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POLAK, J. M. AND S. R. BLOOM. The peripheral substance P-ergic system. PEPTIDES 2: Suppl. 2,133-148, 1981.--In 
this review we have described the distribution, precise quantities and physico-chemical characteristics of Substance P in 
the central nervous system and in 7 peripheral organs. In keeping with the main reported actions of substance P as a 
modulator of both smooth muscle tone and blood vessel diameter, nerve fibres containing the peptide are frequently seen in 
close proximity to smooth muscle fibres and blood vessels. The postulated role of substance P as a sensory transmitter has 
been fully supported by the finding of significant concentrations of the peptide not only in primary sensory neurons but also 
in their central and peripheral branches. Its transport and release at afferent terminals is further validated by the significant 
depletion of substance P which occurred in the corresponding tissue after ligation of a sensory nerve (vagus), destruction of 
a ganglion (i.e., Gasserian ganglion leading to depletion from ocular structures) and treatment with capsaicin. The ultra- 
structural secretory granules containing Substance P are shown here by a novel immunocytochemical procedure using 
gold-labelled antibodies on ultrathin sections to correspond to a sub-class of the large, dense, p-type neurosecretory 
vesicles, with characteristic size (mean 85- + 15 nm), electron density and limiting membrane. 

Substance P Neuropeptides Radioimmunoassay Gut peptidergic innervation Brain 
Sensory system Immunocytochemistry Urogenital tract Electron microscopy Skin 

Lung 

1981 marks the 50th anniversary of  the discovery of sub- 
stance P [33]. This discovery was the starting point of  a 
series of  events which, after a slow start, has recently culmi- 
nated in the realisation of  the existence of a multiple regula- 
tory peptide-containing neuroendocrine system, present not 
only in the brain and gut axis but also in most peripheral 
tissues [29]. 

In terms of  potency and widespread distribution, sub- 
stance P is one of  the most important members of  this control 
system, for substance P is present  in almost every tissue of 
the body. 

The finding, in 1975, of substance P in enteric neurons 
[25,26] revealed the presence,  in the periphery,  of  a pep- 
tidergic system, which until then was considered to be re- 
stricted to the hypothalamus. 

Although discovered,  extracted and purified as early as 
1931, substance P was only chemically characterised and 
synthesised 40 years later [8]. Its identity with Leeman ' s  
sialogogic peptide was also only realised in 1970 [6]. 

Counterparts of  Substance P were first described in 
Erspamer 's  frogs in 1964 [1,10]. The general term tachykinins 
was applied to these peptides, which all have a similar 
COOH region. Physalaemin is the name of  the amphibian 
substance P, which has also recently been localised, using 
specific antibodies, in the mammalian gastrointestinal tract,  
central nervous system and ureter [20]. 

DISTRIBUTION 

The distribution of  substance P in central and peripheral 
tissue has been extensively investigated using radioim- 
munoassay and immunocytochemistry,  which, in most in- 
stances, have only been used independently [17]. 

In order  to provide information on the quantities and 

chemical characteristics of substance P (radioimmunoassay) 
and its precise tissue distribution (immunocytochemistry) we 
have used these two methods in combination. For  details on 
characterisation and specificity of  substance P antibodies see 
Table 1. 

In this section we shall describe the distribution of  sub- 
stance P in the central nervous system and in seven periph- 
eral tissues. The presence of  substance P in a variety of  
neuroendocrine tumours (APUDomas) is described 
elsewhere in this issue. 

Central Nervous System 

In 1975 Hokfelt [14] provided the first immunohistochem- 
ical map showing the distribution of  substance P in the 
mammalian brain. It is now well established that substance P 
immunoreactivity is particularly evident in the amygdala, 
hypothalamus, mesencephalon and, although to a lesser ex- 
tent, in the brain stem. Substance P is also very well repre- 
sented in sensory pathways of  the central nervous system, 
including the spinal trigeminal nucleus and the nucleus trac- 
tus solitarius (Tables 2 and 3). 

The spinal cord also contains large quantities of  substance 
P in both the dorsal (Fig. la) (largest concentrations) and the 
ventral horn. Substance P afferent nerve fibres are seen in 
every layer of the dorsal horn, with particularly large con- 
centrations in lamina I. Substance P in the dorsal horn is 
found in the central branches of  sensory neurons present in 
the dorsal root ganglia (Fig. lb). Thus dorsal rhizotomy leads 
to a significant depletion of  substance P from the dorsal horn 
(Fig. 2). The scattered substance P fibres seen in the ventral 
horn seem to originate from a descending cerebral tract. The 
central canal also contains delicate arborisations of sub- 
stance P fibres, possibly of a local origin. 
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TABLE 1 
CHARACTERISTICS OF ANTISERA TO SUBSTANCE P 

Immunocytochemistry 

Final titre Immunofluorescence (FITC) 1:2000 
Immunoperoxidase (PAP) 1:16,000 

Specificity: 

Cone n of antigen per ml Immunostaining 
Antigen of diluted antiserum (nmol) Result 

Substance P 0.1 Negative 
Bombesin 10.0 Positive 
Other peptides 10.0 Positive 

Radioimmunoassay 

Final titre 

1:8,000 

Detection limit 

0.3 fmol. per assay tube 

Region specificity 

C-terminus 

FITC = Fluorescein isothiocyanate. 
PAP= Peroxidase anti-peroxidase complex. 

TABLE 2 

DISTRIBUTION OF SUBSTANCE P IMMUNOREACTIVITY 
RAT BRAIN 

IN THE 
TABLE 3 

DISTRIBUTION OF SUBSTANCE P IN 
THE SENSORY SYSTEMS OF THE CNS 

Cortex 
Hippocampus 
Amygdala 
Hypothalamus 
Thalamus 
Mesencephalon 
Brain Stem 

(+) 
+ 
+++0 
+++0 
(+) 

+++0 
++0 

+ + + Dense fibre concentration. 
+ + Moderate fibre concentration. 
+ Low fibre concentration. 
(+) Scattered single fibres. 
O Cell bodies. 

Gastrointestinal Tract' 

The entire gut is richly innervated by a network of sub- 
stance P-containing autonomic nerves (Fig. 3). Although the 
vagus nerve, innervating the gut, contains small quantifies of 
substance P [22], most of the substance P nerves in the gut 
are of intrinsic origin [18], with the neuronal cell bodies being 
found principally in the myenteric plexus. Substance 
P-containing nerve fibres are present in every layer of the gut 
wall, in particular the longitudinal muscle and the myenteric 
plexus. A marked decrease in substance P-containing nerves 
has recently been noted in two gastrointestinal diseases 
characterised clinically by severe and intractable constipa- 
tion: Hirschsprung's disease (congenital aganglionosis) [2] 
and Chagas' disease (American tripanosomiasis) [21], an 
example of acquired, severe neuronal degeneration of the 
gut. 

Skin 

Substance P nerve fibres are seen in this area, in close 
contact with blood vessels, smooth muscle, apocrine glands 
and sensory receptors. In many places substance P fibres are 

Anterolater'al System 
Intralaminar Thalamic Nuclei 
Ventral Posterolateral Thalamic Nucleus 
Medial Geniculate Body 
Medial Reticular Formation 
Spinothalamic Tract 
Spinocerebellar Tract 

Medial Lemniscus System 
Ventral Posterolateral Thalamic Nucleus 
Medial Lemniscus 
Internal Arcuate Fibres 
Gracile Nucleus 
Cuneate Nucleus 

Trigeminal System 
Ventral Posteromedial Thalamic Nucleus 
Spinothalamic Tract 
Spinal Trigeminal Nucleus 

Visceral Afferent System 
Ventral Posteromedial Thalamic Nucleus 
Spinothalamic Tract 
Parabrachial Nucleus 
Solitary Nucleus 

+ 
+ 
+ +  

+ + 0  
+ 0  

+ 

+ 0  
+ 

+ 0  

+ + 0  

+ 

+ 0  

+ + + 0  

+ 
+O 
+ +  

+ + 0  

+ + + Dense fibre concentration. 
+ + Moderate fibre concentration. 
+ Low fibre concentration. 
O Cell bodies. 

seen penetrating the basement membrane forming naked 
nerve endings in the epidermis (Fig. 4). In the pig extractable 
substance P is found in particularly large concentrations in 
the dorsal and ventral areas of the skin surrounding the ex- 
ternal nares (11.1 +_ 1.3, 13.5 +- 3.6, respectively). 
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FIG. 1. (a) Substance P immunostaining (PAP method) in the dorsal horn of the rat spinal cord. (Tissue fixed by 
introcardiac peffusion with 0.4% benzoquinone. (×20) (b) Primary sensory neurons of the dorsal root ganglion (short 
arrow) and nerve fibres running towards the dorsal horn (long arrows) immunostained for Substance P. (Same fixation and 
staining procedure as for (a)). (x 138). 
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FIG. 2. Transverse section of the rat spinal cord immtmostained for Substance P 14 days after dorsal rhizotomy of the left side. Note 
the significant reduction in the immunostaining in the ipsilateral side (L). (x55) 

Urinary Tract 

Both the ureter and bladder are richly supplied with sub- 
stance P-containing nerves (Fig. 5a-b) which may be periph- 
eral sensory branches from dorsal root ganglia of the lumbo- 
sacral region. Extractable substance P-like immunoreactive 
material is evenly distributed in the upper, middle and lower 
segments of the ureter [35]. Chromatographic analysis shows 
that this immunoreactive material elutes at the same position 
as synthetic substance P used as a tracer (Fig. 6) [35]. This 
indicates that the substance P extracted from the ureter has 
physico-chemical characteristics identical to those of  the 11 
amino acid peptide originally discovered in the gut and brain. 
Substance P nerve fibres are seen in every layer of  the ureter 
and bladder, in close contact with smooth muscle, blood 
vessels and the epithelial lining. 

Lung 

Considerable concentrations of  substance P are found in 
the respiratory tract (Fig. 7) [31]. Substance P-containing 
nerves occur in close contact with the tracheal and bronchial 
epithelium, as well as with vascular and non-vascular 
smooth muscle (Fig. 8). These autonomic nerve fibres seem 
to originate in the nodose ganglion of  the vagus nerve (see 
later under substance P in the sensory system). 

Eye 

Substance P is found in many areas of  the eye, especially 

the iris (Fig. 9) and the retina [5]. A dense network of  sub- 
stance P immunoreactive fibres is present throughout the iris 
stroma, generally lying towards the anterior border with an 
annular arrangement in the region of  the sphincter muscle. 
Extractable substance P is found in identical areas, at con- 
centrations ranging from 3.69+-0.30 pmol/g in the retina to 
4.50---0.94 and 4.52___0.67 pmol/g in the iris and optic nerve, 
respectively. 

Genital Tract 

Substance P is present in both the male and the female 
genital tract, in areas related to sensory transmission, includ- 
ing the vagina and glans penis (Fig. 10). In the latter, sub- 
stance P fibres are seen in close association with sensory 
corpuscles. 

Heart 

Numerous varicose nerve fibres are seen in the myocar- 
dium of both atria and ventricles, around the aortic, pulmo- 
nary and coronary vessels, as well as in the conducting sys- 
tem (Fig. 11). Extractable substance P is found at concentra- 
tions ranging from 2.8---1.3 pmol/g in the fight ventricle to 
3.5__.1 pmol/g in the major vessels (aortic and pulmonary 
artery) and interventricular septum [36]. As with the ureter 
and other tissues, the physico-chemical properties of  this 
cardiac substance P-like immunoreactive material are similar 
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FIG. 3. Human large intestine immunostained for Substance P. Note the fine, varicose nerve fibres running parallel to the circular 
smooth muscle layer. (Fixation by immersion in a 0.4% solution of p-benzoquinone, cryostat section.) (x500) 

to the original undecapeptide as shown by chromatographic 
analysis [36]. 

ULTRASTRUCTURE 

In 1975 Pickel et al. [28] demonstrated that, in the spinal 
cord, substance P-like immunoreactive material was lo- 
calised to a population of  large size, dense, neurosecretory 
granules. The electron immunocytochemical localisation of 
peripheral substance P was, however, not convincingly 
demonstrated until very recently. Using the newly- 
developed immunogold staining procedure [12] we have now 
been able to show that, in the periphery, substance P is 
present in a sub-population of  p (peptidergic)-type large 
(size, 85_+ 15 nm), neurosecretory granules [30] which are 
identical in every area investigated (e.g., gut, ureter, eye) 
(Fig. 12a-b). These granules are quite distinct from pep- 
tidergic granules of  other classes of  nerves which are fre- 
quently found in the same tissue and which are known now 
to contain other peptides (e.g., VIP) [30]. 

DEVELOPMENTAL PATTERNS 

We have been able to show a characteristic devel- 
opmental pattern of  both the central and peripheral (gastroin- 
testinal) substance P-ergic system in birds [11], rodents [24] 
and man [4]. Unlike other neuropeptides (i.e., VIP and 
bombesin) which show a late, post-natal development in the 

brain, substance P is detectable in significant quantities in 
the rat brain at an early pre-natai stage of  development (Fig .  
13a) [24]. This is interesting in view of  the late (almost post- 
natal), occurrence of  axonal growth and synaptogehesis [24]. 
Thus, a possible involvement of  the peptide in the modula- 
tion of  brain growth processes is suggested. Similarly, in the 
gut, substance P nerve fibres are detected in the human 
foetus as early as 8 weeks ([4] and Fig. 13b). 

SUBSTANCE P IN THE CENTRAL AND PERIPHERAL 
SENSORY SYSTEM 

Substance P has been shown to be present in sensory 
neurons and in almost all their central and peripheral 
branches [23]. 

Nodose Ganglion; Dorsal Root Ganglion 

(A) Nodose ganglion. Substance P immunoreactive 
neurons are seen in the nodose ganglion [19], as well as in 
peripheral and central branches. The peripheral branches 
run mainly to the lung [31] and heart [36], while the central 
branches reach the brain via the nucleus tractus solitarius. 
(The detailed distribution of  substance P immunoreactive 
fibres in the lung and heart has already been described under 
individual organ systems.) The axonal transport of substance 
P both to the periphery [3] and to the centre, has been 
demonstrated by ligation experiments [23] or capsaicin 
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HG. 4. Substance P nerve fibres in the dermis of the cat skin. Many nerve fibres are seen in close contact with the epidermis (EP) 
forming naked nerve endings (arrows). (×350) 

treatment (see below). Ligation of the vagus nerve, below 
the nodose ganglion, leads to a marked accumulation of 
substance P-immunoreactive material above the ligature 
(Fig. 14), and a depletion of the substance P content of both 
the lung and heart. This depletion is partly compensated for 
by substance P-containing sensory branches originating in 
the nodose ganglion of the contralateral side. If ligation of 
the vagus nerve is carried out above the nodose ganglion, a 
marked depletion of substance P content is noted at the level 
of the nucleus tractus solitarius and consequently im- 
munoreactive material accumulates below the ligature [9]. 

(B) Dorsal root ganglion. One of the first indications that 
substance P may be a sensory neurotransmitter was the t'md- 
ing of substance P immunoreactive neurons in the dorsal root 
ganglia [6], and the subsequent depletion of substance P from 
the central branches and from the substantia gelatinosa of 
the spinal cord after dorsal rhizotomy [15]. Substance P has 
also been shown in the peripheral branches, passing through 
the sympathetic ganglia to terminate in peripheral sensory 
endings (i.e., the skin) [23]. Preliminary ligation experiments 
indicate that the enteric neurons, althoo.gh they are the 
source of substance P in the gut, may be a second relay 
connection of sensory afferent fibres originating from dorsal 
root neurons [23]. If this postulate is correct, then capsaicin 
treatment may successfully deplete enteric substance P. 
However, current reports, although somewhat inconclusive, 

seem to disprove the theory of the afferent sensory source of 
gastrointestinal substance P [16]. 

Chemo- and Baroreceptors 

Substance P-containing nerve fibres are seen in the 
carotid body [34], in close contact with enkephalin- 
containing type I cells, in the tunica adventitia of the aortic 
arch and the carotid artery and in the carotid sinus nerve 
[13], known also to project sensory afferent fibres to the 
nucleus tractus solitarius. In view of this, it has been postu- 
lated that substance P is not only a pain sensory neuro- 
transmitter but also an important modulator of respiratory 
and cardiovascular functions [13]. 

Cranial Sensory Nerves 

Trigeminal nerve. Substance P has also been shown to be 
present in the sensory branch of the tdgeminal nerve which 
innervates both buccal and ocular structures [26]. Substance 
P has already been shown to be released in the tooth pulp 
after trigeminal nerve stimulation [26] and we have recently 
shown a significant depletion of substance P-containing sen- 
sory nerves in a number of ocular structures, mainly the iris, 
ciliary bodies, the cornea and the conjuctiva, on the ipsilat- 
eral side after unilateral trigeminal nerve degeneration (Fig. 
15a-b). These changes are accompanied by a marked desen- 
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FIG. 5. (a) Cryostat section of human ureter fixed by immersion in p-benzoquinone. Varicose Sub- 
stance P nerve fibres are seen running alongside the smooth muscle. (x 324) (b) Cryostat section of 
human bladder (trigone) showing numerous Substance P nerve fibres in association with smooth 
muscle fibres. (x 324). 
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FIG. 6. Gel permeation chromatography of ureter extracts. A: 
Extract of guinea-pig ureter; B: pure synthetic mammalian Sub  
stance P; Dashed line: mI-TyrS-Substance P; IR-Substance P: im- 
munoreactive Substance P; Vo: void volume; vt: total mobile phase. 
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FIG. 7. Quantities of extractable Substance P (pmol/g) in the respira- 
tory tract of cat, guinea-pig and rat. 

FIG. 8. Guinea-pig bronchus. Substance P nerve fibres are seen penetrating the bronchial epithelium (arrow). L: lumen. SM: Smooth 
muscle. (x 500). 
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FIG. 9. Stretch preparation of guinea-pig iris. Note the dense network of Substance P nerve fibres with classical varicosities. (PAP 
immunostaining method). (x450) 

sitisation of  the eye to noxious stimuli [5] (J. M. Butler et al. 
Paper to be presented at the Association for Eye Research, 
St. Andrews, Scotland, 6 September, 1981). 

Capsaicin Treatment 

Capsaicin or 8-methyl-N-vanillyl-6-nonemide is the active 
ingredient of  red pepper, known from old Hungarian folk 
tales to relieve tooth pain and bowel spasms [32]. Marked 
skin vasodilation and exudation noted after local irritation 
with red pepper is also a well-known phenomenon [32]. It is 
now well established that capsaicin releases substance P 
from sensory terminals (e.g., the skin) thus explaining the 
rapid pain sensation followed by vasodilation and anaesthe- 

sia. The literature is now flooded with references describing 
the releasing properties of  capsaicin upon substance P- 
containing afferent fibres, from both central and peripheral 
tissues [32]. All available data support the contention that 
substance P is a putative neurotransmitter, present in, and 
released from, peripheral and central branches of  primary 
sensory neurons. 

CONCLUSIONS 

The peripheral substance P-ergic system is now, unques- 
tionably, a reality, Immunocytochemistry has delineated its 
precise distribution within individual tissue structures, and 
radioimmunoassay has shown its significant concentrations 
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FIG. 10. Human glans penis. Substance P nerve fibers in close association with sensory 
corpuscles of the dermis (arrow). (x360). 
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FIG. 11. Substance P nerve fibres in the interventricular septum of the guinea-pig heart. (Benzoquinone fixed cryostat sections). 
( x 450) 
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FIG. 12. (a) Guinea-pig iris, fixed in 3% glutaraldehyde and immunostained for Substance P (arrows) using the immunogold 
method (see [ 11,29]). (× 32,200). Inset: details of immunostained granules. (× 138,000). (b) Nerve terminal in the myenteric 
plexus of the guinea-pig gut immunogold stained for Substance P. (x73,600). 
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FIG. 13. (a) The central amygdala in a sect ion of  brain from a five day old rat, immunostained for Substance P. Note  nerve 
fibres and cell bodies (arrow), (x322) .  (b) The myenteric  plexus of  human foetal gut (12 w e e k s  old) immunostained for 
Substance P in a stretched preparation. (x386) .  
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FIG. 14. Guinea-pig vagus nerve ligated (arrow) for 5 days just below the nodose ganglion. Note the remarkable accumulation of 
Substance P immunoreactive material above the ligature. (×650). 

and chemical identity with the original 11 amino acid pep- 
tide, in almost every organ system. The information yielded 
by the appfication of these two methods has established the 
existence of a major substance P-ergic system controlling 
essential bodily functions. The potent modulatory actions of 
substance P on blood vessel diameter and non-vascular 
smooth muscle tone are now beyond doubt. A number of 
poorly understood aspects of the peripheral sensory system 
can now be better explained by the presence of significant 

concentrations of substance P, in both its central and its 
peripheral branches, and by the marked depletion of the 
peptide at the end organ after surgical or pharmacological 
manipulations of sensory ganglia. The rapid advances re- 
cently witnessed in the field of the chemistry and physiology 
of regulatory peptides enable us to predict the imminent dis- 
covery of substance P analogues and substance P receptor 
blockers. At last, the total control of pain sensation will be 
within man's grasp. 



P E R I P H E R A L  S U B S T A N C E  P 147 

B 

FIG. 15. Substance P nerve fibres in the guinea-pig iris before (a) and after (b) trigeminal nerve degeneration. Note the 
marked depletion of immunostained fibres (b) (x 368). 
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