular muscle layer and the myenteric and
submucous ganglion plexus have the highest innervation
of peptide immunoreactive fibers. In lamina propria, the
vasoactive intestinal polypeptide network is much more
dense than for any of the other peptides. SP and enke-
phalin immunoreactive cell bodies are both present in
the myenteric plexus, but enkephalin is rarely seen in
the submucous plexus where vasoactive intestinal poly-
peptide and somatostatin are mostly localized. The SP
immunoreactive fibers in the submucous plexus are often
seen close to vasoactive intestinal polypeptide immuno-
reactive cell bodies. Also, in the guinea-pig gut, SP and
vasoactive intestinal polypeptide are present in separate
subpopulations of peptidergic neurons (535). Gastrin/
cholecystokinin immunoreactive neuronal structures are
few compared to the peptides mentioned above and some

layers, particularly in the upper tract of the guinea-pig,
seem to lack gastrin/cholecystokinin. Neurotensin seems
to have the most limited distribution of all peptides. It
is largely stored in glandular cells (N-cells) in the lamina
propria of the small and large intestine (246). In the rat,
neurotensin-reactive fibers are localized to the longitu-
dinal and circular muscle layers and to the myenteric
plexus (571).

C. Release

When the antrum of the cat stomach is perfused with
NaCl or HCI, SP-like immunoreactivity is regularly de-
tected in the perfusate (629). Electrical vagal stimulation
causes a substantial increase in this release. Also, SP is
released by antral perfusion of acetylcholine as well as
by intravenous injections of acetylcholine or adrenaline.
Gastrin, somatostatin, and vasoactive intestinal polypep-
tide are likewise released by these procedures (629). On

the other hand, evidence for a release of SP from intrinsic -

neurons in the intestine is so far only indirect. Thus,
high desensitizing concentrations of SP inhibit hyoscine-
resistant intestinal contractions evoked by electrical
stimulation (174), probably due to a blockade of SP
receptors (185). Also, the contractile response of the
guinea-pig ileum to cholecystokinin (294) or capsaicin
(69) is blocked by desensitizing doses of SP, which sug-
gests that a release of SP may be responsible at least to
some extent for this contraction.

D. Pharmacological Effects

SP has a powerful stimulating effect on most smooth
muscle layers in the gastrointestinal tract.

In concentrations of 1078 to 10~7 M, SP increases basal
tension of isolated strips of cat oesophagus and greatly
enhances the contractile response to electrical nerve
stimulation (372). Higher concentrations contract, in a
dose-dependent way, the circular muscle and these re-
sponses are blocked by the SP antagonist, [D-Pro?, D-
Trp™®]SP, which has no effect on contractions elicited
by electrical stimulation (372). In isolated strips of the
circular muscle of the fundus and corpus of the guinea-
pig stomach, SP evokes a dose-dependent tonic activity
in concentrations higher than 10~ M. On the contrary,
neither the longitudinal muscle layer of the fundus or
corpus nor longitudinal or circular strips from the an-
trum react to SP (472). The finding that only the circular
muscle responds to SP is interesting in view of the
observation of a much greater density of SP-positive
nerve fibers in the circular than in the longitudinal
muscle of the rat stomach (263, 570). Also, in the per-
fused rat stomach and pylorus, SP has a spasmogenic
effect with a threshold dose of about 4 nmol/kg (26, 27).

Close-arterial bolus injections of SP induce an imme-
diate and powerful contraction of the cat stomach and
pylorus sphincter in vivo. The duration of this effect is
dose-dependent (0.4 to 3 nmol). The contractions cause
a total but short cessation of the transpyloric transport
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(138). Also, intravenous infusions of SP in dogs with
starvation peristalsis result in an increase in the basal
muscular tone and depression of the peristalsis. The
spike discharge in the electromyogram is markedly stim-
ulated by SP (4 to 400 nmol X kg™ X 100 sec ~!) in a
dose-dependent manner (452).

The gastric excitatory motor response elicited by an-
tidromic stimulation of the vagal or splanchnic nerves
after hexamethonium is markedly reduced by large doses
of SP or by pretreatment with [D-Pro?, p-Trp”?]SP (407,
118). Also, nerve stimulation at high frequencies dimin-
ishes the gastric response to subsequent administration
of SP, suggesting that the stimulation causes a release
of SP that desensitizes SP receptors (118). These find-
ings clearly suggest that SP is involved in the motor
responses elicited by extrinsic gastric nerves.

All segments of the small intestine are contracted by
SP in vitro and in vivo. This effect can be demonstrated
in all mammals, including man, as well as in cold-blooded
animals. In the isolated guinea-pig ileum, SP increases
the tonus in the concentration range 107'° to 10~ M in
a dose-dependent way. On this preparation, SP is more
potent than acetylcholine, histamine, and barium chlo-
ride; the slope of the log dose-response curves is similar
(54, 57, 547, 607, 656). When injected close-arterially in
the dog ileum in situ, SP causes tonic contractions in
doses as low as 0.7 pmol. Higher doses give larger and
more persistent contractions, usually reaching maximal
amplitude at about 75 to 150 pmol (113). The longitudi-
nal muscle is by far the most sensitive of the external
muscle layers to SP. The maximal effect elicited by SP
increases from the gastrointestinal sphincter to the ileum
and is roughly paralleled by a similar rise in SP concen-
tration in the intestinal segments (280). In the isolated
longitudinal muscle of the guinea-pig ileum, application
of SP at concentrations of 8 to 107! M, or higher, to the
bath fluid exerts a tonic activation of the muscle (656,
472). Varying opinions have been presented about the
effect of SP on the circular muscle layer. Most studies
have revealed a striking unresponsiveness of this muscle
layer to substances that exert a powerful spasmogenic
effect on the longitudinal muscle. This holds for SP,
acetylcholine, and 5-HT (for ref. see 472, 285). Thus, SP,
in doses that elicit a substantial tonic activation of the
isolated longitudinal muscle of the guinea-pig ileum, is
without effect on the circular ileum preparation (472,
180). On the other hand, SP (2 nmol) elicits rhythmic
contractions on the circular muscle layer of the guinea-
pig superimposed on an increased tone elicited by SP,
caerulein, bombesin, and 5-HT (285).

In the longitudinal muscle cell of the guinea-pig, SP
(107'° to 10~ M) evokes different types of membrane
responses comprising bursts of repetitive spikes or slow
waves without any change in membrane potential. In
higher concentrations, SP. induces a membrane depolar-
ization and increase in input resistance (180).

Close-arterial infusion of SP (2.4 pmol/min) into an

isolated segment of guinea-pig ileum in situ elicits repet-
itive peristaltic waves, which expel a considerable volume
of intraluminal fluid (283). Similar effects are obtained
with 5-HT, caerulein, and bethanechol. In an experimen-
tal model, where only isometric contractions of the lon-
gitudinal muscle are allowed, SP increases peristaltic
efficiency at infusion rates of 2.4 pmol/min, which is
more than 100 times lower than those required of 5-HT
and bethanechol (284). SP counteracts the paralysis of
peristalsis induced by the enkephalin-analogue FK 33-
824 (283).

In the isolated large intestine, SP has a similar effect
as in the small intestine and the dose-response curve in
the rat transverse colon does not differ from that of the
terminal ileum (280). In the chicken caecum, SP in
concentrations of 10~ M and higher causes contractions
in a dose-dependent manner (38). The guinea-pig taenia
coli is contracted by SP, while electrically induced con-
tractions of the taenia are reduced. In the anaesthetized
cat, intravenous SP at a dose of 17 pmol X kg™ X min™!
elicits a powerful contraction of the colon in vivo. This
effect, however, is seen only in the distal colon, while no
effect or a slight inhibitory action is obtained in the
proximal part (245).

E. Mode of Action of SP

On the basis of pharmacological studies it was early
suggested that the mode of action of SP is twofold, a
direct stimulating effect on the smooth muscle and a
local neurotropic effect that involves stimulation of af-
ferent fibers in the peristaltic reflex arc (517). The ob-
servation that the maximal contraction induced by SP
on isolated intestine is not suppressed by atropine, an-
tihistamine, LSD, or ganglionic blocking agents (514)
has been repeatedly confirmed (547, 656, 280, 285, 38)
and extended by using a variety of compounds such as
tetrodotoxin and morphine (57, 547, 38, 180), the mus-
carinic acetylcholine receptor inhibiting compund, tro-
pamide (285), and guanethidine (38). In the perfused rat
stomach, the spasmogenic effect of SP is not modified
by atropine, propranolol, methysergide, cimetidine, or
verapamil, thus excluding the involvement of acetylcho-
line, noradrenaline, 5-HT, histamine, or other mediators
(27). However, in the circular muscle layer of the guinea-
pig ileum, tetrodotoxin reduces or abolishes rhythmic
contractions induced by SP, but not the increase in
muscular tone (285). It is suggested that the action of
SP on the smooth muscle is brought about by facilitation
of the myogenically controlled spike activity (278). This
assumption is based on the fact that the effect of SP on
the isolated rabbit ileum is an increase in the height but
not the frequency of the phasic contractions. Further-
more, suppression of the slow wave depolarizations by
various procedures also abolishes the effect of SP (278).

Local anaesthetics such as procaine, lidocaine, bupi-
vacaine, and promoxine, which have a depressive action
on smooth muscle, cause a dose-related decrease of the
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spasmogenic effect of SP as well as of acetylcholine,
histamine, and barium chloride (54). The effect of these
anaesthetics on the response of the guinea-pig ileum to
SP is, however, far less susceptible than to other spas-
mogenic compounds. The depressant action of local an-
aesthetics is attributed to their inhibition of calcium
influx, and withdrawal of calcium diminishes contrac-
tions caused by SP as well as by other spasmogenic
factors (54). These findings support the suggestion that
SP acts directly on the smooth muscle and indicate that
the effect of SP is dependent on the extracellular calcium
concentration and involves influx of calcium. The un-
derlying ionic mechanism of the action of SP, further-
more, seems to be a decrease in potassium and chloride
conductance (278).

The assumption that SP also acts by neuronal stimu-
lation was based primarily on the results early obtained
by Beleslin and Varagi¢ (19), who found that SP en-
hances the contractions of the guinea-pig ileum induced
by acetylcholine. This enhancement is inhibited by hex-
amethonium, indicating that the effect of SP might
partly be due to sensitization of ganglionic cells to ace-
tylcholine. The suggestion that SP activates cholinergic
neurons in the gastrointestinal tract has received support
in recent time. The first was given by Hedqvist and von
Euler (238, 239), who showed that SP enhances contrac-
tions of the guinea-pig ileum induced by transmural
nerve stimulation. These contractions are inhibited by
atropine but not by guanethidine, phentolamine, or pro-
pranolol, indicating activation of cholinergic nerves.
Since SP much more readily enhances contractions re-
sulting from nerve stimulation than from acetylcholine
administration, a prejunctional action of SP on cholin-
ergic transmission was suggested (238, 239). One char-
acteristic of the effect of SP on the longitudinal muscle
of the guinea-pig ileum is that its contractile response is
not sustained but gradually decreases after achieving its
peak response. This phenomenon, known as fading,
probably reflects specific desensitization of the SP recep-
tors and, in part, the rate of absorption and metabolism
of the peptide (280, 284, 291). Atropine or tropicamide
and tetrodotoxin reduce the fading, while physostigmine
increases its duration (280, 284, 291). These results seem
to further indicate that SP releases acetylcholine and
that this release contributes partly to the excitatory
effect of SP on the longitudinal muscle of the guinea-pig
ileum. In fact, direct evidence for a release of acetylcho-
line from the myenteric plexus of guinea-pig intestine by
SP has recently been given (657). However, not only
atropine and tropicamide but also tetrodotoxin and mor-
phine, but not hexamethonium, diminish the contractile
effect of SP (284, 113), which indicates that the choli-
nergically mediated response to SP involves neural con-
duction.

The stimulatory effect of close-arterial injection of SP
on the cat stomach and pylorus in situ is blocked by
atropine (138). Also, in the dog ileum in situ, atropine

and tetrodotoxin substantially inhibit the tonic contrac-
tions caused by low (pmol) doses of SP, but not by higher
(nmol) doses (113). These findings further suggest that
the motor effects of SP involve activation of intrinsic
cholinergic neurons. Besides the cholinergic contraction
of the gut, there also exists an atropine-resistant con-
tracture induced by transmural field stimulation. This
noncholinergic contraction is significantly reduced by
tetrodotoxin, which indicates its neuronal mediation. It
is, however, also considerably reduced by addition of [D-
Pro?, p-Trp”®]SP (373) or by desensitizing the guinea-
pig ileum to SP by addition of large amounts of SP itself
(210). These observations indicate that SP mediates the
atropine-resistant contracture in the gut induced by
transmural field stimulation.

Important evidence for the ability of SP to depolarize
neurons in the myenteric plexus was given by Katayama
and associates (331, 332). Extracellular recordings from
single neurons in the myenteric plexus of guinea-pig
small intestine in vitro showed that SP applied in pico-
molar concentrations, either by perfusion or electrophor-
etically, increases the firing rate of the neurons. Intra-
cellular recordings indicate that SP causes a dose-de-
pendent membrane depolarization associated with an
increase in membrane resistance. There is a relation
between the SP reversal potential and extracellular po-
tassium concentration, which suggests that SP inacti-
vates the resting potassium conductance of the myenteric
neuron. These effects of SP are uneffected by hexame-
thonium, hyoscine, naloxone, and baclofen (332, 180).

As in the sympathetic ganglia (see above), electrical
stimulation of presynaptic nerves in the myenteric gan-
glia elicits, in addition to cholinergic fast excitatory
postsynaptic potentials, slow excitatory postsynaptic po-
tentials, which are not affected by nicotinic or muscarinic
blockers. The time course and ionic mechanism of the
SP-induced depolarization of the myenteric neurons are
similar to that of the slow excitatory postsynaptic poten-
tials (331, 332). Both the SP depolarization and the slow
excitatory postsynaptic potentials are reversibly de-
pressed by chymotrypsin, which leaves the fast excitatory
postsynaptic potentials and responses to acetylcholine
and 5-HT unaffected (460). These results might indicate
that SP is involved in the noncholinergic transmission
in the myenteric ganglia.

In summary, substantial evidence has now been accu-
mulated that indicates that the SP neurons are an essen-
tial part of the enteric neuron system and are involved
in the modulation of intestinal motility by several mech-
anisms: 1) SP-positive nerve cell bodies and fibers are
widely distributed in the enteric neuron system, and
nerve fibers containing SP are found both around gan-
glion cells in the ganglionic plexus and in the muscle
layers; 2) indirect evidence exists for a release of SP from
enteric neurons, which might stimulate the ganglion
cells; 3) SP has a powerful stimulating effect on the
smooth muscle of the gastrointestinal tract and initiates
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peristalsis; 4) SP depolarizes myenteric neurons and
mimics synaptically evoked depolarizations within the
myenteric plexus; 5) SP releases acetylcholine and acti-
vates cholinergic neurons; 6) SP mediates slow nonchol-
inergic depolarizing potentials in the myenteric plexus.

F. Role of SP in the Submucosa and Mucosa

The density of SP fibers in the submucosa and mucosa,
especially in connection to blood vessels, secretory
glands, and the villi, suggests that SP is involved in the
regulation of local blood flow as well as in secretory and
absorptive functions. The supply of SP-containing neu-
rons to the submucous blood vessels has an extrinsic
origin and is depleted by capsaicin (181). These findings
strongly suggest that the extrinsic SP neurons are sen-
sory and it is tempting to postulate that, by analogy with
the skin, the SP fibers in the intestinal wall and in other
visceral organs are involved in neurogenic vasodilatation.
So far, only a few studies have been devoted to the
putative role of SP in secretion and absorption. SP has
no effect on basal gastric secretion in the dog, but when
given during a period of pentagastrin-stimulated secre-
tion, SP (in a dose of 1 nmol X kg™ X min™") significantly
reduces acid output. Following withdrawal of SP infu-
sion, gastric secretion quickly returns to the control level
(355). In the gut, SP produces a transient increase in
transepithelial potential differences and short-current
circuits in the serosal surface of guinea-pig ileal mucosa
(322), which might indicate that SP stimulates intestinal
secretion.

X. Circulation

A. Distribution

In some animals, such as the guinea-pig, practically
every vascular bed is supplied with SP-containing sen-
sory fibers. In the skin (263, 110), dental pulp (491),
thraceo-bronchial tissue (603, 419), gastrointestinal tract
(570), and the brain (260, 139, 141, 111, 181), SP immu-
noreactive nerve networks are present in the adventitia
and at the border between the adventitia and media of
the blood vessels, particularly the arterioles, with a dis-
tribution pattern typical for vasomotor fibers. The high-

- est density of SP networks is found in the aorta and vena

cava close to the heart with decreasing density as more
peripheral beds are approached (181).

SP immunoreactive nerve fibers and varicosities have
also been identified in the human and guinea-pig heart
along blood vessels (538, 642), but also running parallel
to myocardial fibers and associated with the conducting
system and cardiac ganglion cells (644). In the sinus node
of several mammalian species, numerous SP immuno-
reactive fibers are present in close association to blood
vessels (643). Particularly dense networks are also found
in the splanchnic vascular bed (181).

SP is widely distributed in pathways known to be
involved in the central control of the cardiovascular
system. Thus, immunocytochemical evidence has been

given for the occurrence of SP fibers in the carotid body
(420), carotid sinus nerve (244), sensory ganglion cells of
the nodose (422, 196), petrosal ganglia (209), and the
vagal nerve (422, 244). SP immunoreactivity is also found
in the intermediate zone of the nucleus tractus solitarii
(103, 411) and in afferent baro- and chemoreceptor path-
ways, which transmit information from peripheral recep-
tors to the nucleus tractus solitarii (241). Removal of the
nodose ganglion or denervation of the IXth and Xth
cranial nerve results in a 50% loss of SP fluorescence in
the intermediate and commissural parts of the nucleus
tractus solitarii (409, 244), which indicates that the SP
content of this nucleus to a large extent emanate from
cell bodies in the petrosal and nodose ganglia.

Treatment with capsaicin results in a complete loss of
SP immunoreactivity from fibers associated with blood
vessels throughout the cardiovascular system with excep-
tion of arteries supplying the distal intestine. The SP
immunoreactivity is, however, unaffected by 6-hydroxy-
dopamine, which degenerates the noradrenergic nerves
to the heart and blood vessels (181). These findings
indicate that the SP fibers around blood vessels are of
sensory nature.

B. Pharmacological Effects

1. Vascular Effects. SP is one of the most potent
vasodilating compounds so far known. Close-arterial in-
jections of SP in doses from 10 nmol cause a dose-related
vasodilatation in adipose tissue and skeletal muscle of
the dog (518). Similarly, close-arterial infusion of SP
increases the blood flow in the hepatic, mesenteric, and
iliac arteries of the dog, the threshold infusion rate being
less than 1.5 pmol X kg™ X min™ (449). In the rat,
infusion of SP into the femoral artery increases in a
dose-dependent way the outflow of the femoral vein with
a threshold of about 0.1 pmol/min. The peak flow is
reached within 1 minute, whereafter venous outflow de-
clines despite continuous infusion (397). In the isolated
heart of the dog infusion of SP at a rate greater than 30
pmol/min produces an increase of coronary blood flow
(415). Also the hypothalamic blood flow is increased
significantly by local administration of 40 or 400 pmol,
as measured by the **xenon washout technique (347).

Intravenous infusions of SP in the dog at rates of 0.4
pmol X kg™ X min~! or higher increase the blood flow
of most vascular beds such as the skin, skeletal muscle,
and small intestine (51), while somewhat higher doses
are needed to increase the blood flow in the carotid,
hepatic, mesenteric, and portal beds (228, 449). Some
areas, particularly the renal and cerebral vascular beds,
are less sensitive or almost resistant to intravenous SP
(228). If the infusions are made in the portal vein, the
infusion rate has to be increased to more than 15 pmol
X kg™! X min~! before any vascular reactions are recorded
(228, 449), indicating that the liver has a very high
capacity for inactivating SP.

SP also affects isolated strips of arteries. The common
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carotid artery seems to be the most sensitive, responding
to SP.in concentrations of 6 X 10~'! M or higher (91). In
the rabbit aorta, SP induces dose-related contractions in
a concentration of 2 X 107® M or higher (458). These
effects are resistant to alpha-adrenoceptor blockade but
inhibited by pretreatment with met-enkephalin (458). In
isolated arteries of the dog, brought into contraction with
noradrenalin, SP exerts a relaxant effect (91). Also,
isolated pial arteries of humans (141) or cat (139), which
have been contracted by prostaglandin F,,, are relaxed
by SP in 10® M concentrations.

Intravenous infusions of SP at rates higher than 0.4
pmol X kg™ X min~! cause a transient fall in systolic,
diastolic, and mean arterial blood pressure in the dog
(61, 520). This effect is, however, not dose-dependent.
Thus, when increasing the infusion rate, only a minor
additional fall in blood pressure is obtained. Even single
doses up to 80 pmol cause only rapid and transient fall
in blood pressure. Doses higher than 80 pmol decrease
diastolic blood pressure more than the systolic, indicating
a fall in systemic vascular resistance and sustained stroke
volume. The delay in return, but not the absolute de-
crease in blood pressure, following single intravenous
injections of SP, is dose-related. Even doses as high as
40 nmol, i.e. 10* times higher than the threshold dose for
a fall in blood pressure, are well sustained by the dog
(51). These results indicate a considerable tolerance to
SP.

SP is also a potent vasodilating compound in humans.
Infusion of 0.7 pmol/min into the brachial artery signif-
icantly increases the forearm blood flow (145). This
increase is immediate and sustained during the whole
infusion period, but the basal flow level is reached again
within seconds after the infusion is stopped. The oxygen
saturation increases in both cutaneous and muscle blood
of the forearm, indicating that SP dilates blood vessels
of both the skin and muscle. Intravenous infusions elicit
a bright red flushing of the skin, particularly in the head
and the neck. The subjects experience a feeling of
warmth in the head and temporal pulsations. The toler-
ance towards SP varies between subjects, but on an
average these reactions are obtained at an infusion rate
of 70 pmol/min. At these doses a tachycardia and de-
crease in arterial blood pressure are recorded. Intrave-
nous infusions of more than 80 pmol significantly in-
crease forearm blood flow and venous tone (145), while
no effect can be recorded in internal carotid blood flow
(661). The capacitance vessels are, however, not affected
by arterial infusions of SP (145).

Intradermal injections of SP (10”7 to 10~°® M) in man
induces flare, wheal, and itching, which is similar to the
responses to histamine (225). Oral pretreatment with
antihistamine (chlorocyclizine) inhibits the effect of SP.
After depletion of the local stores of the mast cell bound
histamine with compond 48/80, SP is without effect in
the skin. When incubated with rat peritoneal mast cells,
SP induces histamine release at a concentration of 10~°

M (225). This finding is in agreement with observations
that SP is a more potent histamine liberator than most
other vasoactive peptides (319, 153) and that the vaso-
dilatation induced by SP in the rat hind paw is inhibited
to about 50% by antihistamines or compound 48/80
(397). At least some of the vascular effects of SP are,
therefore, probably mediated by a release of histamine
from the mast cells.

SP has no chronotropic or inotropic effects on the
isolated heart of the rabbit, guinea-pig (51), or dog (416).
In the intact dog, intravenous SP in doses higher than 2
pmol X kg™! X min~?! increase in a dose-dependent way
cardiac output and stroke volume (51, 520). These effects
seem to be entirely due to a decrease in peripheral
resistance.

The effects of SP on blood flow and blood pressure are
generally not influenced by atropine, alpha- or beta-
adrenergic blocking agents, or antihistamines (518, 51,
145, 505). This indicates that the vascular effects of SP
generally are not due to cholinergic, adrenergic, or his-
taminergic receptor stimulation but to a direct effect on
the smooth muscle of the vascular wall. There are, how-
ever, obvious regional differences. Thus, the vasodilata-
tion induced by SP in the hypothalamus is completely
abolished by cholinoreceptor blockade with atropine or
mecamylamine. Similarly, blockade of alpha-adrenocep-
tors by phenoxybenzamine or beta-adrenoceptors by pro-
pranolol or destruction of adrenergic hypothalamic
nerves with 6-hydroxydopamine completely inhibits SP-
induced vasodilatation (347). These data suggest that
both cholinergic and adrenergic mechanisms might be
involved in the vascular effects of SP in the hypothala-
mus.

Indomethacin, in a dose sufficient to block the synthe-
sis of prostaglandins, does not influence the SP-induced
increase of human forearm blood flow (145) or relaxation
of isolated, contracted blood vessels (91). In the anaes-
thetized dog, on the other hand, indomethacin or meclo-
fenamate reduces the magnitude or shortens the duration
of the vasodepressor response to SP (505). These results
indicate that in certain conditions or species prostaglan-
dins might participate in the vascular effects of SP.
However, the SP-induced vasodilatation and plasma ex-
travasation in the rat hind paw are not affected by
indomethacin (397, 388).

2. Effects of Central Administration. Injection of SP
into the lateral brain ventricle in the conscious, normo-
tensive rat causes a dose-dependent increase in mean
arterial blood pressure and decrease in heart rate (628).
These effects are considerably enhanced after sino-aortic
baroceptor denervation. In the urethane-anaesthetized
rat, injection of SP into the lateral brain ventricle causes
an increase in both blood pressure and heart rate (224).
The central pressor action of SP is markedly attenuated
by intracerebroventricular pretreatment with the
gamma-aminobutyric acid derivate baclofen (628). SP
injected into the lateral brain ventricle, furthermore,
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increases plasma levels of adrenaline and noradrenaline.
Peripheral alpha-adrenoceptor blockade by prazosin re-
verses the central pressor effects of SP to depressor
responses (627), which indicates that these effects are
mediated by the sympathetic nervous system.

Infusion of the SP receptor antagonist, [D-Pro? bD-
Trp™?]SP, into the subarachnoid space of the rat causes
a fall in blood pressure to levels resembling those after
cervical spinal cord transection (413). This antagonist
also blocks the increase in blood pressure and heart rate
after local application of kainic acid (413). These findings
suggest that SP neurons in the vasomotor center of the
ventral medulla (209, 244) may play a role in maintaining
vasomotor tone (413).

Spontaneously hypertensive rats show a supersensitiv-
ity to centrally administered SP with a 2- to 3-fold
increase in blood pressure as compared to the normoten-
sive rat. In addition, SP induces tachycardia in the
conscious hypertensive rat (628).

The occurrence of SP in the baro- and chemoreceptor
afferent fibers (420, 244) and in the nucleus tractus
solitarii (103, 411, 241) has initiated pharmacological
studies aimed at elucidating the effect and putative role
of SP at the first synapse of the baroreceptor reflex.
Intracisternal application of SP causes an elevation of
the arterial blood pressure (183, 214), which is counter-
acted by [D-Pro? p-Phe’, D-Trp®]SP (182). On the other
hand, a decrease in spontaneous sympathetic nervous
activity, blood pressure, and heart rate is observed after
local microinjection of SP in the nucleus tractus solitarii
(224).

Local application of capsaicin to the nucleus tractus
solitarii produces circulatory effects which are indistin-
guishable from those of SP. Since capsaicin releases SP,
these results have been suggested to indicate a transmit-
ter or neuromodulator role for SP at the first synapse of
the baroceptor reflex (224). However, Talman and Reis
(611) were unable to observe any effect of SP, microin-
jected into the nucleus solitarii, on arterial pressure,
heart rate, or baroreceptor reflex. They concluded that
previously reported cardiovascular effects of local appli-
cation of SP in this nucleus probably is a consequence
of local distortion. Further studies are thus needed to
evaluate the functional significance of the presence of
SP in the baro- and chemoreceptor afferent fibers.

C. SP and Antidromic Vasodilatation

A series of recent observations have focused interest
towards the tentative role of SP as a mediator of anti-
dromic vasodilatation. This phenomenon has been
known since 1876 when Stricker showed that stimulation
of the peripheral part of a transected dorsal root or the
distal end of a cut cutaneous sensory nerve causes arter-
iolar dilatation (601). Jancso et al. (304) found that, in
addition to vasodilatation, electrical antidromic stimu-
lation of sensory nerves also increases vascular permea-
bility with plasma exudation. The nature of the vasodi-

lator fibers was characterized by Hinsey and Gasser
(252), who showed that the increase in blood flows occurs
when the C fibers in sensory neurons are stimulated.
Later, Celander and Folkow (68) found that the axon
reflex taking place in the end branchings of sensory
nerves and responsible for the flare component in the
triple response of human skin is mediated by pain fibers.

It was already postulated in 1927 by -Lewis and Marvin
(404) that the antidromic vasodilatation is mediated by
a release of neurotransmitter at the sensory nerve end-
ings in the skin. This hypothesis was convincingly sup-
ported by Jancs6 et al. (304), who showed that the
mediator responsible for the extravasation elicited by
antidromic stimulation is released from pain sensitive
nerve terminals. Since then, many compounds have been
suggested in this connection including acetylcholine,
adenosine, adrenaline, noradrenaline, adenopine triphos-
phate, bradykinin, histamine, 5-HT, and prostaglandins.
However, since the antidromic vasodilatation and extra-
vasation is not completely blocked by atropine, antihis-
tamines, compound 48/80, adrenergic blocking agents,
methysergide, or indomethacin, most of these compounds
can be ruled out as the substance released and alone
responsible for the mediation of the vascular effects.

It is evident from the above-mentioned data that a
compound that should be discussed as a mediator of
antidromic vasodilatation must fulfill certain criteria. It
has to be present in the C fibers of the sensory neurons,
released from peripheral nerve terminals, and possess a
high potency as a vasodilator. SP undoubtedly fulfills
these criteria. SP is present in unmyelinated primary
sensory neurons terminating in the skin (263, 97). A
release of SP has been demonstrated from peripheral
endings of sensory neurons during antidromic stimula-
tion (28, 490). So far it has, however, not been possible
to demonstrate any release of SP in the skin response to
antidromic stimulation (52), which is probably due to the
very low content of SP in the skin. The vasodilatation
induced concomitantly with the release of SP in the
dental pulp (490) and the eye (28) can be mimicked by
close-arterial administration of SP in concentrations
similar to those provided by release from peripheral nerve
endings. Similarly, a vasodilatation in the skin is pro-
duced by intra-arterial infusion of SP in a dose as low as
0.1 pmol/min (397). The vasodilation in the dental pulp
and the oral mucosa, induced both by stimulation of the
inferior alveolar nerve and by close-arterial SP infusion,
is blocked by [D-Pro?, p-Phe’, D-Trp®]SP and [D-Pro?,
p-Trp™?]SP (549).

Capsaicin, which causes a substantial reduction of the
SP content in those areas of the neuron system where
primary afferent fibers are located (313, 197), almost
completely abolishes the antidromic vasodilatation (397).
Similarly, neonatal capsaicin pretreatment is followed
by a complete impairment of neurogenic plasma extra-
vasation (305), which correlates with a decreased SP
content of the skin and sensory nerves (197). These
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results indicate that the SP-containing pain fibers, which
are sensitive to capsaicin, are responsible for the vaso-
dilatation and plasma extravasation induced by anti-
dromic stimulation of peripheral sensory neurons.

The vasodilatation induced by the antidromic stimu-
lation as well as by local administration of SP is partly
inhibited by antihistamines and compound 48/80 but not
by atropine or indomethacin (397). This finding both
confirms earlier observations that antidromic vasodila-
tation involves a release of histamine from the mast cells
(345) and indicates that SP, being released during anti-
dromic stimulation, partly acts by a secondary release of
histamine, partly directly on the vascular smooth muscle.

In conclusion, the following data strongly support the
assumption that SP is involved in the mediation of
antidromic vasodilatation: 1) SP is probably associated
with pain sensory fibers, which are actively involved in
antidromic vasodilatation and the axon reflex mecha-
nism; 2) SP is released from peripheral endings of sen-
sory neurons during antidromic stimulation; 3) close-
arterial administration of SP causes vasodilatation and
plasma extravasation thus mimicking the effect of anti-
dromic stimulation; 4) capsaicin depletes SP from che-
mosensitive primary afferents and blocks antidromic
vasodilatation and plasma extravasation; 5) specific SP
receptor antagonists inhibit antidromic vasodilatation.

The classical explanation of the axon reflex is that a
noxious stimulus generates an afferent impulse, which
when reaching a point of ramification, travels antidrom-
ically to induce a vasodilatation. According to Lembeck
and Gamse (395), the sensory terminal fiber is excited
by noxious stimulus over a certain length. The stimulus
initiates an orthodromic impulse causing release of SP
in the dorsal horn, but also an antidromic impulse caus-
ing both vasodilatation and histamine release from the
mast cells. Histamine diffuses into the tissue and stim-
ulates both the blood vessels in the neighborhood and
new sensory fibers to send orthodromic and antidromic
impulses causing a further SP release (395).

However, doubts have recently been cast on the sug-
gestion of an involvement of SP in the antidromic vaso-
dilatation (70). This was based on the finding that acid-
acetone extracts of spinal cord possess a much higher
cutaneous oedema-inducing activity than can be attrib-
uted to their content of SP. This effect was due to an
agent in the molecular size range for peptides but not
identical to SP. Capsaicin reduces not only SP but also
this uncharacterized agent. This still very inconclusive
observation, which confirms earlier findings (401), does
not rule out SP as a tentative mediator of antidromic
vasodilatation.

SP has also recently been discussed in relation to the
cutaneous vasodilatation following arterial occlusion
(“reactive hyperemia”). Thus Lembeck and Donnerer
(388) showed that this type of the vasodilatation does
not occur in the rat hind paw after sciatic and saphenous
denervation and is almost abolished by capsaicin pre-

treatment. They postulated that the postocclusive cuta-
neous vasodilatation is caused mainly by a release of SP
from peripheral endings of small diameter nerve fibers.
This tentative effect of SP probably also involves a
release of histamine, since the reactive hyperemia is
reduced after histamine depletion with compound 48/80
(388). So far, evidence is only given for a mediation of
reactive hyperemia by SP in the skin and it is very likely
that this type of hyperemia has different mechanisms in
other tissues.

When using capsaicin as a tool in studies on the
physiological role of SP it should be kept in mind that
not only SP, but other peptides such as vasoactive intes-
tinal polypeptide and cholecystokinin, both present in
primary sensory neurons (421, 266), are also depleted in
the spinal cord by capsaicin pretreatment (303). This
finding indicates that the mode of action of capsaicin is
complex. However, of the peptides influenced by capsai-
cin, only vasoactive intestinal polypeptide causes vaso-
dilatation, but its potency is about 500 times less than
that of SP (397). Cholecystokinin is devoid of any vaso-
dilator action (397). This difference in potency strength-
ens the opinion of SP as an important mediator of
antidromic vasodilatation.

Sir Henry Dale suggested in his famous Dixon lecture
in 1935 that the same substance may be released from
the sensory neuron at the central synapse after ortho-
dromic stimulation and at the periphery after antidromic
stimulation. And he added a question: “When we are
dealing with two different endings of the same sensory
neuron, the one peripheral and concerned with vasodi-
latation and the other at a central synapse, can we
suppose that the discovery and identification of a chem-
ical transmitter of axon-reflex vasodilatation would fur-
nish a hint as to the nature of the transmission process
at the central synapse? The possibility has at least some
value as a stimulus to further experiment” (107). We
now know that SP is released both at the central and
distal terminals of the primary sensory neuron. In the
spinal cord SP has a pronounced depolarizing effect on
certain units, while in peripheral tissues SP is a potent
vasodilator. Therefore SP entirely fulfills the criteria
outlined by Sir Henry Dale for a compound mediating
sensory impulses.

XI. Respiratory Tract
A. Distribution

The occurrence of SP immunoreactivity in the respi-
ratory organs was first described by Nilsson et al. (475),
who identified SP nerve fibers in the smooth muscle,
connective tissue, and epithelium of the trachea and
bronchi of the guinea-pig. A detailed mapping of the
distribution of SP immunoreactive nerve fibers in the
airways of various species including man has recently
been presented (419). SP nerves are found under and
within the respiratory epithelium and around blood ves-
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sels of the nasal mucosa. Sectioning of the maxillary
portion of the trigeminal nerve in cats results in a loss
of these nerves. Also, after systemic capsaicin pretreat-
ment of rats and guinea-pigs an almost total loss of SP
nerves are seen in the nasal mucosa (428).

Varicose SP nerve fibers are also present close to the
respiratory epithelium lining of the epiglottis, larynx,
trachea, bronchi, and bronchioli of rat and guinea-pig
(419). Several SP fibers are also present in the smooth
muscle layers of these tissues and can be followed into
the mucosa. Studies of the SP immunoreactivity after
chronic vagotomy indicate that the SP innervation of
the trachea and stem bronchi originates from the right
vagal nerve, while the vagal SP nerves in the lung origi-
nate from both sides. Systemic capsaicin pretreatment
causes a disappearance of SP nerves in the lower respi-
ratory tract. Following bilateral infranodose capsaicin
application on the vagal nerves, the majority of SP nerves
disappear in the trachea and stem bronchi, while about
50% of the SP nerves remain in the lungs. This indicates
an innervation of the lungs also by nonvagal SP nerves,
probably originating from spinal ganglia (419).

B. Pharmacological Effects

In the isolated guinea-pig trachea, SP in 7 to 15 nM
concentrations induces an increase in muscular tone.
This effect is not influenced by atropine, adrenergic
blocking agents, antihistamine, or 5-HT antagonists
(475). Also, intravenous injections of SP induce a dose-
dependent increase in muscle tone recorded as an eleva-
tion in insufflation pressure. A 100% increase in this
pressure is obtained with 0.4 nmol of SP or 18 nmol of
histamine (475, 424). Intravenous injections of SP (10
nmol/kg) induce extravasation of Evans blue in a variety
of tissues, including the epiglottis and larynx. This re-
sponse to SP is not blocked by mepyramine or cimetidine
(424).

C. SP and Airway Hyperreactivity

Recent observations strongly suggest that SP afferents
are involved in airway oedema and bronchoconstriction
induced by vagal stimulation or local mechanical or
chemical irritation.

Antidromic stimulation of the trigeminal nerve in-
duces an atropine- and hexamethonium-resistant vaso-
dilatation in the cat nasal mucosa (428). Also, electrical
stimulation of the cervical vagus nerve as well as chem-
ical irritants such as ether and capsaicin causes a subep-
ithelial oedema and rapid increase in insufflation pres-
sure in the rat trachea and bronchial tree (424, 425).
These effects are absent in animals pretreated with cap-
saicin, which causes a loss of vagal sensory SP neurons
in the smooth muscle layer of the respiratory tract (419).
Furthermore, both vagal stimulation and capsaicin sig-
nificantly reduce the total amount of SP in the bronchi
(419). In addition, the oedema in the lower respiratory
tract and the noncholinergic bronchoconstriction in-

duced by antidromic vagus stimulation are abolished by
the SP receptor antagonist, [D-Arg', D-Pro?, D-Trp”?,
Leu'!]SP (426). These findings clearly suggest that the
pulmonary effects elicited by vagal stimulation and cap-
saicin are due to a local release of SP. They also show
that capsaicin is able to induce a desensitization of the
airway mucosa to various forms of irritants (425). It is
tempting to speculate on the basis of these observations
that SP fibers may be involved in the local regulation of
airway resistance. They, furthermore, give new aspects
on the pathophysiology of airway hyperreactivity.

XII. Secretion
A. Salivary Glands

SP is a potent stimulator of salivation in the dog, rat,
guinea-pig, hamster, and hen but not in the cat or rabbit.
The first report on the sialogogic effect was given by
Vogler et al. (637), who observed that intravenous injec-
tions of a highly purified SP preparation induces a pro-
fuse salivation. “Copious amounts of watery secretion
dropped from nose and mouth for about half a minute”
(637). This effect has since been repeatedly confirmed in
experiments both in vivo and in vitro (384, 402, 550, 405,
619, 440, 369, 192, 44, 146). Systemic administration of
SP in doses higher than 0.07 pmol/kg in the rat starts a
secretory response within a few minutes, but the secre-
tion decreases again even during continuous infusion.
The effect is dose-dependent and a 50-fold increase in
salivary flow has been observed (405). The salivary effect
appears to be a direct action of SP on the glands as it is
not blocked in vivo by atropine, propranolol, or phen-
oxybenzamine (384). Parasympathetic denervation of the
parotid gland and decentralization of the submaxillary
gland in the rat causes a marked sensitization to SP as
judged by lower threshold doses and increased secretory
responses to submaximal doses (146). Simultaneously, a
change in electrolyte composition occurs; the sodium
concentration increases while potassium decreases con-
currently with the increase in SP-induced salivary flow.
A decrease in calcium and protein concentration is ob-
served at the start of SP infusion, soon reaching a low
plateau level (440).

The spontaneous release of amylase from parotid gland
slices (550, 619, 44) or isolated parotid cells (405) is also
stimulated in a dose-dependent way by SP. In both types
of preparations the SP stimulation of amylase release is
apparent within 1 minute and lasts for at least 40 min-
utes. The effect is partly calcium-dependent and can be
inhibited by 50% upon removal of extracellular calcium
(44). The effects are not blocked by adrenergic or cholin-
ergic antagonists (550). The amylase-releasing effect of
SP is obtained with all C-terminal fragments of SP even
if the undecapeptide is more potent. The C-terminal
hexapeptide of SP is the minimum structure which pos-
sesses biological activity (44).

SP also causes a rapid and transient release of potas-
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sium from rat parotid slices (179). On a molar basis, SP
is in this respect much more effective than adrenaline or
carbamylcholine. Incubation of the tissue slices with the
ATPase inhibitor, oubain, significantly enhances the
release of potassium. The response to SP is apparently
mediated via a specific receptor since none of the antag-
onists to adrenergic or cholinergic receptors inhibits the
SP-reduced release of potassium (179).

The secretory response of the submandibular gland of
the rat to acetylcholine and isoproterenol is markedly
inhibited by infusion of SP (440). The mechanism behind
this inhibition is not fully understood, but since SP does
not modify the binding of specific ligands to glandular
autonomic receptors, a postreceptor interaction has been
suggested (440). The observations that the pattern of
salivary secretion induced by SP is similar to that after
autonomic stimulation and that SP is able to influence
the effect of parasympathetic and adrenergic agents seem
to suggest that SP has a physiological role in the regu-
lation of salivary secretion by modulating the effect of
autonomic neurotransmitters (440).

Iontophoretic application of SP evokes changes.in the
membrane potential as recorded from intracellular mi-
croelectrodes inserted into acinar cells of the mouse and
rat parotid gland (191, 192). The responses, which are
associated with a marked decrease in input resistance,
are identical to those evoked by local application of
acetylcholine or adrenaline. In the mouse, the effects of
both SP and acetylcholine are abolished by atropine. In
the rat, however, the parotid acinar cell responses to
iontophoretic or superfused SP are resistant to atropine
as well as to phentolamine or propranolol, although the
latency of the response to SP is greater after autonomic
blockade (192). Other peptides, such as caerulein and
bombesin, do not evoke any response, indicating a high
degree of specificity of the peptide receptors (191).

A conjugate of SP and '*I-labelled Bolton-Hunter
reagent binds with a very high affinity to the parotid cell
membrane (406). The number of binding sites and spec-
ificity obtained with this technique is higher than that
reported with '*I- or *H-SP (466, 229, 578). The dem-
onstration that SP, acetylcholine, and adrenaline have
identical actions in the parotid acinar cell membrane
might suggest activation of a common effector mecha-
nism, although mediated by separate receptors. This
hypothesis is supported by the observation that the am-
ylase-releasing response to SP is not additive to those of
acetylcholine or noradrenaline (44). It, therefore, seems
likely that in the parotid gland, release of amylase and
efflux of potassium ions can be provoked by stimulation
of separate alpha- and beta-adrenergic receptors, mus-
carinic cholinergic receptors, and peptide (SP) receptors,
acting via a common ion channel mechanism (536, 191).
Although it is not known in detail how activation of
these receptors leads to control of the cell responses,
there are reasons to believe that calcium is their intra-
cellular second messenger. This assumption is in con-

formity with the finding by Putney (536) that carbachol,
phenylephrine, and SP each are capable of producing a
release of potassium and secretion of amylase from rat
parotid slices and that the presence of one of these
agonists renders the tissue incapable of a subsequent
response to either of the other two. It was further shown,
that the potassium release response to all compounds is
mediated by a receptor-controlled calcium influx, which
suggests that the adrenergic, muscarinic, and peptide
receptors in the salivary gland regulate the same calcium
influx sites (536).

Some observations seem to indicate that SP, besides
directly activating specific receptors, also interacts with
intrinsic parasympathetic nerve fibers to release acetyl-
choline. A SP-induced release of endogenous acetylcho-
line has earlier been reported in both the brain and the
gut (512). Similarly, Gallacher and Petersen (191) found
that the effects of SP on mouse acinar cells are not
blocked by hexamethonium or tetrodotoxin, which sug-
gests that SP is acting at parasympathetic nerve endings
to release acetylcholine. This is in conformity with the
observation that SP is both structurally and functionally
related to the chorda tympani and possibly involved in
the parasympathetic innervation of the submaxillary
gland of the rat (544).

B. Pancreatic Secretion

SP stimulates exocrine pancreatic secretion both in
vivo and in vitro. This was first shown by Starke et al.
(587) with crude SP extracts and has later been con-
firmed and extended with synthetic SP (618, 3, 355).
Close-arterial infusion of SP in a dosage of 15 pmol X
kg™! X min~! increases the output of pancreatic juice by
160% in the dog (618). When given as intravenous infu-
sion in the fasted dog, 1 nmol SP X kg™ X hour™ causes
a slight but significant increase in pancreatic secretion
(355). Pancreatic bicarbonate, amylase, and protein out-
puts likewise increase, mainly as a result of the rise in
total pancreatic outflow (618, 355). SP appears to stim-
ulate amylase secretion from pancreatic acinar cells by
activation of calcium outflux and accumulation of cyclic
guanosine monophosphate (cGMP) (3, 579), which in-
dicates that the secretagogue effect of SP in the exocrine
pancreas is mediated through activation of guanylate
cyclase. However, when SP is given during a period when
pancreatic secretion is stimulated by feeding, duodenal
acidification, secretin, or caerulein, SP significantly in-
hibits the secretion (355).

SP also affects the endocrine pancreatic secretion.
Both in vitro (142) and in vivo (45, 429) studies have
shown that SP inhibits the release of insulin induced by
glucose and arginine, as well as the basal insulin plasma
level. Large doses of SP inhibit the in vitro release of
glucagon from the perfused rat pancreas (142), whereas
hyperglucagonemia and hyperglycemia are observed in
vivo after intravenous administration of SP to the rat
(45). Also, close-arterial infusions of SP to the pancreas
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increase plasma concentration of glucagon and, in con-
trast to intravenous administration, also of insulin (328).
Although this result might suggest that the glucagon and
insulin release is stimulated by endogenous SP, caution
should be exercised when interpreting these results since
the action of SP and other peptides evidently depend on
the nature of the stimulus.

C. Choleresis

Caval infusion of SP in doses higher than 0.4 pmol X
kg™ X min™! reduces basal hepatic bile output as well as
biliary excretion of electrolytes and amylase in the an-
aesthetized dog (274, 430). The decrease in choleresis,
however, never exceeds 50% even with high doses of SP
(15 pmol X kg™ X min~!). The anticholeretic effect
occurs within 2 minutes after the start of infusion. After
termination of the SP infusion, bile flow gradually in-
creases to levels which are higher than in the basal state.
This postinfusion choleretic effect has a duration of
about 10 minutes (274). Also the bile output of sodium,
potassium, and chloride decreases after SP infusions at
rates higher than 2 pmol X kg™ X min™". Qutput of bile
acids and biliary concentration of electrolytes is, how-
ever, unaffected (431).

SP also effectively blocks the choleresis induced by
cholecystokinin and vasoactive intestinal polypeptide
(430). Cholecystokinin in a dosage of 0.3 Ivy units X kg™
X min~! in the dog increases the bile output by 90%.
When an infusion of 15 pmol SP X kg™ X min’ is
superimposed, bile flow returns to the control level.
Simultaneously, bile content of sodium, potassium, and
amylase, also increased by cholecystokinin and vasoac-
tive intestinal polypeptide, is normalized by SP.

Besides somatostatin, SP is the only peptide known to
have an anticholeretic effect. The mode of action of this
effect is not quite clear. Obviously, different mechanisms
are involved in bile formation. A bile acid dependent bile
secretion occurs at the canalicular level. Bile is also
secreted under the influence of peptide hormones both
at the canalicular level under the influence of cholecys-
tokinin and at the ductural level under the influence by
secretin. The inhibiting effect of SP on the cholecysto-
kinin-stimulated choleresis seems to indicate that SP
affects the bile acid independent canalicular bile fraction
(432).

XIII. Kidney Function and Water Homeostasis

SP is one of the most potent natriuretic and diuretic
compounds so far deseribed. Infusion of 0.4 pmol X kg™
X min~* or higher into the renal artery of the dog results
in a dose-related increase in renal blood flow, urine
volume, sodium and potassium excretion, and a decrease
in urinary osmolality, while glomerular filtration remains
unchanged. At high doses (40 pmol X kg™ X min™?)
glomerular filtration rate even decreases (455, 218, 219).
In the rat, infusion of 0.05 pmol/min in the aorta above
the renal arteries produces an increase in urine flow and

urinary sodium excretion (10). Proximal tubular reab-
sorption is reduced while glomerular filtration rate, renal
plasma flow, or intrarenal hydrostatic pressures are not
affected (10). The effective dose of SP is 0.04 to 0.08
pmol/ml in the dog (455) and rat (10), which means that
on a molar basis SP is about 100 times more potent than
bradykinin as regards increases in urine flow and sodium
excretion (217). Similarly, the threshold dose of SP is
less and its maximal effect greater than those of the
prostaglandins E,; and E; (455). In contrast, intravenous
infusion of SP in low doses (0.04 to 4 pmol X kg™ X
min~') does not influence renal function while higher
doses (40 pmol X kg™ X min™?) reduce glomular filtration
rate, diuresis, and excretion of sodium and potassium
simultaneously with a decrease in renal blood flow in the
dog (218). In the rat, intravenous injections of 20 pmol
of SP causes a transient decrease in urine flow and
increase in urine conductance (625). This difference in
the efficacy of intra-arterial and intravenous SP is likely
to result from the rapid removal of SP from the circula-
tion (see ref. 398).

These observations seem to indicate a possible role of
SP in the regulation of water metabolism, evidently by
both renal and central mechanisms. Thus, infusion of
SP in low dose (0.4 pmol X kg™ X min™?) into the artery
of anaesthetized dogs causes a dose-related increase in
urinary cyclic adenosine monophosphate (cAMP) excre-
tion simultaneously with a decrease in free water clear-
ance (219). The increase in cAMP is not obtained at
intravenous administration of SP, which seems to indi-
cate a kidney origin of the increase in urinary cAMP
following local administration of SP.

Intravenous infusions of SP significantly stimulate the
release of antidiuretic hormone (ADH) in doses that
decrease the urine flow but fail to alter blood pressure,
plasma osmolality, or urinary excretion of cAMP (219).
Intrarenal infusions of SP do not change plasma ADH
levels. Taken together these findings suggest that SP
may exert its effects on water reabsorption by an adenyl
cyclase-cAMP mechanism similar to ADH (219).

XIV. SP in Blood

SP-like activity has been detected by radioimmunoas-
say in blood plasma from man and various animals. The
following plasma levels have been reported: in man 70 to
300 pmol/] (478), 50 to 620 pmol/l (654), and 30 pmol/1
(581); in the dog 40 to 150 pmol/l (478); in the rat 425
pmol/]l for unextracted and 9 pmol/l for acid acetone
extracted plasma (383); in the calf 165 and 18 pmol/1 for
unextracted and extracted plasma, respectively (383);
and in the cat 3 to 165 pmol/] (198). The range is large
in most materials which, together with the differences in
values obtained by various authors, indicates that prob-
ably nonspecific factors are interfering with the assay of
immunoreactive SP. This is particularly true when unex-
tracted plasma is used (383). Furthermore, there is evi-
dence indicating that endogenous circulatory SP is in a
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molecular form different from the synthetic undecapep-
tide. The observation that synthetic SP added to plasma
is well absorbed on charcoal while very little of endoge-
nous SP is absorbed (63), might speak in favor of this
suggestion. SP produced and secreted in the body prob-
ably becomes associated with large proteins in blood,
which protects it from rapid degradation.

In healthy men, the SP levels in plasma appear to vary
during sleep, ranging from undetectable to 430 pmol/l
with a mean of 77 pmol/1 (581, 532, 533). The first peak
appears about 1 hour after sleep onset and subsequent
peaks follow at about 1 %2 hour intervals. Plasma SP
level is not related to rapid eye movement (REM) or
non-REM sleep phases. It coincides with plasma prolac-
tin peaks, but is not correlated to growth hormone,
adrenocorticotrophin, and cortisol. Plasma SP level in-
creases in the conscious dog in response to a high-protein
meal (301). A considerable increase in plasma SP is
obtained also by bombesin. Atropine pretreatment both
lowers basal SP level and inhibits the increase induced
by meal and bombesin (301). This finding might indicate
that the release of SP is modulated by cholinergic mech-
anisms.

High SP plasma levels have been reported in patients
with certain malignancies. In metastatic carcinoid tu-

mours of the ileum, SP concentration of peripheral ven-.

ous blood is substantially increased (581, 227). The pri-
mary tumour in the gut and its metastases also contain
large amounts of SP (227). The plasma SP is raised even
when the urinary 5-HT metabolite, 5-hydroxyindolacetic
acid, is normal (533). The finding of elevated SP levels
in the carcinoid syndrome is interesting in view of the
fact that SP can elicit all the main symptoms of this
syndrome such as flushing, tachycardia, increased intes-
tinal motility, and bronchoconstriction. Also, the med-
ullary carcinoma of the thyroid, a tumour related to the
carcinoid, is associated with an increase in plasma SP
(533).

The major part of circulating SP evidently originates
from the intestine. Thus, ligation of all intestinal blood
vessels as well as evisceration in the cat significantly
lowers SP plasma level (198). The fact that portal venous
blood normally contains about four times more SP than
peripheral blood speaks in favour of this assumption.
Other sources of circulating SP might be the nervous
system. The cerebrospinal fluid contains significant con-
centrations of SP (612) but to what extent SP from the
central nervous system reaches circulation is unclear. A
release of SP also occurs from peripheral sensory nerves
(490, 28), but the released compound is subjected to a
rapid local inactivation (204) and is, therefore, probably
not contributing to the circulating SP.

The physiological significance of SP in blood plasma
is not known. The amounts normally present are enough
to elicit circulatory effects, but much higher doses than
the endogenous plasma levels are needed to stimulate
the intestinal motility or salivary and pancreatic secre-

tion. So far no evidence has been given for a role of SP
as a circulating hormone and it might be possible that
SP in blood is simply a spill-over from the intestine of
SP locally released but not destroyed (198).

XV. Storage and Binding

Several early studies were devoted to the storage and
binding sites of SP in neuronal tissues. Von Euler (163,
165) showed that about 50% of the total SP in peripheral
nerves is present in granular fractions. In brain homog-
enates a considerable proportion of SP is found in mi-
crosomal fractions (297, 552). The synaptosomal locali-
zation of SP has later been established by RIA (567) and
immunohistochemistry (76, 259, 523, 14). [*H]SP and
125][Tyr]SP bind with high affinity and reversibility to
synaptic membrane fractions from rabbit and rat brain
(466, 445, 229). The distribution of such binding within
the central nervous system generally correlates with the
content of SP immunoreactivity, being high in the hy-
pothalamus, midbrain, and striatum and low in the cor-
tex and cerebellum (466, 229, 563). The binding is specific
for SP, shorter fragments of SP, and structurally related
peptides such as eledoisin and physalaemin, whereas a
variety of other peptides as well as amines and amino
acids do not react (229).

The binding sites of SP in synaptic vesicles are ex-
tractable with ether and chloroform (445). Furthermore,
the binding is reduced by phospholipases but resistant
to proteolytic enzymes. These and other observations
suggest that the specific SP binding sites in membrane
fractions are phospholipids (399, 468). Phosphatidyl
serine binds SP (399), which is of interest since this lipid
is a constituent of synaptic membranes and vesicles. The
number of binding sites for *I[Tyr®]SP in synaptic
vesicles in dorsal roots and spinal cord of the rat is
significantly reduced by capsaicin pretreatment (443). A
specific and reversible binding of labelled SP has also
been demonstrated in the pancreas, where SP binds to
acinar cells (578). This binding is much more efficient at
low temperatures than at 37°C, probably due to enzy-
matic degradation of SP in the acinar cells at body
temperature. As in the brain, the SP binding sites in the
pancreas also bind eledoisin and physalaemin. SP, ele-
doisin, and physalaemin inhibit the binding of '*I[Tyre®]
SP and '®I-physalaemin (308, 578) and the concentra-
tion range in which these native peptides inhibit binding
of '?I[Tyr®]SP correlates well with the range in which
they stimulate biochemical processes such as release of
amylase and outflux of calcium (578, 579). There are
reasons to suggest at least two functionally distinct types
of binding sites for SP in the pancreas—a small number
with a high affinity and a larger number of sites with low
affinity (579).

Several observations indicate that there probably exist
multiple receptors for SP. The specific SP antagonist,
[D-Pro?, p-Trp™?]SP, effectively blocks the spasmogenic
and sialogogic actions of SP without affecting the hypo-
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tensive effect (30). Different rank orders of potencies
have been found among SP and the related tachykinins
including their biologically active fragments and syn-
thetic analogues (24, 229, 380, 613). Thus, while the
potency of (p-hydroxyphenylacetyl)-SP;_,, is > SP >
[Ly!‘, HeB]SPe_u = SPs_u > SP7-11 in the guinea-pig
ileum, the corresponding rank order of potencies in the
rat colon is: [Lys®, He®]SPe.;; = SPe.1; = (p-hydroxy-
phenyl-acetyl)-SP;_;; > SP > SPq.;; (24). Also, while
most C-terminal fragments of SP are equipotent to SP
as hypotensive compounds, they are about fives times
weaker than SP as sialogogues in vivo (229). Further-
more, the relative potency of the various SP fragments
as well as of SP and structurally related tachykinins in
competing for [*H]SP binding to rat brain membrane
preparations in vitro (229) is different from the corre-
sponding. potency found in other test systems (380).
Thus, the relative potencies of the tachykinins on the
rat vas deferens is in the rank order: kassinin > eledoisin
> phyllomedusin > SP = physalaemin; whereas in the
receptor binding assay the rank order is: physalaemin >
SP > phyllomedusin > eledoisin > kassinin (380).

SP increases adenylate cyclase in the brain (130) and
intracellular cGMP level in pancreatic lobules (3). In the
parotid gland, on the other hand, SP stimulates secretion
without altering cyclic nucleotide levels (550). In parotid
slices eledoisin is equipotent with SP in eliciting amylase
release, but about 0.02 as potent in producing the same
response from pancreatic acinar cells (308).

All these findings seem inconsistent with one SP re-

. ceptor, but in conformance with the existence of multiple

SP receptors. They, furthermore, seem to indicate that
the distribution of these receptors varies between differ-
ent organs, which opens up possibilities to design drugs
specific for certain SP-related physiological events.

XVI. Degradation

Several organs have a high capacity to inactivate SP
(216, 11, 136, 515, 641, 22). Kidney homogenates seem
to be most effective followed by the spleen, liver, and
iritestine (136, 641). In the kidney, the proximal tubules
inactivate SP more than 10 times as fast as the glomeruli,
most of the degrading activity being bound to the plasma
membranes of the microsomes (641). In the gastrointes-
tinal tract, the inactivating capacity is well correldted to
the distribution of SP with the highest proteolytic activ-
ity in homogenates of the duodenum and ileum (515).

The capacity of various organs to inactivate SP has
further been studied in vivo by analyses of the elimina-
tion of SP from the circulation in various vascular beds.
By using the rats salivary response as a bioassay, Lem-
beck et al. (398) showed that the highest degree of
elimination of SP occurs in the liver and hind limbs,
followed by the kidney. More than 80% of SP infused
into the portal vein is degraded by the liver (228, 398,
449). In the kidney in vivo, systemically administered
SP is rapidly and completely metabolized, probably by

both vascular and tubular elements (61). During intra-
renal infusion of *I[Tyr®)SP, high levels of radioactive
material are found in the urine and renal venous plasma
(61). No significant elimination of SP occurs in the lungs
(33, 398) or during passage through the cerebral blood
vessels (398).

While endogenous SP is stable in plasma, synthetic
SP added to human plasma is rapidly destroyed (581,
398, 22, 92). The degradation is temperature-dependent
with a much larger loss of activity at 37°C than at 0°C
(398). The C-terminal octapeptide (SP,_,,) is inactivated
at approximately the same rate as SP, at 37°C the half-
life in rat plasma being 12 to 15 minutes, while the penta-
and hexapeptides are degraded more slowly (92).

The inactivation of SP in various tissues, including
blood, is prevented by enzyme inhibitors such as EDTA
(56), teprotide (SQ 20881) (378, 533), captopril (SQ
14225) (92), and bacitracin (398). The observation that
degradation of SP is inhibited by the nonapeptide SQ
20881 both in plasma (64) and in the brain (378) is of
particular interest. This compound has a hypotensive
effect, which previously was fully ascribed to a specific
inhibition of the angiotensin-converting enzyme, but
which also may be due to its capacity to inhibit the
degradation of vasodilator peptides such as SP.

Tissue cultures of endothelial cells from human um-
bilical cord inactivate SP (320), especially if they are
suspended or lysed. The degradation is blocked by var-
ious enzyme inhibitors such as Trasylol as well as by
serine protease and trypsin inhibitors (326). This cleav-
age of SP by an enzyme bound to the surface of endothe-
lial cells probably contributes to the instantaneous re-
turn of the blood flow to its basal level when an infusion
of SP is stopped.

Both cytosolic (22, 378) and membrane-bound (330,
22, 31, 381) peptidases capable of degrading SP have
been extracted from the brain. No doubt a membrane-
bound enzyme is more likely to regulate the SP level at
the synapses. In 1975, Benuck and Marks (21) described
a partly purified enzyme (neutral endopeptidase) from
rat brain, which inactivated SP as shown by bioassay.
Two fragments of the undecapeptide were defined, one
being Glu®-Phe’ or Phe’-Phe® and the other Gly®-Leu'.
The degradation of SP by neutral metalloendopeptidase
systems of synaptosomal fractions of the rat brain was
later confirmed (22). The basic N-terminal sequence of
the SP peptide was found to be important for this inac-
tivation. Similarly, Lee et al. (381) identified and purified
a neutral metalloendopeptidase from a membrane frac-
tion of the human brain. This enzyme has a high speci-
ficity and affinity for SP, which is cleaved at the bonds
GIn®-Phe’, Phe’-Phe®, and Phe®-Gly®. Any of these cleav-
ages leads directly to inactivation of SP. The subcellular
distribution of this membrane-bound SP-degrading en-
zyme parallels that of SP (377). Also, cathepsin D, ex-
tracted and purified from calf brain, degrades SP by
cleavage at the Phe®-Phe’ linkage (20).
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On the basis of the present knowledge of the sites of
cleavage by SP-degrading enzymes, it has recently been
possible to synthesize stable SP analogues (369, 562).
Thus, [pGlu®-MePhe®-MeGly®]SPs_;; (DiMe-C’) is re-
sistant to a SP-degrading enzyme purified from brain
and to exposure of rat hypothalamic slices (562). This
analogue effectively binds to receptor sites in rat brain
membranes, but is only 0.1 as potent in contracting the
guinea-pig ileum as SP (562). It is equipotent with SP in
causing increased locomotor activity and on behaviour
in the rat, but the effects are considerably prolonged
(588). Similarly, the analogue [pGlu®-N-MePhe’, N-
MeLeu''] SPe_;, is resistant to degradation by proteolytic
enzymes but still has an agonistic activity which is com-
parable to that of SP (369). There are reasons to believe
that these enzyme-resistant analogues will be useful tools
in future pharmacological SP research.

In contrast to the undecapeptide SP, the C-terminal
heptapeptide SPs_;, is actively taken up by slices of rat
brain and rabbit spinal cord (469) and has about 50 times
higher affinity to receptors in synaptic membranes of the
rabbit brain than SP,_;, (466). These findings might
indicate that the undecapeptide is a precursor from which
the true neurotransmitter is formed through a N-termi-
nal degradation. From this point of view the observation
that dipeptidyl-aminopeptidase IV (DPIV), originally
isolated and characterized by Hopsy-Havu and Glenner
(289), is able to split the two dipeptides Arg'-Pro® and
Lys®-Pro* from the N-terminal end of SP (251, 333), is
of particular -interest. The kidney has a high DPIV
activity, followed by the lung, liver, and adrenal glands
(364). :

The N-terminal tetrapeptide fraction of the SP mole-
cule has been attributed to a stabilizing role for the
molecule. This is based on the observations that the C-
terminal hexa- or heptapeptides are more susceptible to
inactivation by rat brain homogenate than SP itself (31).
Furthermore, the rate of inactivation of the free hepta-
peptide SPs_;; is about 40-fold greater than that of

SPs_,, stabilized by a blocking group (4-hydroxy-5-indo-
phenyl-propionyl) (31).

XVII. Structure-Activity Relationship

Several studies have been devoted to the relation be-
tween biological activity and chain length. These studies
are important for the establishment of the amino acid
sequence essential for biological effects, which in turn
indicates the tentative physiologically active peptide to
which the undecapeptide might be a precursor. Further-
more, the potency rank order of SP-fragments has been
used as a tool for studies on the SP receptors. SP frag-
ments have also provided a rational basis for the design
and synthesis of potent enzyme-resistant SP analogues
and specific SP antagonists (table 3).

1. Nervous System. The importance of the C-terminal
structure of SP for the motoneuron depolarizing activity
was first shown by Konishi and Otsuka (349, 497) on
frog spinal cord and on isolated spinal cord of the new-
born lamb. Omission of the 1-5 N-terminal amino acids
did not cause any significant loss of motoneuron-depo-
larizing activity. SPe_;; and SP;_;, were considerably
more active than SP,_;;, while SPs ;; and SPy ;; were
practically inactive. On the other hand, the activity was
completely lost when the C-terminal Met was omitted
(497).

The analgesic effect, as analyzed with the hot plate
test in the mouse, is considerably weaker for the SP
fragments than for SP,_;;. While SP,_j, still has some
analgesic effect, SP+_;; and SPg ,, are completely inactive
(178).

2. Circulation. On the rat blood pressure, the octapep-
tide SP,.;, has been reported to be twice as potent as
SP;.,;, whereas the sequences SP;_;; and SPq_,, are either
slightly more active or equipotent with SP,_,, (622, 92).
However, the rat blood pressure is rather insensitive to
SP. On the highly sensitive rabbit blood pressure, SP,_j,
is more active than any of its fragments (Lembeck,
personal communication). The replacement of the nat-

TABLE 3
The SP molecule and effect of structural modifications
. . Refer-
N-terminal C-terminal ences
1 2 3 4 5 6 8 9 10 11
SP Arg - Pro -Lys -Pro- Gln - GIn - Phe - Phe - Gly - Leu- Met - NH, 72
) ) )
Probably essential residue  Substitutionby Canbe re- Essential 80, 90
for receptor binding, but D-Ala decreases placed by since free 157, 375
can be replaced by Tyr activity consid- Eth and Leu acid is in- 473
- erably active
Sofar  [D-Arg] - [D-Pro] - Lys-Pro - Gln - Gln - [D-Trp] - Phe -[D-Trp] - Leu - [Leu] - NH, 548
most ef-
fective
SP-an-
tagonist
Stable - Gln - Phe - [MePhe] - [MeGly] - Leu - Met - NH, 562
SP-ago- @ - P - Phe - Gly - Leu- - NH; 369

nists
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~ ural residues at the C-terminal, starting from Phe’ and

Phe®, as well as the removal of the C-terminal amide,
practically eliminates the activity (92).

In the hind limb of the dog, the C-terminal octa- and
nonapeptides are more potent vasodilators than the un-
decapeptide, while the C-terminal tripentapeptides pos-
sess only weak vasodilator properties (55). Similarly, on
isolated strips of the rabbit mesenteric vein no change
in constrictive effect is found when the N-terminal resi-
dues are substituted, while the substitution of the resi-
dues at the C-terminal starting with Phe’ considerably
reduces the venoconstrictive effect (92).

3. Smooth Muscle. All C-terminal SP-fragments larger
than the tripeptide possess spasmogenic activity on
smooth muscle. Comparative studies on the relative ac-
tivity of various SP fragments have, however, given
conflicting results. Most authors have found the octa-
peptide SP,,; most active in the isolated guinea-pig
ileum (647, 655, 23, 55, 31, 80). On the other hand,
Lembeck was unable to find any potentiation by short-
ening the SP peptide. In the isolated rabbit jejunum,

. SP;.;; was most active with a gradually decreasing po-

tency with shorter C-terminal fragments (Lembeck, per-
sonal communication).

The relative potency of different SP fragments on
smooth muscle often varies between various prepara-
tions. SP;_,, is more active than SP,_;, in the guinea-pig
ileum but weaker in the rat vas deferens. SP,_,,, on the
other hand, is more potent than SP on the vas deferens
but equipotent on the ileum (380). The spasmogenic
potency of the C-terminal hexa-, hepta-, and octapep-
tides of SP has been shown to be similar to or less than
that of SP on the guinea-pig and rat ileum but higher on
the cow pupillary sphincter and guinea-pig urinary blad-
der (31).

The one by one replacement of the first six residues
from the N-terminal with L-Ala does not change the
effect of SP on the isolated ileum, the rabbit mesenteric
vein, or rat vas deferens, whereas the activity is consid-
erably reduced when the residues 7-11 are substituted
(90). Substitution of Phe’ with Tyr, or Met!! with Eth
or Leu have virtually no effect on the potency of SP (90).
On the other hand, replacement of Phe’ by Ile or Leu
decreases the activity 50- to 500-fold (375, 157), which
proves the importance of position 7 for the binding to
the receptor. Substitution of Phe® with Lys increases the
activity about 5 times (73) and acylation of the C-
terminal pentapeptide with a 4-hydroxyphenylacetyl
group increases the spasmogenic activity in the guinea-
pig ileum about 100 times (473).

4. Salivary Secretion. The effect of SP on the salivary
gland is also bound to the C-terminal part of the peptide
chain. In the rat, the mihimum sequence for activity is
the C-terminal pentapeptide SP;_,,, while the SPs_,, and
SPg_;, are inactive (229, 405). All C-terminal fragments
are, however, about five times less active as sialogogues
than the undecapeptide (229, 405) and the binding affin-

ity to the parotid cell membrane is well related to their
relative potency in stimulating salivation (406). Chang-
ing the C-terminal amide to free acid results in an almost
complete loss of activity, indicating that the amide is
essential for the potency (405).

The release of alpha-amylase from rat salivary glands
in vitro is also stimulated by C-terminal SP-fragments,
the hexapeptide being the minimum structure for po-
tency. All fragments are, however, less potent than
SP,_1; (44).

5. Antidiuretic Activity. On intravenous administra-
tion, SP,_;; is twice as potent as SPg,, in decreasing
urine flow and increasing urine conductance, whereas
SP']_u and SPs.u are almost ineffective (625).

The studies on the structure-activity relationships
thus clearly indicate that the biological activity of SP
primarily resides at the C-terminal part of the peptide
chain since C-terminal fragments shorter than the pen-
tapeptide SP,_;, are generally inactive. They, further-
more, indicate that the C-terminal carboxamide is essen-
tial for the activity since the SP free acid is inactive. On
the basis of these observations, it has been suggested
that the SP receptor interacts only with the six or seven
amino acid residues corresponding to the C-terminal part
of the undecapeptide molecule, whereas the N-terminal
tetrapeptide part may play a role in stabilizing the mol-
ecule. However, it has recently been shown that large
doses of N-terminal fragments, although inactive on
smooth muscle, stimulate salivary secretion in rat, excite
cat dorsal horn neurons, and induce stretching behavior
in mice (524). On the basis of these observations, Piercey
et al. (524) have suggested the nomenclature SP; and
SP; receptors for those insensitive and sensitive for N-
terminal fragments, respectively. It has also been shown
that the N-terminal tetrapeptide fragment of SP but not
the C-terminal fragment is responsible for the histamine-
releasing effect of SP (446).

XVIII. Interaction and Coexistence between SP
and Classical Neurotransmitters

Interaction between different transmitter systems and
also, more recently, coexistence of transmitter or modu-
lator compounds in the same neuron has been attributed
an increasing interest in the last few years. SP neurons
have been found to interact and/or coexist with neuronal
systems containing monoamines, acetylcholine, amino
acids, and other neuropeptides.

A. SP and Catecholamines

Almost all catecholamine-containing cell groups in the
central nervous system seem to be surrounded by SP-
positive terminals (412). The density of these SP net-
works varies considerably. The largest accumulation of
SP fibers is seen around dopamine nerve cells and their
dendrites in the substantia nigra and around catechol-
amine cells in the nucleus commisuralis, nucleus tractus
solitarii, and vagus nerve nucleus. The locus coeruleus,
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which in the rat is composed almost exclusively of nor-
adrenaline-containing cells, is densely innervated with
SP-containing fibers. Occasional SP-immunoreactive fi-
bers are also observed around tyrosine hydroxylase-pos-
itive cells in the area postrema and around the dopamine
cells in the olfactory bulb (412).

Several areas in the brain receive both SP- and tyro-
sine hydroxylase-positive terminal networks (412).
These include the medial frontal cortex, the amygdaloid
complex, the caudate nucleus, various hypothalamic nu-
clei, the periaqueductal central grey, the solitary tract
nucleus, the vagal nerve, and the spinal cord. In some of
these areas there is a complete overlap between the two
systems, while others show a differential distribution
pattern (412).

These histochemical observations seem to indicate
that several types of interaction occur between the cat-
echolamines and SP. They also suggest that SP- and
catecholamine-containing nerve terminals might to-
gether influence neuronal activity in the brain. So far,
no evidence for a coexistence between SP and catechol-
amines has been obtained. Thus, interaction of SP and
catecholamines is, in all probability, limited to different
types of coupling between two systems.

SP stimulates both synthesis and utilization of cate-
cholamines in the brain. Intracerebroventricular admin-
istration of SP induces a significant increase in DOPA
formation in several noradrenaline- and dopamine-rich
brain regions, such as limbic areas, striatum, hemi-
spheres, and lower brain stem (66). Similarly, SP accel-
erates the disappearance of dopamine and noradrenaline
in these areas (66). The effect of SP on catecholamine
synthesis is blocked by naloxone, which might suggest
that SP regulates catecholamine metabolism either by
influencing the opiate receptors or indirectly by releasing
an opioid factor (201).

Also the catecholamine uptake mechanism in the nerve
cell might be affected by SP since this peptide inhibits
uptake of noradrenaline in hypothalamic synaptosomes
both in vitro and in vivo (528). The interaction between
SP and the dopaminergic and GABAergic systems in the
substantia nigra is discussed in section V.

B. SP and 5-HT

Several regions of the brain contain both 5 HT- and
SP-neurons. In some areas, particularly in the medulla
oblongata and the spinal cord, strong evidence exists for
a coexistence of these compounds in the same neuronal
structures. Thus, numerous cell somata in the raphe
magnus, pallidus, and obscurus nuclei as well as as in the
nucleus interfascicularis hypoglossi contain both 5-HT
and SP immunoreactivity (75, 264, 74, 317, 511). The
storage of a biologically active amine and a peptide
hormone in the same cell is an established phenomenon
in endocrine cells. Pearse (508) has termed these cells
APUD (amine content and/or precursor uptake and de-
carboxylation) cells. The first evidence that the APUD

concept is valid also for neurons was given by Hokfelt et
al. (257), who showed the presence of a somatostatin-
like peptide in a population of peripheral sympathetic
noradrenergic neurons in the guinea-pig.

The interaction and coexistence between 5-HT and
SP are, however, not limited to cell bodies. SP-immu-
noreactive fibers in the ventral horn of the spinal cord
has a distribution similar to that of the 5-HT nerve
terminals (263, 411). Treatment with the neurotoxins
5,6-dihydroxytryptamine or 5,7-dihydroxytryptamine
cause disappearance of both 5-HT and SP immunoreac-
tivity in the ventral horns, which indicates the coexist-
ence of these two compounds also in nerve endings (264,
29, 74, 577). The coexistence of 5-HT :and SP in nerve
cells and fibers in the spinal cord has also been estab-
lished by simultaneous in vivo injections of monoclonal
SP antibodies and [*H]5-HT, followed by visualization
of the two markers in the same structures by immuno-
histochemistry and autoradiography (105).

The subcellular storage site(s) of 5-HT and SP in the
neurons, where the two compounds coexist, is not com-
pletely known, but there is evidence that indicates that
they are, to some extent, identical. Generally, 5-HT is
present in both small and large granular vesicles (253),
whereas SP is stored in subcellular storage particles
(163), and these vesicles seem to be of the large type as
demonstrated by electron microscopic immunocyto-
chemistry (76, 260, 523). In the ventral horn of the spinal
cord 5-HT and SP occur in the same large dense core
vesicles (511), which suggest that they may be released
simultaneously.

Some cell bodies in the medullary raphe nuclei and
adjacent areas also contain, in addition to 5-HT and SP,
thyrotropin-releasing hormone (TRH) (317). Other cell
bodies in the same area seem to contain one or two of
these three putative transmitters. The proportion of 5-
HT, SP, and TRH in neuronal cell bodies in the medulla
oblongata varies with different levels and nuclei. Overall,
there are approximately twice as many 5-HT as SP and
TRH cells (317).

In the ventral horn of the spinal cord overlapping
networks of 5-HT, SP, and TRH immunoreactive fibers
have also been observed. After treatment with 5,6- or
5,7-dihydroxytryptamine an almost complete disappear-
ance of all three types of fibers occurs concomitant with
a degeneration of the neuronal elements in which they
are present. These findings are consistent with the co-
existence of SP, 5-HT, and TRH in descending axons
and terminals of bulbospinal neurons (317, 208, 439).

In addition to a structural SP-5-HT interrelation,
evidence is also given for a pharmacological interaction
between these two compounds in some brain areas. Thus,
in superfused slices of rat substantia nigra, SP stimulates
the release of 5-HT after addition of labeled tryptophan
(539, 540). This effect of SP is blocked by the dopamine
antagonist, alphaflupenthixol, which indicates that the
SP-evoked release of 5-HT is mediated by dopaminergic
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receptors (540). It, furthermore, might indicate that SP-
ergic neurons in the substantia nigra may be involved in
the local control of 5-HT neurons innervating the basal

ganglia.
C. SP and Acetylcholine

Several areas of the brain, such as the habenulo-
interpeduncular tract and the hypothalamus, contain
both cholinergic and SP neurons with projections from
one of these types of neurons to the other (98). Also, the
subcellular distribution of these compounds in brain
homogenates shows close association of location for the
two agents (330, 552). SP- as well as enkephalin-immu-
noreactivity has also been found in a large proportion of
the preganglionic terminals of the avian ciliary ganglion
where acetylcholine is the transmitter. A coexistence of
acetylcholine with one or both of these neuropeptides
seems very likely although it has not yet been demon-
strated (152). This association between acetylcholine and
SP suggests a functional interaction, which had been
supported by observations from several tissues.

1. Central Nervous System. The effect of SP on cho-
linergic transmission has been most extensively studied
in the Renshaw cells in the spinal cord (17, 360, 554,
115). In low doses, SP reduces acetylcholine-induced
excitation, probably by a postsynaptic mechanism. The
inhibitory effect of SP seems to be quite specific for
acetylcholine-mediated responses as SP does not inhibit
excitation by acidic amino acids such as glutamic acid or
homocysteic acid. SP seems to act selectively on the
nicotinic receptors in a way similar to exogenous neuro-
muscular blocking agents. This assumption is supported
by the finding that SP does not suppress the response of
the Renshaw cells to the muscarinic agonist, acetyl-beta-
methylcholine. Furthermore, the inhibitory effect of SP
is not blocked by strychnine, a selective antagonist for
glycine receptors.

At higher concentrations SP has an excitatory effect
probably due to a presynaptic release of acetylcholine
from cholinergic terminals. This effect is blocked by the
nicotinic blocker, dihydro-beta-erythroidine.

In central neurons, on which the effect of acetylcholine
is mediated predominantly by muscarinic receptors, SP
has no inhibitory effect (360).

Intracerebroventricular injections of SP or local appli-
cation in the septum increases the turnover of acetylcho-
line in the hippocampus and brain stem (435).

2. Adrenal Medulla Neurons. The acetylcholine- or
nicotine-induced release of noradrenaline from isolated
cultures of adrenal chromaffin cells is inhibited by SP in
1078 to 10~* M concentrations (410, 545, 35). It is likely
that SP inhibits the acetycholine effect on these neurons
by interfering with nicotinic receptors by a mechanism
similar to that described for the Renshaw cells.

3. Sympathetic Ganglia. Close-arterial injection of SP
(2 to 20 nmol) to the superior cervical ganglion partially
antagonizes the atropine-resistant contractions of the

nictitating membrane in the cat caused by acetylcholine.
The increase in blood pressure, induced by local admin-
istration of acetylcholine to the ganglion, is also reduced
by SP. SP has, however, no effect on the actions of
acetyl-beta-methylcholine on the nictitating membrane
or blood pressure (81).

4. Intestinal Wall (see section IX). These observations
clearly indicate that SP has a modulatory effect on
cholinergic transmission in both the central and periph-
eral nervous system. This modulation seems to be re-
stricted to the cholinergic excitation produced by acti-
vation of nicotinic receptors. However, even among these
receptors there seems to be a selectivity, since SP does
not antagonize the actions of acetylcholine on the nico-
tinic receptors at the motor end-plate (553).

D. Functional Aspects on Coexistence

The physiological significance of coexistence of an
amine and one or several peptides in central and periph-
eral neurons is at present not clear, but recent observa-
tions seem to elucidate how coexisting putative trans-
mitters may exert their action. In the cat, exocrine
glands, such as the sweat and salivary glands and glands
in the nasal mucosa, are innervated by different popu-
lations of neurons, each of them containing an amine
and a peptide in coexistence. One population of neurons
contains both acetylcholine and vasoactive intestinal
polypeptide (417), while a second type contains nor-
adrenaline and an avian pancreatic polypeptide-like pep-
tide, possibly the neuropeptide Y (427). The parasym-
pathetic neurons containing vasoactive intestinal poly-
peptide innervate blood vessels, myoepithelial cells, and
secretory elements (318), while the sympathetic neurons
containing neuropeptide preferentially innervate blood
vessels (427). Acetylcholine causes both secretion and
vasodilatation, whereas vasoactive intestinal polypeptide
only has a vasodilatory effect. When the two compounds
are administered together, a marked potentiation of both
secretion and blood flow occurs (418). Evidence is given
that a release of vasoactive intestinal polypeptide is
responsible for the atropine resistant vasodilatation in
the exocrine glands, but also enhances the response
caused by acetylcholine. Neuropeptxde Y, which has a
direct vasoconstrictory action, i.e., acts in the same di-
rection as its co-transmitter noradrenalme in the blood
flow regulation, blocks the neuronal as well as vasoactive
intestinal polypeptide-induced, atropine resistant vaso-
dilatation (418). These observations point to at least one
physiological function of neuropeptides, namely to po-
tentiate the effect of coexisting classical transmitters.

XIX. SP and the Tachykinins

Tachykinins represent a peptide family with a wide-
spread distribution in invertebrates and vertebrates. The
different compounds belonging to this group have been
isolated and described by Erspamer and associates (154,
155, 169). They all show pronounced structural similar-
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TABLE 4
Chemical structure of tachykinins

Substance P
Physalaemin
Uperolein
Phyllomedusin
Eledoisin
Kassinin

Arg-Pro-Lys-Pro-GiIn-Gln- | Phe|-Phe- [Gly-Leu-Met | -NH,
pGlu-Ala-Asp-Pro-Asn-Lys- | Phe | -Tyr- | Gly-Leu-Met | -NH,
pGlu-Pro-Asp-Pro-Asn-Ala- | Phe | -Tyr- | Gly-Leu-Met | -NH,

pGlu-Asn-Pro-Asn-Arg- |Phe| -Ile- |Gly-Leu-Met | -NH,
pGlu-Pro-Ser-Lys-Asp-Ala- |Phe| -Ile- |Gly-Leu-Met | -NH,
Asp-Val-Pro-Lys-Ser-Asp-Gln- |Phe | -Val- |Gly-Leu-Met | -NH;

ities (table 4) in the sense that they all possess the
common C-terminal sequence, Phe-X-Gly-Leu-Met-
NH,. Also the spectrum of activity of these compounds
on smooth muscle and secretory organs is similar, but
the relative potency varies greatly (table 5). SP is more
potent as a vasodilator while eledoisin and kassinin are
considerably more active than SP on certain types of
smooth muscle. Physalaemin is the most potent silal-
ogogue. When given as close-arterial infusions, all these
peptides increase blood flow in the hepatic, mesenteric,
and iliac vascular beds (449). Generally SP is the most
active compound. Like SP, physalaemin is less active
when infused into the portal vein than into the femoral
vein, while the threshold dose of eledoisin as vasodilator
is the same when given into the portal or femoral vein
(449). This indicates that the liver has a considerable
capacity to inactivate SP and physalaemin but not ele-
doisin.

Similar to SP, the C-terminal octa- and nonapeptide
analogues of eledoisin are more potent than the unde-
capeptide (156). However, the hexapeptide physa-
laeming_,, has approximately the same spasmogenic ef-
fect on the guinea-pig ileum but only 50% of the hypo-
tensive action of the undecapeptide (25). A structure-
activity comparison between SP, eledoisin and physalae-
min on the isolated guinea-pig ileum indicates that their
analogues containing eight C-terminal amino acids are
more active than the corresponding undecapeptides (23).
This is particularly the case for physalaemin, where
physalemin, ,, is about 15 times more active than
physalemin,_;;. SP,,, is about 2.5 times more active,
while the eledoisin,_,, is only about 20% more active than
the corresponding undecapeptides. For the 5-11 C-ter-
minal chain the situation is completely different. While
SPs_,, is about as active as the undecapeptide, the po-
tency of eledoisins_;; and physalaemins_,; is much lower
than for the respective undecapeptides (23).

It is still unclear, whether SP, eledoisin, and physalae-
min act on the same or different receptors. Exposure of
the guinea-pig ileum to large concentrations of SP (10°
to 10° M) render the gut insensitive to subsequent stim-
ulating doses of SP (185, 174) but also to eledoisin and
physalaemin (392). The spasmogenic action of eledoisin
is, however, unlike that of SP and physalaemin, being
partly atropine-sensitive, and the atropine-resistant
component of its action recovers from SP tachyphylaxis
at a different rate to SP (380). The fact that SP, physa-
laemin, and eledoisin exhibit different patterns of recov-

ery from SP desensitization might be explained by a
difference in peptide-receptor binding and should not be
taken as evidence for the existence of subpopulations of
SP receptors (548). Also the guinea-pig pancreas pos-
sesses receptors, which interact with SP, eledoisin, and
physalaemin but not with other pancreatic secretagogues
(308).

On the basis of the different potencies of the tachyki-
nins relative to SP (table 5), the peripheral organs have
been divided into two subclasses (298, 380). In one group,
termed the SP-P-type, typified by the guinea-pig ileum,
the rank order is: physalaemin = SP = eledoisin =
kassinin. The second type (SP-E), typified by the rat vas
deferens, has the rank order: eledoisin = kassinin > SP
= physalaemin. Whether this difference in rank order of
potency reflects subdivisions of SP receptors remains to
be shown, but some recent observations seem to indicate
that this might be the case. Thus, atropine reduces the
effects of eledoisin but not of SP and the cross-tachy-
phylaxis between SP-P and SP-E agonists is not com-
plete in all situations (380). Finally, replacing the C-

TABLE 5
Relative potency of physalaemin (Phys), kassinin (Kas), eledoisin
(Eled), and substance P (SP)*

Test preparation Phys Kas Eled SP
Dog blood pressure 100 3-8 25-30 150-250
Rabbit blood pressure 100 4-7 2040 150-270
Rat blood pressure 100 10 50 100
Man blood pressure 100 450
Hepatic arterial blood 100 30 200
flow (dog)

Portal venous blood 100 100 400-500
flow (dog)

Rat salivary secretion 100 6-7 30-50 20-25
Rat stomach 100 50-100 90-135 50-65
Rat colon 100 150-300 150-300 20-50
Guinea-pig ileum 100 10-40 30-120 20-60
Rabbit large intestine 100 13-40 30-80 30-75
Human stomach 100 170-215 8-12
Human taenia coli 100 300-600 20-35
Rat urinary bladder in 100 18-50 50-100 25-50
situ

Hamster urinary blad- 100 3000 3000 50-100
der

Dog urinary bladder 100  400-4000 1000-5000 30
Man urinary bladder 100 1000-3000 1000-2000 15-30
Guinea-pig trachea 100 100-150 15-25
Spinal motoneurons 100 135 13
(frog)

* From Erspamer, 1981 (154).
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terminal Met carboxamide in SP with the corresponding
methyl ester yields an analogue, which is approximately
equipotent with SP in the SP-P system but almost
ineffective in the SP-E system (298). SP receptor antag-
onists have also been used to elucidate the possibility of
subpopulations of SP receptors (548). [D-Arg’, D-Pro?,
D-Trp™?, Leu'']SP blocks the contractions caused by SP,
eledoisin, and physalaemin on various organs. However,
the affinity constant (pA;) for the antagonist versus SP
is significantly different on the guinea-pig ileum and rat
urinary bladder, indicating the existence of at least two
subpopulations of SP receptors. When tested on the
hamster urinary bladder, which is very sensitive to ele-
doisin but rather insensitive to physalaemin and SP
(154), it was found that the SP receptor antagonist did
not block eledoisin-induced contractions or those elicited
by high concentrations of physalaemin or SP. These
findings indicate that the hamster urinary bladder lacks
SP receptors but has a tachykinin receptor, which has a
high affinity for eledoisin and is not blocked by [Dp-Arg’,
D-Pro?, p-Trp-%, Leu']SP (548).

XX. SP Antagonists

The availability of antagonists that specifically block
SP receptors would facilitate the analysis of the physio-
logical significance of SP and its role in pathophysio-
logical situations. Such compounds might also possess
therapeutic properties or serve as models in the devel-
opment of a new type of drugs.

Two routes have been used in the search for SP antag-
onists. One has been a conventional screening of various
compounds. So far baclofen is the only nonpeptide sub-
stance of interest in this connection. A more successful
approach has been to modify the SP structure in order
to obtain analogues that competitively block SP recep-
tors.

A. Baclofen

In 1975, Saito et al. (555) reported that the GABA
derivative beta-(4-chlorophenyl)-GABA (baclofen, lio-
resal), which suppresses mono- or polysynaptic reflexes
in the central nervous system, effectively antagonizes the
depolarizing action of SP on spinal motoneurons. These
findings were confirmed by Henry and Ben-Ari (249),
who showed that baclofen depresses the rate of discharge
from single spinal units in the cat during excitatory
responses to SP. Baclofen also reduces the magnitude of
the responses of single units in the spinal cord to appli-
cation of noxious radiant heat to the hindleg (249). This
is of interest in view of the finding that units, responding
to noxious heat stimuli, are also excited by SP (247, 248).
In addition, baclofen depresses the excitatory responses
of spinal units to iontophoretic application of glutamate
(249).

In the rat cerebral cortex, baclofen, administered by
cationic current, also depresses SP evoked excitation,
but acetylcholine excitation is affected to the same extent

(521). Also, in the locus coeruleus, iontophoretically ap-
plied baclofen nonspecifically decreases the excitation
elicited by SP, acetylcholine, and glutamate (221). In the
isolated spinal cord, on the other hand, perfusion with
baclofen abolishes specifically the effect of SP and does
not affect to a significant extent the responses to acetyl-
choline or glycine (503). Furthermore, the excitatory
activity of SP on neurons from the guinea-pig hypothal-
amus, but not that of acetylcholine, is antagonized by
baclofen (487).

The increase in blood pressure, induced by intracere-
broventricular injections of SP in spontaneously hyper-
tensive rats, is markedly attenuated by pretreatment
with baclofen, while the blood pressure increase to cen-
tral angiotensin is unaffected (628). This finding indi-
cates different pathways for the cardiovascular responses
to centrally administered angiotensin and SP.

In the guinea-pig ileum baclofen only partially and
nonspecifically blocks the action of SP (173).

In summary, baclofen in the central nervous system
effectively blocks the excitatory activity of SP. Since in
many areas the excitatory responses to other compounds
such as acetylcholine and glutamate are inhibited as well,
baclofen may not be considered a specific SP antagonist,
but is rather exerting a general depressant effect.

B. SP Analogues

Efforts to constitute SP analogues with apparently
specific SP receptor blocking characteristics have re-
cently been successful (375, 171, 549, 30, 65). The prin-
ciple, to modify a peptide in order to reduce the agonistic
activity and to achieve an effective inhibitor, is not new.
Substitution of amino acid residues, essential for the
biological activity of the luteinizing hormone-releasing
hormone, with D-amino acids is known to confer antag-
onistic activity (87). By replacement of the important
Phe’ in the SP molecule by D-Phe’, a peptide is obtained
with weak agonistic but some, although weak, antago-
nistic effect (650). However, when several residues es-
pecially in the C-terminal part of SP,_,, are substituted
with D-amino acid residues, specific SP antagonists are
obtained with no or negligible agonistic activity. These
are [D-Leu®, p-Leu®]SP (375), [D-Pro? D-Phe’, p-Trp°]
SP (171), [D-Pro?, p-Trp™°]SP (151, 275, 30), and [D-
Arg!, p-Pro?, p-Trp™®, Leu'']SP (548). Of these ana-
logues, the two last mentioned are the most potent.

These SP antagonists have been characterized phar-
macologically in several organs.

On isolated smooth muscle such as the guinea-pig ileum
(30) or taenia coli (373) the dose-response curve for SP
is shifted to the right in the presence of one of the above-
mentioned analogues in the organ bath fluid in a manner
suggesting competitive inhibition. Of these, [D-Arg', D-
Pro?, p-Trp™®, Leu'!)SP is the most potent antagonist so
far discovered, with little or no smooth muscle-contract-
ing effect. Apart from SP, the analogues also inhibit the
contractile effects of physalaemin and eledoisin but not
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that of histamine, acetylcholine, 5-HT, bradykinin, Lys®-
vasopressin, or prostaglandin F,, (373). The slow con-
traction induced by SP, physalaemin, and eledoisin in
the iris sphincter muscle is also greatly inhibited by
pretreatment with [D-Pro?, p-Trp”°]SP (373).

It is well known, that even after cholinergic and adre-
nergic blockade, electrical nerve stimulation still induces
a contraction of smooth muscle such as the intestine,
urinary bladder, and sphincter pupillae muscle. In the
guinea-pig taenia coli and rabbit sphincter pupillae mus-
cle the contractions are greatly reduced by [D-Pro? p-
Trp”®]SP (373). On the other hand, the SP antagonist
does not inhibit the corresponding response to electrical
stimulation in the urinary bladder of the guinea-pig
(373).

[D-Arg!, D-Pro? D-Trp™?, Leu'']SP markedly reduces
vagally as well as capsaicin-induced, noncholinergic
bronchoconstriction in the guinea-pig (426). This sug-
gests that activation of sensory neurons of vagal origin
induces a local release of SP, which in turn causes
bronchoconstriction (475).

When administered intravenously, the SP receptor
antagonists inhibit SP- and physaelamin-stimulated sal-
ivary secretion of the rat without being secretagogues per
se (30). The analogue dose needed to reduce secretion to
about 50% of the control is of the order of 0.8 mmol/kg.

The hemodynamic effects induced by close-arterial in-
fusions of SP in the dental pulp and oral mucosa of the
rat are inhibited by [D-Pro?, p-Phe’, p-Trp°]SP, while
the effect of acetylcholine is not influenced (549). Simi-
larly, the antidromic vasodilatation elicited in these tis-
sues by electric stimulation of the inferior alveolar nerve
(549) or the saphenous nerve (390) is also inhibited by
this SP analogue.

In the rabbit eye, [D-Pro?, D-Trp™]SP inhibits the
aqueous flare response and miosis induced by intravitreal
administration of SP or by infrared irradiation of the iris
(275). This analogue also effects the SP-induced relaxa-
tion of cerebral arteries, previously contracted by pros-
taglandin F,,, by shifting the dose-response curve of SP
towards higher concentrations (140). [D-Pro? p-Trp™]
SP also significantly alters the vasodilatation induced by
SP on cat pial arteries in situ (140).

In the central nervous system the SP analogues also
seem to specifically antagonize SP. Thus, [D-Pro? D-
Trp"®]SP completely blocks the excitatory effect of SP
on neurons in the locus coeruleus even in a dose which
produces no effect of its own (151). The specificity of
this activity is indicated by the fact that the SP analogue
does not inhibit the glutamate- or acetylcholine-induced
stimulation of the locus coeruleus neurons (151). The
dose-dependent, vasopressor response to intracisternal
injection of SP in the rat is counteracted by [D-Pro? b-
Phe’, D-Trp?]SP (182) and the antagonist in itself causes
a fall in blood pressure (413). Furthermore, the pressor
response induced by the excitotoxic agent, kainic acid, is
attenuated by [D-Trp? p-Trp”°]SP (413).

In the isolated rat spinal cord, [D-Arg!, D-Pro?, D-
Trp™®, Leu'!)SP in concentrations higher than 7 gmol
markedly reduces the size and duration of the SP-in-
duced depolarization of motoneurons without having any
agonistic action on the spinal neurons (653). The re-
sponse to L-glutamic acid is only slightly depressed by
this SP analogue, and the response to GABA is not
affected (653). Also, in neurons of the inferior mesenteric
ganglia from the guinea-pigs, the slow membrane depo-
larization induced by exogenously applied SP or elicited
by repetitive presynaptic stimulation is specifically and
reversibly inhibited by the SP analogue [D-Pro?, p-Phe’,
D-Trp®]SP (316). On the other hand, Salt et al. (560)
were unable to find any antagonizing effects of [D-Pro?,
D-Trp”°]SP on the SP-induced depolarization on iso-
lated rat spinal cord or the caudal trigeminal nucleus in
vivo.

Single intrathecal injections of [D-Pro?, p-Phe’, D-
Trp®]SP and [D-Pro? p-Trp”?]SP significantly increase
latency of the hot-plate test and a blockade of the noxious
responses to SP as well as the scratching and biting
behaviour of the hind legs normally seen after intrathecal
administration of SP (393, 527, 2). These findings pre-
sumably indicate that the anti-nociceptive effect of [D-
Pro?,p-Trp"®]SP is due to blockade of SP receptors in
the spinal cord and support the hypothesis that SP plays
a role in the transmission of nociceptive information.

The mechanism by which these analogues exhibit their
antagonistic effects is not known, but is assumed to
involve competition with endogenously released SP at
its receptor site. It has recently been shown that [D-Pro?,
D-Trp™®]SP also releases histamine from mast cells
(606). This finding may explain some of the so-called SP
agonistic actions of these analogues and should give rise
to the pretreatment with antihistamines before studies
of their SP antagonistic effects (426).

The SP antagonists are also important when charac-
terizing SP receptors in various organs. [D-Pro?, D-
Trp”®)SP does not block all effects of SP; it is very
effective in antagonizing the secretory or neurotropic
actions of SP, but does not influence its hypotensive
effects (30). The antagonistic potency of these analogues
also varies between different smooth muscle prepara-
tions. Thus, the affinity constant for [D-Arg’, D-Pro?, b-
Trp”®, Leu'']SP versus SP is different for the guinea-pig
ileum and rat urinary bladder preparation, respectively
(548). These findings strongly suggest that there are
several subpopulations of SP receptors as has also been
claimed by others who used different SP agonists (524,
380).

In addition to a SP antagonistic activity, [D-Pro? D-
Trp"®]SP apparently also has a “neurotoxic” effect,
which involves not only SP neurons (272). After injection
of 0.7 nmol of this SP analogue into the ventral tegmental
area in the rat a marked decrease of SP-like immuno-
reactivity occurs in the caudate nucleus and in the zona
reticulata of the ipsilateral substantia nigra. The dopa-
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mine cells in the zona compacta of the same area also
exhibit changes. It is not yet known whether other SP
analogues give similar morphological changes but no
such effects are seen after injections of SP even in larger
doses (272). The “neurotoxic” action may be the reason
why high doses of [D-Pro?, p-Trp”®]SP administered
intrathecally cause irreversible motor blockade (2).

XXI. SP and Nociception
A. Evidence that SP Is Involved in Nociception

Numerous morphological, neurophysiological, and
pharmacological observations have focused interest on a
putative role for SP in the transmission of pain.

1. The apparent selective localization of SP in small-
size cell bodies of sensory ganglia and fine caliber, prob-
ably unmyelinated, axons in the superficial layer of the
spinal cord (262, 523) and in the spinal trigeminal nu-
cleus system (260, 97) gives a structural basis for an
involvement of SP in nociception. In the spinal trigem-
inal nucleus, SP immunoreactive fibers have a pattern
which is consistent with the neuroanatomical distribu-
tion of the pain fibers of the trigeminal nerve (103). The
occurrence of unmyelinated or fine caliber SP fibers in
the dental pulp (491) is of particular interest from the
viewpoint that the pulp afferents are considered to trans-
mit only pain sensation (7). Lesion of the trigeminal
ganglion or rhizotomy results in a depletion of SP im-
munoreactivity in the ipsilateral spinal trigeminal nu-
cleus (97). Similarly, 2 weeks after transection of the
inferior alveolar nerve no SP fibers are observed in the
dental pulp (491).

2. Neurophysiological evidence has been given for an
association of SP with pain sensory fibers (248, 6, 537,
564, 649). Microiontophoretic application of SP to single
units located in the dorsal horn of the spinal cord selec-
tively excites those cells, which respond to peripheral
noxious stimulation, and, in addition, prolongs the re-
sponse of dorsal horn neurons to such stimulation (248,
564) or to afferent volleys in A delta or C fibers (537).
Electrical stimulation of the sciatic nerve at intensities
strong enough to recruit A delta and C fiber afferents
considerably increases the release of SP from the mam-
malian spinal cord (649). In the trigeminal nucleus cau-
dalis only neurons which are activated by noxious stim-
ulation are excited by iontophoretic application of SP
(6).

However, SP is evidently not involved in all nocicep-
tive units. In those areas in the substantia gelatinosa of
the cat, where enkephalin selectively reduces excitation
by noxious skin stimuli, SP is without effect (131).
Furthermore, in the medullary nucleus reticularis gigan-
tocellularis of the cat, which is an important link in the
nociceptive pathway, SP is not able to enhance the
response to a nociceptive stimulus ( 226).

3. A considerable amount of pharmacological evidence
for SP being involved in nociception refers to studies on

the effect of capsaicin, a compound that has become a
useful tool in the study of pain mechanisms. On acute
administration, capsaicin excites peripheral nociceptors,
while repeated application desensitizes pain fibers (304).
Pretreatment of newborn rats with capsaicin results in a
selective and permanent degeneration of small diameter
primary sensory neurons, including B-type cells in the
spinal ganglia, their terminals in the spinal cord, and
thin unmyelinated peripheral fibers (305, 282, 464, 565).
Simultaneously, the animals are rendered analgesic to
thermal or chemical pain stimuli (305, 282, 53). Long-
term administration of capsaicin to the adult rat selec-
tively damages unmyelinated sensory fibers and in-
creases the nociceptive threshold in a reversible manner
(306, 236). In the rat, the effect seems to be limited to
nociceptive chemical and pressure stimuli without any
effect on heat threshold (236), while in the guinea-pig
capsaicin treatment results in a profound thermal anti-
nociception (49).

In parallel with the effect on unmyelinated fibers and
pain mechanisms, capsaicin substantially reduces the
content of SP in the primary sensory neuron. Thus,
treatment of rats with capsaicin results in a dramatic
(80% to 95%) loss of SP immunofluorescence in the
substantia gelatinosa and marginal layer of the spinal
cord and spinal trigeminal nucleus as well as in periph-
eral structures such as dorsal roots, saphenous and vagus
nerves, and hind paw skin (202, 313, 197, 193, 236, 101,
388, 389). In the rat dosal horn, the extent of depletion
of SP following pretreatment with capsaicin is, however,
only 40% to 55% (194, 464), which seems to indicate that
only about half of the SP present in the dorsal horns has
a primary afferent origin. Similar results are obtained in
the guinea-pig (49, 53).

A depletion of SP from the central portion of primary
afferent neurons is, however, not necessarily required for
the inhibition of thermal anti-nociception by capsaicin.
Thus, increased escape latency from hot plate in guinea-
pigs is already observed within 1 day after capsaicin,
while a significant decrease in SP content of dorsal root
ganglia is not observed until 4 days after capsaicin (389,
453).

In summary, at least three different actions of capsai-
cin can be identified. The first effect, presumably occur-
ring within seconds, is a calcium-dependent release of
SP from central and peripheral terminals of primary
afferents. This is followed, within minutes, by a func-
tional impairment of these fibers. Depletion of SP begins
within hours and persists for weeks. Locally applied
capsaicin inhibits the axonal flow of SP in the nerve
(199).

B. Analgesic Effects of SP

In 1976 Stewart et al. (596) reported that SP given in
intracerebroventricular or intraperitoneal injections to
mice causes a long-lasting analgesia as indicated by an
increase in reaction time to heat stimuli (hot-plate test).
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The analgesic effect was prevented by naloxone. Animals
treated chronically with morphine showed, however, no
analgesic reaction to SP. This rather remarkable obser-
vation was later repeatedly confirmed both in mice and
rats (433, 589, 608, 630, 125, 357, 450). The analgesic
effect of SP is often substantial. Thus, a significant
analgesia is recorded with the tail flick test after a
microinjection into the periaqueductal grey of only 0.2
nmol per rat, which means that SP is about 25 times
more potent than morphine on a molar basis (433). In
the hot-plate test 0.7 nmol of SP intraperitoneally
showed a similar time course of analgesia as after 150
nmol of morphine in mice (589). In other studies with
apparently identical techniques no significant analgesia
was, however, observed with SP unless very large doses
were used (215, 235, 456). On the contrary, in some
studies a decrease in reaction time to hot-plate stimuli
has been reported following intracerebroventricular in-
jections of SP in doses of 0.7 nmol per rat (235, 483).
Similar results were obtained when SP was administered
intrathecally to rats in doses of 15 nmol. This effect was
blocked by the SP antagonist [D-Pro?, p-Trp”®]SP (393,
2).

These apparently conflicting results are probably a
matter of doses, since Frederickson et al. (177) have
shown that SP obviously has a dual action on nocicep-
tion. While small doses of SP (less than 4 pmol given
into the lateral ventricle) in mice produces naloxone-
dependent analgesia, a hyperalgesia occurs when higher
doses (more than 40 pmol) are given even in combination
with naloxone. The interpretation of these findings is
that small doses of SP probably release endogenous
opioid peptides, while higher doses stimulate the neu-
ronal activity in nociceptive pathways. This dose-de-
pendent action of SP in nociception has later been con-
firmed (485). The varying results presented by different
authors may also be due to different observation times.
Thus, the immediate response to intraspinal SP is a
hyperalgesia (2, 527), whereas a depressed tail flick re-
sponse to noxious heat and motor response to supramax-
imal stimulation of the sural nerve in the spinal rat was
reported 20 minutes after the injections of large doses
(nmol) of SP (126).

SP seems to have no effect on peripheral nociceptors.
Thus, Lembeck and Gamse (394) found no stimulatory
effect of synthetic SP on paravascular pain receptors,
nor did SP modulate the algesic effect of bradykinin or
acetylcholine. Furthermore, synthetic SP has practically
no excitatory effect on unitary discharge of polymodal
nociceptors in the testis of the dog (363).

Intracerebral and intracerebroventricular injections of
SP in mice also induce a series of behavioral actions,
including locomotor effects and enhanced grooming and
scratching (597, 340, 335, 321, 124, 336, 357, 575). The
same response is obtained with the C-terminal SP hex-
apeptide SP¢;; but not with the pentapeptide SP;_,,

(124). The stable SP analogue, [pGlu®, MePhe®, Sar’]
SP;_,; (DiMe-C7), produces a longer-lasting behavioral
stimulation than SP (144). This effect is potentiated by
D-amphetamine and haloperidol (144). The closely re-
lated peptides eledoisin and physalaemin give the same
response as SP but other peptides, such as TRH, neu-
rotensin, and bradykinin, do not (575). Morphine and
other analgesic agents administered intraperitoneally ef-
fectively prevent in a naloxone-reversible way the SP-
induced response (575).

The behavioral effects are, however, considerably more
pronounced when SP is given intraspinally than intra-
cerebrally (295, 525, 2). Within a few seconds after
intraspinal injections of SP (ED50 = 1.3 pmol) the mice
begin to bite their toes and scratch their backs and ears.
The sensory nature of the behaviour is apparent, since
the mice precisely direct their mouths and paws to the
skin surface (525, 527). This noxious stimulus is blocked
by intraspinal injection of [D-Pro? p-Phe’, D-Trp°]SP
(393, 527, 2) but not by morphine (526). The SP antag-
onist also dramatically reduces capsaicin-induced biting
and scratching (527). These data provide strong evidence
that SP is involved in chemogenic nociceptive mecha-
nisms.

In adjuvant-induced polyarthritis of rats, SP content
is particularly raised in those primary afferents that
innervate the inflamed and painful areas (391, 395).

The hypothesis that SP is involved in the transmission
of impulses related to pain is further supported by the
recent observation of a depletion of SP immunoreactivity
in the substantia gelatinosa of spinal cord and medulla
of patients with familial dysautonomia (510). This syn-
drome (the Riley-Day syndrome), is characterized by a
severe diminution of temperature and pain sensitivity
and reduced populations of primary sensory neurons and
small fibers in the Lissauer tract (510).

C. Interrelation with Other Neuropeptides

When discussing the putative role of SP in nociception
it is important to consider its interrelation and interac-
tion with other peptide systems with which the SP sys-
tem shows overlapping distribution patterns. Particular
interest has been focused on the interaction between SP
and opioid peptides on the basis of a considerable overlap
of nerve terminals containing Met-enkephalin and SP,
particularly in areas related to pain and analgesia. Thus,
both enkephalin- and SP-positive cell bodies and nerve
terminals have been observed in the periaqueductal cen-
tral grey, the nucleus raphe magnus, the marginal layer
and substantia gelatinosa of the spinal trigeminal nu-
cleus of the medulla oblongata, and in all parts of the
spinal cord (265, 96, 346, 149, 77, 534). Also, in the
human spinal cord, SP- and enkephalin-positive termi-
nals and axon overlap (366).

Transection of the spinal cord at the thoracic level or
unilateral dorsal rhizotomy at the lumbar level results in
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a marked reduction of SP in the ventral horns but does
not seem to influence the distribution or intensity of the
enkephalin-positive nerve terminals in the lumbar cord
(265). On the other hand, opiate receptors in the spinal
cord decrease in number after dorsal rhizotomy (367).
These results seem to indicate that at the spinal level
the enkephalin systems mainly are either interneuronal
or propriospinal, while SP appears to be present both in
a supraspinal system innervating mainly the ventral
horns and in primary sensory neurons.

Also, in the brain, numerous cell body groups and
nerve terminals show both enkephalin- and SP-immu-
noreactivity. This is particularly true in the hypothala-
mus, amygdaloid complex, the extrapyramidal system
and limbic cortical areas (265, 254, 96, 346). In the
primate globus pallidus, dense networks of both enke-
phalin and SP are present with a somewhat different
pattern. Thus, while the enkephalin immunoreactivity is
very dense in the external segment, SP immunoreactivity
is most prominent in the internal segment (223).

A striking similarity has also been observed between
the anatomical distribution of opiate receptor binding
sites and presence of SP in the rat brain and spinal cord
(312).

The finding that certain neurons in the substantia
gelatinosa are innervated by both enkephalin and SP
provides the structural basis for a postsynaptic interac-
tion of these peptides in pain modulation. This hypoth-
esis is further elucidated by a series of release studies.
The potassium-evoked release of SP from the rat spinal
trigeminal nucleus is dose-dependently inhibited by mor-
phine in a naloxone-reversible way (312). In the nucleus
raphe magnus, which is implicated in mechanisms of
anti-nociception, the content of SP is significantly ele-
vated after administration of morphine (365), which also
might indicate an inhibition of SP release. In slices from
the rat substantia nigra, on the other hand, morphine is
not able to inhibit the potassium-evoked release of SP
(312), but enkephalin inhibits release of SP from cultured
sensory neurons (463). This type of inhibition is, how-
ever, not unique since opiate drugs also inhibit the release
of classical transmitters such as noradrenaline (457) and
dopamine (415). Nevertheless, these observations speak
in favour of the presence of presynaptic opiate receptors
on primary afferent nerve terminals containing SP,
which inhibit the release of SP and thereby the activation
of postsynaptic neurons (265, 312). The existence of such
presynaptic receptors on primary afferent terminals is
supported by the finding that the density of opiate recep-
tor binding sites in the dorsal horn decreases after dorsal
rhizotomy (367). On the other hand the presence of axo-
axonal synapses between enkephalin-interneurons and
SP primary afferents have not so far been demonstrated
with electron microscopy (292).

SP and enkephalin are also present in peripheral
nerves such as the vagus (421) and in mammalian sym-

pathetic ganglia (261). The functional interaction be-
tween the two peptides in peripheral nervous tissues was
elucidated by Konishi et al. (352-354) (see section VII
C).

When discussing the functional role of SP in sensory
neurons it is important to consider that SP is not the
only peptide present in these neurons (fig. 5). Thus,
several populations of peptidergic neurons belong to the
group of small diameter primary afferent fibers. Soma-
tostatin (255, 346), vasoactive intestinal polypeptide
(422), gastrin/cholecystokinin (422, 112), and angioten-
sin II (184) immunoreactivity have been observed in
primary afferents in the dorsal horn of the spinal cord
and in the spinal ganglia. However, the localization and
density of these peptides vary. While SP immunoreactiv-
ity is most intense in lamina I and the superficial part
of lamina II in the dorsal horn, somatostatin is located
somewhat deeper. The gastrin/cholecystokinin fibers
have a distribution pattern, which is almost identical to
that of SP (303) and recent evidence suggests coexistence
of SP and cholecystokinin in neurons of the dorsal root
ganglia (112) and in the periaqueductal grey (271).

The amygdaloid complex contains, besides SP, vaso-
active intestinal polypeptide, cholecystokinin, neuroten-
sin, enkephalin, and somatostatin (543). Each of these
neuropeptides has a characteristic distribution and no
coexistence has been identified in cell bodies or nerve
fibers (543). There are also neuropharmacological simi-
larities between several of these peptides. Thus, like SP,
the vasoactive intestinal polypeptide also depolarizes
dorsal horn neurons and increases their excitability
(307).

In peripheral branches of the primary sensory neuron,
SP is so far the only peptide that has been traced with
sufficient certainty. On the other hand, in peripheral
nerves, such as the vagus, splanchnic, and sciatic nerve,
enkephalin, gastrin/cholecystokinin, somatostatin, and
vasoactive intestinal polypeptide immunoreactivity is
present besides SP (421). In the vagus nerve complex as
well as in the sciatic nerve, SP, gastrin/cholecystokinin,
and somatostatin seem to be present in sensory neurons,
while enkephalin is apparently contained in axons of
motor fibers.

The effect of capsaicin on the SP content and trans-
port in primary sensory neurons has been briefly de-
scribed above. Recent studies have, however, shown that
the effect of capsaicin is not restricted to SP. Thus, the
cholecystokinin-like immunoreactivity in the dorsal horn
almost completely disappears after capsaicin treatment
(303). There is also a reduction in somatostatin- and
vasoactive intestinal polypeptide-like immunoreactivity,
although to a lesser extent (195, 464, 303). In the dorsal
roots of the rat, on the other hand, somatostatin is
depleted to 80% to 95%, that is to about the same extent
as that of SP (195, 464). Finally, while SP occupies only
a minor population of the sensory neurons, the neuro-
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F1G. 5. Schematic illustration of peptidergic afferents to and interneurons in the dorsal horn of the spinal cord. The peptides are present in
1) primary sensory neurons, 2) interneurons, and 3) descending systems. All, angiotension II; CCK, cholecystokinin; ENK, enkephalin; GA,
gastrin; 5-HT, 5-hydroxytryptamine; NA, noradrenaline; NT, neurotensin; OXY, oxytocin; SO, somatostatin; SP, substance P; VIP, vasoactive
intestinal polypeptide; VP, vasopressin. [Modified from Hokfelt et al., 1980 (261).]

toxic effect of capsaicin includes up to 95% of the un-
myelinated fibers in the rat dorsal roots (370).

It is thus evident that capsaicin, while being a useful
tool in the studies on the distribution and function of
the unmyelinated fibers in the primary sensory neurons,
does not represent a specific neurotoxin for SP-contain-
ing sensory fibers. Furthermore, in contrast to systemic
and intrathecal administration, intraventricular capsai-
cin in the rat alters analgesic responsivity but does not
appreciably deplete SP in the substantia gelatinosa of
the spinal cord and trigeminal nucleus (32). These find-
ings seem to indicate that alteration in several peptide
systems may be involved in the analgesic effect of cap-
saicin.

XXII. Is SP a Neurotransmitter or Modulator?

As early as 1953 (387), a role as a neurotransmitter in
various parts of the central and peripheral nervous sys-
tem was proposed for SP. Special interest has been
focused on the primary sensory neurons, particularly
nociceptive primary afferents, the sympathetic ganglia,
and the SP pathways in the striato-nigral tract, which
are probably involved in sensory motor integration. It is,
therefore, important to examine to what extent the re-
quirements for a transmitter candidate (448, 493) are
met by SP.

A. SP and Transmitter Criteria

1. Location. In the primary sensory neuron, SP is
present in unmyelinated nerve fibers of the type known

to be involved in transmission of nociceptive information
(262, 98, 14, 292). Densely occurring SP nerve terminals
in the spinal cord form axo-dendritic synapses with
dorsal horn cells (523, 123). In the prevertebral ganglia,
SP nerve terminals form similar synapses around the
principal cells (441). The extremely large number of SP
fibers in the substantia nigra, which synapse upon den-
drites in the zona reticulata (584), have their cell bodies
in the anterior striatum (47, 288, 325, 586). In all these
areas SP is present in synaptosomal fractions and in
large granular vesicles in the nerve endings (102, 14, 122,
292, 584).

2. Biosynthesis. SP is biosynthesized in the dorsal root
ganglia from where it migrates both- centrally to the
dorsal horn of the spinal cord and substantia gelatinosa
of the medulla and in the peripheral direction of the
sensory neurons to the nerve terminals in peripheral
tissues (610, 260, 14, 616, 232). Similarly, SP is synthe-
sized in cell bodies of the striatum and transported to
nerve terminals in the substantia nigra (585). It is likely
that SP, like many other peptides, is formed from a
precursor in the cell somata and that appropriate enzyme
or enzyme systems produce SP by cleavage from the
precursor.

3. Inactivation. Several tissues have a high capacity
for inactivating SP. In the nervous system (377) and the
gastrointestinal tract (515) this capacity is well corre-
lated to the SP concentration of the tissue. Highly puri-
fied enzymatic fractions with a specific SP degradative
capacity have been isolated from nervous tissue and their
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site of cleavage of the SP molecule has been identified
(21, 381).

4. Release. A potassium-evoked release of SP has been
well documented in the spinal cord (496, 312, 197, 1),
mesenteric ganglia (352), and substantia nigra (567, 310,
621). This release shows a true dependency on the local
extracellular calcium concentration (496, 567, 352). Sim-
ilarly, SP is released from both central and peripheral
nerve terminals of sensory neurons during electrical
stimulation (496, 490, 28).

5. Mimicry. Local microiontophoretic application of
SP causes excitation of those units in the spinal cord
that are stimulated by noxious cutaneous stimulation
(247). Also, in the substantia nigra SP has an excitatory
effect (114, 639). In the inferior mesenteric ganglion and
in the myenteric plexus, SP elicits the same type of slow
depolarization and increase in membrane resistance as
is induced by presynaptic stimulation in the atropinized
preparation (133, 352). In peripheral tissues, close-arte-
rial infusion of SP in physiological doses elicits local
effects identical to those obtained by antidromic stimu-
lation of sensory nerves (397).

6. Antagonism. SP analogues with specific SP antag-
onistic but minimal agonistic effects not only block the
pharmacological actions of SP in various organs (151,
30, 548), but also influence per se the physiological
events. When given intrathecally, these analogues have
a significant anti-nociceptive effect (393, 527, 2). Elec-
trically induced, noncholinergic contractions of smooth
muscle (373) or antidromic vasodilatation (549, 390) are
inhibited by the SP antagonists.

Of these different criteria for a compound being iden-
tified as a true transmitter, Orrego (493) proposed iden-
tity of action, induced release, and vesicular location as
primary, while pharmacological antagonism, transmitter
synthesizing system, and differential distribution were
considered as secondary criteria. It is apparent that SP

fulfills all these requirements to a large extent.

B. Roleof SP
1. Sympathetic Ganglia. There is little doubt that the

-strongest evidence so far accumulated for a transmitter

role for SP is found in some mammalian sympathetic
ganglia. These experiments have convincingly shown

. that SP is released from synapses in the prevertebral

ganglia and serves as a transmitter generating noncho-
linergic, slow excitatory, postsynaptic potentials (133,
352).

2. Spinal Cord. On the basis of the above-mentioned
facts concerning localization, synthesis, release, and
mimicry, SP is frequently mentioned as a candidate for
a:sensory transmitter. This suggestion is further sup-
ported by the observation that stimulation of spinal cord
SP receptors produces a sensory experience (525) and
that depression of SP release is associated with analgesic
mechanisms (312, 463, 648). Furthermore, the recent
observation that SP also in spinal neurons produces slow

noncholinergic excitatory postsynaptic potentials, which
are depressed by [D-Ala’] Met-enkephalin amide (501),
suggests transmitter function of SP in the spinal cord
similar to that in the sympathetic ganglion.

On the other hand, several observations are difficult
to combine with a true transmitter function but are more
in line with a modulating role serving to modify rather
than directly transmit the neural message of sensation.
The slow and delayed response of local iontophoretic
application of SP in the spinal cord (249, 361) does not
mimic the fast depolarization expected from primary
afferent actions. Furthermore, the threshold nature of
depolarization, induced in conjunction with the slow time
course (470), seems to indicate that SP acts by modifying
the level of excitability of motoneurons rather than
transmitting the excitatory impulses. However, in the
isolated rat spinal cord in vitro, the delay time for the
SP-induced depolarization was not much longer than
hundreds of milliseconds (502, 503). Removal of the pia
mater by collagenase digestion also reduced the delay in
onset of SP action on motoneurons (652). Furthermore,
the rat locus coeruleus neurons respond to iontophoretic
application of SP with an excitation, which in onset and
disappearance is strikingly similar to that produced by
classical excitatory transmitters such as acetylcholine
(220, 151). Similarly, Vincent and Barker (633) reported
rapidly depolarizing responses of cultured spinal neurons
to SP. It is probable, therefore, that the earlier described
slow onset of the SP action at iontophoretic application
in the spinal cord was due to technical problems (222).
On the other hand, a relatively slow transmitter process
would not be contradictory because the transmission of
noxious or temperature messages elicit sustained and
slow reactions that need not to be as fast as, for instance,
a motor reflex.

The view that the effect of local application of SP is
more compatible with a modulator of neuronal excitabil-
ity than with a transmitter mediating sensory input was
further stressed by Krivoy and co-workers (358), who
were unable to record any SP-induced spontaneous dis-
charge of motoneurons in the decerebrated low spinal
cat. Instead, the postsynaptic response to presynaptic
stimuli was altered in the presence of SP. At high doses
these alterations were manifested as facilitation of syn-
aptic transmission, whereas at lower doses an inhibition
occurred. This concept is also in conformity with the
observation that SP has a biphasic influence on response
to painful stimuli, with lower doses causing analgesia
and higher ones hyperalgesia (177). It also explains why
intracerebroventricular administration of SP in the cat
causes both behavioral excitation and depression (167).

The recent observation of a coexistence between clas-
sical neurotransmitters and peptides in certain neurons
is interesting in this connection and might contribute to
a better understanding of the functional role of the
synaptic peptides. Some mesencephalic dopamine neu-
rons contain cholecystokinin, which facilitates the re-
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lease of the amine transmitter (271). In exocrine glands,
vasoactive intestinal polypeptide acts by enhancing the
physiological response caused by the coexisting acetyl-
choline (417). These and other observations seem to
indicate that neuropeptides often act as modulators to
the classical transmitters rather than causing a postsyn-
aptic response by themselves.

Recent observations (640, 559) further question the
concept that SP might be a sensory transmitter. As

mentioned earlier in this review, it has been shown.

repeatedly that section of the sciatic nerve results in a
substantial depletion of SP in the central terminals of
the fine afferents in the cat nerve (314, 16, 640). If SP is
an essential transmitter released from C fibers, a de-
crease of excitatory effectiveness of C fiber stimulation
would be expected after depletion of SP in the dorsal
horns of the spinal cord. However, Wall et al. (640) were
unable to find any change in the central excitatory effect
of an afferent C fiber volley 7 to 19 days after the fibers
had been cut in the periphery. This observation suggests
that the C fiber terminals contain other compounds
besides SP, effectively transmitting the excitatory im-
pulses. Also, a 60% depletion of SP in the trigeminal
nucleus caudalis by neonatal treatment with capsaicin in
the rat did not alter the proportions of neurons respond-
ing to noxious or non-noxious stimulation of the face
(559). It is, however, quite probable that only small
amounts of SP are needed for the SP neurons to function.

Besides SP, several other peptides such as somatosta-
tin, vasoactive intestinal polypeptide, and cholecystoki-
nin have been identified in small sensory neurons and
their terminals in the dorsal horn (266). They are all
more or less depleted from small sensory neurons after
capsaicin treatment (271), which is thus not specifically
affecting the SP-containing sensory fibers. Also, appli-
cation of capsaicin to the rat sciatic nerve leads to a
complete block of axoplasmic transport of not only SP,
but also somatostatin (199). Therefore, the consideration
of SP as the sole transmitter of nociceptive information
must wait until a better understanding of the tentative
role of the other peptides has been achieved.

3. Substantia Nigra. Ample circumstantial evidence
exists for a distinct excitatory striato-nigral SP pathway,
where SP is primarily present in the axonal terminals
(122, 584, 585). Electron microscopy of SP fibers have
shown that each of these fibers have SP immunoreactive
boutons with granular vesicles forming synapses with
dendrites and perikarya (584). These findings indicate
that neurons in the substantia nigra may receive aninput
from SP-containing afferents. It has also been convinc-
ingly shown that SP is released from these terminals
during depolarization (567, 311, 621) and after striatal
stimulation (451). When applied locally, SP produces
behavioural reactions that are influenced by the dopa-
minergic nigro-striatal pathway (597, 321). These obser-
vations suggest the existence of a SP striato-nigral sys-

tem which, besides the parallel GABA-system, modulates
the release and postsynaptic actions of dopamine. How-
ever, the recent finding of different types of synaptic
contact between SP immunoreactive boutons and neu-
ronal cell bodies in the substantia nigra (584) gives a
structural basis for a release of SP at synaptical junc-
tions. Furthermore, the observation that nondopamine
cells in the substantia nigra are more sensitive to SP
than dopamine neurons (529) indicate functions for SP
besides modulating the dopaminergic system.

XXIII. Concluding Remarks

Half a century of research on SP, substantially accel-
erated during the last 8 years, has brought forward a
detailed knowledge of the distribution and properties of
SP. With highly sensitive and specific RIA and immu-
nohistochemical techniques as well as novel approaches
for raising antisera, a detailed biochemical and morpho-
logical characterization of the neuronal systems contain-
ing SP has been performed and extended to the ultra-
structural level. It has been possible to demonstrate a
release of SP in various parts of the central and periph-
eral nervous system as well as inactivation mechanisms
under experimentally well defined situations. However,
structurally similar peptides have been identified partly
in the same areas as SP, which makes crossreactivity
and exact identity of the endogenous peptides still a
problem.

In spite of the considerable amount of data on the
distribution and actions of SP being accumulated, our
knowledge of the function of SP in various organs is still
incomplete. The multiplicity and overlap of different
systems containing SP and other peptides in various
parts of the nervous systems have made it difficult to
elucidate the functional role of each of these peptides.
The recent finding of a coexistence between SP (and
other peptides) and classical neurotransmitters probably
requires an expansion of our present concept of chemical
transmission. The results so far reached point towards a
role of these peptides as modulators rather than conven-
tional transmitters. Thus, observations on an interaction
of SP with nicotinic responses seem to indicate that
neuropeptides may modulate synaptic transmission by
interacting at the receptor level and potentiate the effect
of coexisting classical neurotransmitters. SP has been
attributed a role as a transmitter or modulator in many
parts of the central and peripheral nervous system. The
evidence that SP, released from axon collaterals of pri-
mary afferents in prevertebral ganglia, serves as a trans-
mitter that generates noncholinergic, slow excitatory
postsynaptic potentials seems to be the most convincing
so far, and it is possible that similar mechanisms operate
also in the spinal cord.

The suggestion that SP is involved in the modulation
of intestinal motility is supplied by studies on the distri-
bution of SP nerve cells and fibers in the enteric nervous
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system, by indirect demonstration of a release of SP from
these neurons,* and by the depolarizing and muscle-
stimulating effects of SP in the gastrointestinal tract.
However, the precise functional role of SP and its inte-
gration with cholinergic and other putative peptidergic
mechanisms are still not clear.

It is even more difficult to establish specific roles for
SP in the brain. Its uneven distribution and strong
excitatory effects in several areas speak in favour of
fundamental but still unclear functions. The localization,
release, and mimicry of SP has been most intensively
studied in the striato-nigral tract and several observa-
tions seem to indicate that SP fibers have an excitatory
influence on dopaminergic neurons, but the striato-nigral
SP fibers also affect other efferent neurons indicating a
great complexity in the interaction between different
neuronal systems in this area.

The importance of SP in transmission of nociceptive
information has been extensively studied, but is still
unclear. The recent observation that highly specific SP
receptor antagonists are potent anti-nociceptive agents,
however, strongly suggests that SP is involved in this
mechanism. The discoveries of these antagonists as well
as of stable SP analogues constitute important progress
and these new compounds have already proven to be
effective tools in the study of the physiological signifi-
cance of SP and possibly also in developing new types of
drugs.
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