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KENNETH E. McCARSON 
Regulation of Substance P Levels and Release in the Dorsal Horn During 
Nociception 
(Under the direction of BARRY D~ GOLDSTEIN, Ph.D.) 

A series of experiments was· undertaken in order to address the 

regulation of substance P ( SP) levels and release in pri~ry afferent 

neurons during nociception. It was hypothesized that small diameter 

primary afferent neurons regulate increases in SP levels and release in 

the dorsal horn during nociceptor activation. It was found that the 

injection of formalin into the hindpaw or systemic administration of 

morphine increased immunohistochemical SP-like immunoreactivity ( SPLI) in 

the dorsal horn after one hour. The time course of formalin-induced SPLI 

changes was also determined. The injection of saline caused an.increase in 

dorsal horn SPLI lasting 20 minutes. Formalin produced a biphasic response 

with early ( 0-10 win) and late ( 20-60 min) increases in SPLI. Naloxone 

blocked the late increase in SPLI due to formalin only if it was 

administered prior to hindpaw treatment. 

Push-pull perfusion was used to measure the rele~se of SPLI into the 

superficial dorsal horn. Mechanical pinch applied to the hindpaw produced 

a graded stimulus-response, with noxious intensities of pinch producing 

SPLI'release. Formalin produced a biphasic effect with decreases in dorsal 

horn SPLI -release 0-40 minutes and after 60 minutes following hindpaw 

treatment. The application of a nociceptive pinch to normal and formalin 

injected animals produced markedly different patterns of SPLI release. 

The SPLI contents of dorsal horn, dorsal root, and dorsal root 

ganglion were measured following similar treatments using tissue 

extraction/ radioimmunoas·say. Formalin injection produced increased dorsal 

horn SPLI at 20 and 80 minutes. Formalin also increased- dorsal root 

ganglion SPLI 80 minutes after hindpaw treatment. Noxious pinch slightly 

decreased dorsal horn and root SPLI. Dorsal root SPLI was unchanged by any 

other treatment. Saline injection also increased dorsal horn SPLI at 60 

minutes. 



These data show tha-t· both the synthesis and release of SP may 

influence primary afferent SPLI content, and that acute and subchroriic 

nociceptor activation produce different patterns of SP release and 

synthesis in the primary afferent neuron. Formalin activates systems which 

may limit nociceptive transmission, thus raising the issue of the 

involvement of SP in the transmission of nociceptive information following 

formalin injection. 

INDEX WORDS: Substance P, Tachykinins, Nociception, Dorsal Horn, Formalin 
Test, Immunohistochemistry, Radioimmunoassay, (Rat). 
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INTRODUCTION 

Statement of the Problem 

The peptide neurotransmitter substance P (SP) has been studied widely 

since its purification and characterization in 1970. Due to its implication in certain 

mechanism.s of nociceptive transmission, many investigators have chosen to study 

SP in order to better understand nociception with- the hopes of controlling pain. 

Many studies have been conducted to elucidate the metabolic pathways of SP and 

its role in nociception, yet little is known about the dynamics of intracellular 

events and the changes in SP metabolism brought about by nociceptor activation. 

T~is poses a unique problem in SP-containing primary affe!ent neurons due to 

their lack of adaptation to nociceptive stimuli. This presents the need for the cell 

to maintain the supply of SP in the terminal during long-term activation. SP is 

different from other neurotransmitters; for example, tp.e supply of SP from the 

dorsal root ganglio11 (DRG) is dependent on transport and post-translational 

processing. Therefore, it is entirely possible that nociceptive activation may control 

many points of the SP metabolic pathway in primary afferent neurons. This poses 

the question of mechanisms responsible for nociception-induced SPLI changes in 

the dorsal horn. Thus, it was hypothesized that small diameter primary afferent 

neurons regulate the increases in SP levels and release in the dorsal horn during 

nociceptor activation. This dissertation describes exper;iments which investigate the 

patterns of SP content and release after a number of hindpaw treatments in an 

attempt to clarify the primary determinants of the SPLI content of small diameter 

primary afferent neurons, and how that content changes during nocicepti-on. 
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Review of Related literature· · 

Substance P and its Metabolism 

Substance P is an eleven amino acid peptide found throughout 

the nervous system and gut. It was partially purified from horse intestine in 1931 

by van Euler and Gaddum (1931) and was later purified from hypothalamic tissue 

by Chang and Leeman (1970). Its amino acid sequence was determined in 1971 

(Chang and Leeman 1971) and is shown below: 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

The carboxyl terminal of the molecule (-Met) is amidated; this amide group has 

been shown to be derived from an adjacent glycine residue removed during 

enzymatic post-translational processing (Bradbury et al. 1982). Kanazawa and 

Jessell (1976) used radioimmunoassay (RIA) t~ determine that SP is found in high 

concentrations in the central nervous system, especially in the substantia nigra and 

the dorsal horn of the. spinal cord. In the dorsal horn, SP is found primarily in the 

central terminals of small lightly myelinated .(Ad) and unmyelinated (C) primary 

afferent fibers (Barber et al. 1979; Barbut et al. 1981; Hokfelt et al. 1975). The 

vast majority of dorsal horn SPLI disappeared after dorsal rhizotomy or ligation of 

prima.ry afferents (Barber et al. 1979; Barbut et al. 1981). Only about 20% was 

contained in intrinsic or descending neurons ( Jessell et al. 1979). Some evidence of 

SP containing interneurons in the dorsal horn has been provided, but Homma et 

al. (1979) demonstrated that the SP content of dorsal horn tissues remained 

unchanged when intrinsic neurons were destroyed by the occlusion of spinal blood 

supply. 

The turnover of SP in the dorsal horn has been shown to be more complex 

than that of the classic neurotransmitters such as acetylcholine or the biogenic 

amines, whose enzymatic synthetic mechanisms exist entirely in the nerve terminal. 

SP is synthesized in the cell bodies of primary afferents found in the dorsal root. 

ganglia (DRG). Since it is a peptide, its synthesis relies on transcription and 

2 



translation of much larger precursor proteins· which are processed to produce the 

free SP molecule. Nakanishi ·and coworkers deduced the sequence of the 

preprotachykinin-A (PPT-A) mRNA. signal (Nawa et al. 1983) and demonstrated 

that differential RNA splicing produces three different SP precursor mRNAs: 

alpha-, beta-, and gamma- PPT-A mRNA (Kawaguchi et al. 1986; Nawa et al. 

1984): The presence of the sequence coding for SP was confirmed in these 

precursors by Krause and co-workers using synthetic oligonucleotide probes 

(Krause et al. 1987). Two of the precursors also contained the sequence for 

neurokinin A (substance K); alpha-PPT-A contained only the sequence for SP. 

Krause and his co-workers also investigated the early post-translational processing 

events of the precursors and found that all three proteins were translated and 

presented to secretory pathways for signal peptide removal (MacDonald et al. 

1988). This resulted in the secretion of multiple tachykinins when the precursor 

mRNAs were expressed by recombinant cells in culture (MacDonald et al. 1989). 

.... ., 

The supply of SP in the nerve terminal has been shown to be dependent on 

axonal transport. Harmar and coworkers investigate~ SP synthesis and transport 

using pulse-chase experiments which followed the incorporation of radiolabelled 

praline and methionine into SP in an in vitro DRG-dorsal root-peripheral nerve 

preparation (Harmar et al. 1981, 1982). It was found that SP is synthesized in the 

DRG with a lag time of 1-2 hours between injection of the label and appearance 

of labelled SP. This was consistent with the presence of a larger precursor protein 

which is processed into SP (Harmar et al. 1981 ). Transport of SP by both fast and 

slow axonal transport mechanisms toward both the central and peripheral nerve 

terminals was· also shown. In that study there was no evidence of intra-axonal SP 

formation. The turnover tim·e in 6mm axon segments was found to be about 3.6 

· hours, and four times as much SP was transported toward the peripheral terminal 

than to the cen.tral terminal (Harmar and Keen 1982). The difference in 

peripheral and central_ SP transport was confirmed by MacLean, who also found 

no evidence of intra-axonal SP precursor processing (MacLean 1987). Kream and 

his coworkers generated a polyclonal antibody directed toward C-terminal 
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extended forms of SP predicted by the precursor sequences. These antibodies 

have been used both for immunohistochemistry and RIA to demonstrate the 

presence of precursor forms of SP in spinal cord and brain stem (Kream, et al. 

1985). It was shown that the localization of precursor immunoreactivity in the 

dorsal horn closely resembled that of SPLI, indicating that the precursors may also 

be present in axons and terminals. These findings suggested that there may be 

intra-axonal or te~inal processing of the precursors into SP. Thus, there exists 

some controversy as to whether PPT is converted to SP throughout the neuron, or 

only in restricted sites such as the cell body or nerve terminal. 

It is unclear which specific enzymes are responsible for the inactivation of 

the effects of SP in the dorsal horn. Many endopeptidases derived from whole 

brain or gut preparations are capable of catabolizing SP. Membrane-bound · 

enzymes are most likely responsible for the synaptic degradation of SP, although 

the nature of the physiologically relevant catabolic pathway is unknown. Attention 

has -centered on three enzymes which degrade SP. Su~stance-P-degrading enzyme 

(SPDE, also known as SP endopeptidase) purified from human brain produced SP 

degradation products similar to those produced by a synaptic membrane 
I 

preparation (Lee et al. 1981). The immunohistochemical localization of SPDE also 

closely paralleled that of SPLI containing fibers in the dorsal horn (Probert and 

Hanley 1987). Endopeptidase 24.11, purified from synaptic membranes, has been 

shown to have effects similar to those of SPDE in producing N-terminal SP 

fragments (Matasas et al. 1983). Post-praline cleaving enzyme has been shown to 

cleave SP into the 1-4 and 5-11 amino acid fragments, both of which are 

biologically active (Blumberg et al. 1980). It has been sugge~ted that this enzyme 

may play an important role in producing synaptically active forms of SP (Blumberg 

et al. 1980). N-terminal SP fragments were found in rat CNS (Sakurada et al. 

1985), and SP 1_7 potentiated nociception in the tail-flick test (Cridland and Henry 

1988). Most SP C-terminal fragments found in the rat. ~NS have been shown to 

co-elute in gel elec~rophoresis with SP 5_11 (Sakurada et al. 1985). A metabolically 

protected SP 5_11 analogue, DiMe-C7, produced locomotion when injected into the 



s 
ventral tegmental area of rats (Eison et al. 1982). Howeve·r, it has been shown 

that pyroglutamic5-SP 5_11, the naturally-occurring cyclized SP 5_11 metabolite, was not 

present in the potassium stimulated release products of isolated rat spinal cord 

(Akagi et al. 1980). SP7_11 has been shown to have a long-lasting effect of 

decreasing nociceptive responses in the rat (Cridland and Henry 1988). Thus, SP 

and its catabolic products may act as neurotransmitters or modulators in the spinal 

cord. 

SP Release 

Perhaps the most widely studied aspect of SP turnover has been its release 

into the dorsal horn from primary afferent terminals. Many methods have been 

devised to collect and measure the SP released from the spinal cord. Originally, 

investigators were limited to in vitro methods such as those used by Otsuka, where 

spinal cord tissue was removed from an animal and placed in a perfusion chamber 

(Otsuka and Konishi 1976). The tissue was tnen perfused with a modified Krebs 

buffer and RIA used to measure SPLI in the collected perfusate. Similar methods 

have been used by other investigators (Lembeck and Donnerer 1981; Pang and 

Vasko 1986). In the late seventies, Yaksh and his coworkers developed an in vivo 

method which allowed such manipulations as stimulation of intact peripheral 

nerves and higher brain centers (Yaksh et al. 1980). Concentric intrathecal 

cannulae were inserted into the intrathecal space of rats or cats, with terminations 

at the ce_rvical cord and lumbar enlargement. The entire spinal cord surface was 

perfused with artificial cerebrospinal fluid (CSF) at about l00µVmin and assayed 

using RIA This push-pull perfusion method has been used to show the release 

patterns of not only SP (Go and Yaksh 1987, Yaksh et al. 1980) but other spinal 

cord neurotransmitters such as met-enkephalin (Yaksh and Elde 1981) and the 

monoamines norepinephrine and serotonin (Yaksh and Tyce · 1980). In similar 

experiments, Satoh a.nd his coworkers developed an alternative method of dorsal 

horn perfusion whereby a small (28 ga.) concentric push-pull cannula was 

introduced directly into the dorsal horn of the lumbar enlargement of rabbit spinal 



cord (Kuraishi et al. 1983). Artificial CSF was introduced at & slower rate than in 

""".hole-cord perfusions (50µ1/min), withdrawn, and assayed for SPLI using RIA 

This provided a more localized perfusion of a smaller area of spinal tissue, 

allowing manipulations of a relatively small .pertpheral receptive field to be 

measured more directly than with Yaksh's method. This method has been used to 

determine the effects of many different treatments on SP release (Hirota et al. 

1985; Kuraishi et al. 1983, 1985a,c, 1989). It has also recently been modified for 

use in the rat (Oku et. al. 1987b ). 

6 

The mo~t recent developments in SP release studies have involved the use 

of antibody microprobes and dialysis tubing. In 1986 Duggan & Hendry pioneered 

the use of antibody;.coated microprobes to locate and measure SPLI release in 

spinal cord tissue (Duggan et al. 1987). This method has been useful for locating 

.sites of SPLI release more precisely than push-pull methods: However, 

quantitative measurement of released SPLI still relied on the densitometry of 

autoradiograms produced by exposing the probe tips to x-ray film after incubation 

with 1251 labelled SP (Hutchison and Morton 1989). Brodin et al. (1987) showed 

that ~PLI release could also be measured using a small microdialysis probe with a -

very slow (3.5 µI/min) perfusion rate and a very sensitive RIA for SP. This method 

could cause less tissue damage than larger concentric push-pull cannulae. The 

dialysis membrane should also exclude large molecules such as proteins from the 

assayed perfusate. For these reasons, Brodin suggested that the use of 

microdialysis probes will be more useful than previous methods (Brodin et al. 

1987). 

Larson and her coworkers recently developed a method of threading a 

partially coated dialysis fiber through the dorsal horn of a rat, which allowed them 

to measure amino acid concentrations in the spinal cords of conscious, freely 

moving rats (Skilling et al. 1988; Smullin et al. 1990). This group has measured SP· 

release in dorsal horn using this technique, although evoked changes in SP release 

patterns following peripheral manipulations have not been demonstrated (AA 

Larson, personal communication). Local damage to the spinal cord was substantial 
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due to the large size of the dialysis fiber (200 µ.m) relative to the dorsal horns 

through which it is threaded. Such damage may limit the usefulness of this 

method. Also, push-pull perfusion techniques have been shown to yield a much 

higher recovery of peptides than microdialysis techniques (DeMesquita et al. 

1989). Most SP release data has been gathered using the more reliable push-pull -

perfusion methods. 

Measurements of SP release in the spinal cord by different methods and 

investigators have been relatively consistent. A resting release of SP has been 

found consistently (Brodin et al. 1987; Duggan et al. 1987; Go and Yaksh 1987; 

Hirota et al. 1985; Kuraishi et al. 1983, 1985a,c, 1989, Oku et al. 1987b ). SP · 

release has been stimulated via addition of potassium ( 40;.S0 Mm) to the perfusate 

(Pang and Vasko 1986; Yaksh et al. 1980) or a number of different peripheral 

manipulations including electrical stimulation of the sciatic nerve (Brodin et al. 

1987; Go and Yaksh 1987; Yaksh et al. 1980), noxious mechanical pinch of the 

hindpaw (Hirota et al. 1985;. Kuraishi et al. 1983, 1985c, 1989), or adjuvant

induced arthritis of the hindpaw (Oku et al. 1987b ). Perfusion with calcium-free 

CSF or CSF containing tetrodotoxin blocked SP release, which indicated that SP 

release was dependent both on calcium and electrical activity (Kuraishi et al. 

1989). Satoh and his co-workers suggested that there be some degree of stimulus 

specificity in the production of SP r~lease; in their studies SPLI was released 

following noxious mechanical but not noxious thermal stimuli (Kuraishi et al. 

1985a ). This finding was confirmed by Tiseo et al. (1990). However, in a more 

recent study by Kuraishi et al. (1989); SP_ release was demonstrated at stimulus 

temperatures over s·ooc. SP release evoked by thermal stimuli' has been 

demonstrated by other investigators (Duggan et al. 1987; Go and Yaksh 1987). 

Thus, there is some controversy as to whether noxious heat results in the release 

of SP in dorsal horn. Application of intense thermal stimuli could evoke ·the 

release of inflammatory substances. This may activate chemogenic nociceptors that 

are insensitive to less severe thermal stimuli. 
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Factors Influencing SP Release 

There is a wealth of evidence that has indicated that SP release is under 

the control of systems which descend from higher brain centers. The "gate control·· 

theory, which included tonic descending control of afferent activity, was first 

proposed in the mid sixties (Melzack and Wall 1965). Since then, systems which 

descend from various brain centers have been identified which modulate SP 

effects in the dorsal horn via a number of different neuromediators. Much of the 

research has centered on the actions of the· biogenic amines and opiates in the 

spinal cord. Alpha-noradrenergic agonists produced hypoalgesia in behavioral 

assays of pain (Hylden and Wilcox 1983a; Kuraishi et al. 1985b; Sagan and 

Proudfit 1984) and decreased SP release in the spinal cord (Go and Yaksh 1987) 

and dorsal horn (Kuraishi 1985c). Serotonin altered pain-related behavior due to 

formalin or in the tail-flick test (Eide et al. 1987; Fasmer et al. 1987) but did not 

decrease potassium stimulated SPLI release from spinal cord slices in vitro (Pang 

and Vasko 1986). Opiate agonists such as morphine have been shown to decrease 

pain related behaviors due to subcutaneous formalin injection (Hunskaar et al. 

1987; Sugimoto et al. 1986) or intrathecal SP injection (Hunskaar et al. 1985b; 

Hylden and Wilcox 1983a), and to produce hypoalgesia in the tail-pinch, tail-flick, 

and hot-plate tests (Kuraishi et al. 1~85b ). In addition, calcitonin gene~related 

peptide (CGRP, Oku et al. 1987a) and cholinergic agonists (Smith et al. 1989) 

have been shown to alter SP release and content in the dorsal horn, respectively. 

It has been shown that SP levels and release are also under the influence 

of spinal opiate systems which exist in the spinal cord (Zieglgansberger 1980). 

Opiate receptor binding in the dorsal horn decreased following dorsal rhizotomy 

(LaMotte et al. 1976), which suggested that opiate receptors are localized on 

primary afferent termittals. Dorsal horn cell activity evoked by nociceptive stimuli 

was suppressed by morphine applic<:1tion to the spinal cord (Duggan et al. 1977; 

Kitahata et al. 1974; Satoh et. al. 1979). Also, morphine blocked pain-related 

behaviors in various assays of nociception (Dubuisson and Dennis 1977; Hunskaar 

et al. 1985b, 1987; Hylden and Wilcox 1983a,b; Kuraishi et al. 1985b; Sugimoto et 
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al. 1986; Yaksh and Rudy 1977). -Chronic morphine irijections increased the SPLI 

content of the dorsal horn (Vacca et al. 1980). Morphine and some opioid 

peptides have been shown to inhibit SPLI release from spinal cord slices perfused 

in vitro (Leinbeck 'and Donnerer 1985; Pang and Vasko 1986), sensory neurons 

grown in cell culture (Mudge et a!. 1979), and from the spinal cord in vivo (Go 

and Yaksh 1987; Hirota et al. 1985; Kuraishi et al. 1983). µ and d opiate agonists 

were generally effective in blocking SPLI release evoked by any stimulus. The K 

agonist dynorphin had no effect on the SPLI release evoked by noxious 

mechanical stimulation (Hirota et al. 1985) or electrical stimulation of the sciatic 

(Go and Yaksh 1987). However, Tiseo et al. (1990) have demonstrated the ability 

of K agonists to inhibit 'the SPLI release evoked by noxious cold stimulation of the 

tail. It has been proposed that noxious stimuli may slowly activate the descending 

opioid pathways which control nociception (Sugimoto et al. 1986) and that 

activation of nociceptive pathways evokes the release of a naloxone antagonized 

antinociceptive subs
0

tance (i.e., endogenous opiates) from interneurons (Henry 

1983). In support of this, it has been shown that endogenous opioi~ peptides are 

released following a nociceptive stimulus, and that this segmental antinociceptive 

system was not inhibited by cold block of the cervical spinal cord (Yaksh and Elde 

1981). Similarly, formalin injected into the hindpaw of a rat stimulated a 

segmental release of met-enkephalin in the spinal cord (Bourgoin et al. 1990), and 

injection of Freund's complete adjuvant increased met-enkephalin levels in the 

dorsal horn (Faccini et al. 1984). These findings led to_ the conclusion that one 

role of these peptides may be to limit SP release and the transmission of 

nociceptive information. 

Nociceptive Stimuli and SP 

The peripheral receptors which respond to noxious stimuli have been 

grouped into three classes: high-threshold mechanoreceptors, high-threshold 

thermoreceptors, and polymodal nociceptors, which far outnumber the former two 

types and have been shown to respond to intense thermal, mechanical, or 



chemical stimuli (Bessou and Perl 1969). These nociceptors were found to exist on 

Ao and C fibers which terminate in Rexed laminae. I and II of the dorsal horn of 

the spinal -cord (Barber et al. 1979, Bessou and Perl 1969). None of these 

peripheral nociceptors has been shown to adapt to their adequate stimulus; thus, 

primary afferent fibers responding to noxious stimuli remain activated for the 

entire duration of the stimulus. Action potentials which traverse these activated 

primary afferent fibers ultimately cause the release of SP in the dorsal horn, 

leading to the activation of second-order neurons which have been shown to 

ascend the spinal cord and convey nociceptive information to higher brain centers 

(Henry 1976). The actions of SP in the spinal cord have be~n widely accepted as 

being involved in nociception (see Henry 1980; Pernow 1983). There is a large 

body of evidence which has associated intrathecal injections of SP with nociceptive 

behavior (Hylden and Wilcox 1983a; Piercey et al. 1981) and decreased 

nociceptive threshold (Doi and Jurna 1981; Hylden and Wilcox 1983b ). However, 

there have been questions raised as to the purely nociceptive effects of intrathecal 

SP injection. (Bossut et al. 1988a,b; Frenk et al. 1988a,b ). 

A variety of noxious stimuli have been developed to activate nociceptors. 

Typical assays for thermal nociception have included the tail-flick and hot-plate 

tests. In studies using the tail-flick test, an intense light beam was focused on the 

tail of a rat, heating the tail until the rat "flicked" it away from. the light beam (Doi 

and Jurna 1981; Eide et al. 1987; Kuraishi et al. 1985b; Sagan and Proudfit 1984; 

Yaksh and Rudy 1977). The hot-plate test has measured the time until an animal 

raised or licked a paw when placed on a heated surface (Eide et al. 1987; Kuraishi 

et al. 1985b; Sagan and Proudfit 1984; Yaksh and Rudy 1977). Tail-flick and hot

plate latencies are widely considered to be highly reproducible measures of 

thermal nociceptive threshold (Doi and Jurna 1981; Eide et al. 1987; Kuraishi et 

a!. 1985b; Sagan and Proudfit 1984; Yaksh and Rudy 1977). Noxious heating of 

the skin using a light beam (Go and Yaksh 1987; Kuraishi et al. 1989) or hot 

water (Duggan et al. 1977) has been used to stimulate. SP release in the dorsal 

horn. The most common noxious mechanical stimulus has been a pinch delivered 
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with forceps to the paw (Oku et al. 1987a; Yaksh and Rudy 1977) or tail (Kuraishi 

et al. 1985b ). The nociceptive threshold was measured as the force of pinch 

(glmm2
) which produces vocalization. The Randall-Selitto test has also been used 

as an assay of mechanicc;il nociceptive threshold. It has used a device which applies 

mechanical pressure to the hindpaw at a constantly increasing rate until the 

animal struggles or vocalizes (Randall and Selitto 1957). Mechanical measures of 

nociceptive threshold are considered to be consistent and reproducible (Kuraishi 

et al. 1985b; Yaksh and Rudy 1977). Noxious pinch has also been used to 

stimulate SP release in the dorsal horn (Hirota et al. 1985; Kuraishi et al. 1983., 

1985a, 1989). Thermal and mechanical nociceptive thresholds have been shown to 

be altered by spinally administered opiates (Yaksh and Rudy 1977) or adrenergic 

drugs (Kuraishi 1985b; Sagan and Proudfit 1984). 

The formalin test has been widely accepted as a model of subchronic 

chemogenic pain (Dubuisson and Dennis 1977; Hunskaar et al. 1985a; Sugimoto 

et al. 1986) The effects of formalin, which last longer than 24 hours (the limit of 

"acute" effects) are termed subchronic (subchronic refers to adverse effects with 

duration not exceeding 10% of the -life span; Chan et al. 1984). It was developed 

by Dubuisson & Dennis at McGill University as a method to screen analgesic 

drugs, and utilized scaling techniques to assess pain-related behaviors including 

paw-licking, scratching and biting, and ·lifting the injected paw off of the floor 

(Dubuisson and Dennis 1977). Other investigators have since measured other less 

subjective variables such as the amount of time spent licking the paw (Hunskaar 

et al. 1985a,b, 1987; Sugimoto et al. 1986). Injection of dilute formalin into the 

paw of animals has been shown to produce a biphasic response with both early 

and late phases of pain-related behavior (Dubuisson and Dennis 1977; Hunskaar 

et al. 1985a,b, 1987; Sugimoto et al. 1986). This biphasic response to formalin is 

remarkably similar among different investigators and various methods of

measuring nocice.ption (Dickenson and Sullivan 1987a,b; Dubuisson and Dennis 

1977; Holland and Goldstein 1990; Hunskaar et al. 1985a,b,1987; Sugimoto et al. 

1986). The peaks in pain-related behavior have been shown to be differentially 
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responsive to analgesics with different mechanisms of action; both peaks can be 

attenuated by centrally acting drugs_ such as morphine but only the late peak can 

be blocked by peripherally acting anti-inflammatory drugs (Hunskaar and Hole 

1987). This has led to the ·conclusion that the initial increase in pain-related 

behavior is due to direct nociceptor activation, and the later increases are due to 

the actions of inflammatory responses which develop in the hind paw. It has also . 

been shown that formalin injection into the hindpaw produces an increase in the 

amount of immunoreactive SP in the dorsal horn after one hour (Kantner et al. 

1985). The development of this increase has been shown to be dependent on both 

electrical activity and transport in the primary afferent neuron (Ka·ntner et al-. 

1986). These findings suggested that dorsal horn SPLI increases may have been 

due to SP contained in primary afferent neurons rather than intrinsic or 
I 

descending neurons. Other inflammatory substances such as carrageenan (Kocher 

et al. 1987) and Freund's complete adjuvant (Chery-Craze et al. 1985; Lembeck et 

al. 1981; Minami et al. 1989) have been used to induce subchronic or chronic 

nociception in the rat, but their effects on SP metabolism in primary afferent 

neurons have not been characterized as well as those of formalin. Formalin 

remains the agent most often used to induce subchronic nociception. 

Electrophysiological studies have demonstrated similar biphasic increases in 

the excitability of dorsal horn cells following formalin injection into their receptive 

fields (Dickenson and Sullivan 1987a,b; Sotgiu 1989). These increases in activity 

have been blocked by either peripherally applied lidocaine (Dickenson and 

Sullivan 1987a) or centrally acting analgesics (Dickenson and Sullivan 1987b). 

Using opiate agonists and naloxone to affect selectively the early and late 

responses to formalin, Dickenson & Sullivan have shown that development of the 

late phase is dependent on expression of the early phase increase in dorsal horn 

cell activity (DickensC?n and Sullivan 1987b ). Thus, central events have been shown 

to influence the response to peripheral formalin inj~ction, and peripheral · 

inflammation may not have been the only cause of the late increases in activity.

Actions of the endogenous opia'tes in the dorsal horn may have played a crucial 



role in the development of the formalin response. In support of this, naloxone has 

been shown to potentiate pain-rela~ed behavior due to either intrathecal SP 

injection (Matsumura et al. 1985) or formalin injection (Sotgiu 1989), and to 

increase stimulus evoked SPLI relea~e (Go and Yaksh 1987). However, recent 

reports using microdialysis probes to measure local SPLI release in the dorsal 

horn have not confirmed this observation (Hutchison and Morton 1989)'. The 

antinociception produced by intrathecal injection of microgram quantities of SP 

was decreased by naloxone (Doi and Jurna 1981). All of these naloxone effects 

have been consistent with the ability of naloxone to block an endogenous opioid 

system, where naloxone inhibited the spinal actions of opiates and their effect of 

decre'asing SP release. 

Speci.ic Aims and Rationale 

This information led to the hypothesis that small diameter primary afferent 

neurons regulate the increases in SP levels and release in the dorsal horn during 

nociceptor activation In order to test this hypothesis, the following specific aims 

were proposed: 

1. To determine the effects of morphine. and naloxone on_ formalin-induced 

changes in dorsal horn SPLI. This would be accomplished by using 

immunohistochemical methods to· measure the SPLI of dorsal horn tissues 

removed from animals at various times after application of a stimulus to the 

hindpaw of animals injected with morph_ine or naloxone. 

2. To determine the changes in SPLI release patterns from primary afferent 

terminals before, during, and after acute (mechanical pinch) and subchronic 

(formalin) nociceptor activation. This would be accomplished by using a local 

push-pull perfusion of the lumbar dorsal horn with artificial CSF followed by RIA 

of the collected perfusates to determine their SPLI content. 

3. To determine the changes in DRG, dorsal root, and dorsal horn SPLI content 

before and after the same types of acute and subchronic nociceptor activation 

used in release studies. This would be accomplished by preparing extracts of the 
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appropriate tissues from animals receiving a nociceptive stimulus and using RIA to 

determine their SPLI content. 

The immunohistochemical studies in this ·project were undertaken in order 

to further the understanding of nociception-induced dorsal horn SPLI changes 

described by Kantner (Kantner et al. 1985,1986). Those previous studies described 

increases in dorsal horn SPLI one hour after formalin injection into the hindpaw, 

but the bulk of Kantner's work concentrated on the contribution of electrical 

activity and axoplasmic transport in primary afferent neurons to these changes 

, (Kantner et al. 1986). The initial goal was to attempt to demonstrate the reversal 

of these nociception-induced increases in SPLI by morphine, an agent with 

analgesic properties. Naloxone would be used to demonstrate that the effects of 

MS on SPLI were receptor mediated. It was felt that increases in 

immunohistochemically measured SPLI could be ~ndicative of either increased 

release or increa_sed termil).al content. Since formalin caused an increase in SPLI, 

morphine (which blocks the evoked release of SP from primary afferents) might 

reverse this increase if the SPLI was indicative of increased SP release. 

Studies of other investigators came to our attention which showed effects of 

naloxone, an opiate antagonist, on both the release of SP from primary afferent 

neurons (Go ap.d Yaks~ 1987) and the behavioral response to a formalin stimulus 

(Sugimoto et al. 1986). · These studies demonstrated that endogenous opiate 

systems may modulate the effects of nociception on dorsal horn SPLI changes. 

Thus, the second set of immunohistochemical studies were undertaken to 

determine the time course of SPLI changes in the dorsal horn during the first hour 

after formalin injection, a time during which nociceptive behaviors and dorsal horn 

cell excitation both show biphasic increases. It was also decided to investigate the 

effects of naloxone on the SPLI ·changes induced by formalin; the rationale for this 

study was to elucidate the role that endogenous opiate systems may play in the 

development of those •'changes. 

It was at this juncture that the remainder of the study was planned. It was 

hypothesized that small diameter primary afferent neurons ~egulate the increases 
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in SP levels and release in the dorsal horn during nociceptor activation. In order 

to investigate the dynamics of the response of SP containing neurons to both acute 

and subchronic (longer-lasting) peripheral nociceptor activation, two specific 

studies were proposed. First, the changes in the release patterns of SP from 

primary afferent terminals would be measured before, during, and after acute 

(mechanical pinch) and Subchronic (formalin) nociceptor activation. Second, the 

changes in dorsal root ganglion, dorsal root, and dorsal horn SPLI content would 

be determined using RIA before and after the same types of nociceptive stimuli. 

The rationale for these studies lay in the .probability that the primary determinant 

of SPLI levels in primary afferent neurons was either SP synthesis or release._ 

The release studies were planned in order to determine how nociceptive 

activation of small diameter primacy afferent neurc:ms alters their SP release and, 

_ in conjunction with the content study, how release affects the SP content of 

primary afferent neurons. A local push-pull perfusion of the lumbar dorsal horn 

was chosen for this study; it was felt that this method would be more sensitive to 

changes produced by peripheral manipulations of the hindpaw than whole-cord 

perfusion techniques. The release studies would also be important in that they 

would determine how the changes due to nociception develop over time. The 
"' 

resulting time courses could then be used to determine at what times SPLI content 

should be measured after stimulus application. Applying a noxious pinch before 

and after formalin injection into the hindpaw could demonstrate the development 

of a hyperalgesic state and the resulting -changes in SPLI release patterns. 

RIA was chosen as the appropriate method to measure total_ SP content in 

order to complement the information already gained by immunohistochemical 

techniques. The meaning of histochemically measured SPLI content was not· 

thoroughly resolved, and the tissue extraction/RIA method was felt to be a more 

direct measure of SP content than histochemical techniques. 



General Methods 

Animals 

MATERIAI.S & METHODS 

Male (300-350 g) and Female (225-249 g) Wistar rats were obtained from 

Harlan Industries, Inc. The rats were housed individually in an environmentally~ 

controlled room with a 12 hour light-dar~ cycle, and were supplied with food 

(Wayne Rodent Blocks) and tap water, ad libitum. All procedures using animals in 

these projects followed institutional guidelines and were reviewed and approved by 

the Medical College of Georgia Committee on Animal Use for Research and 

Education. Due to the use of both male and female rats in this project, the naive 

and formalin-evoked SPLI levels in male and female rats were ·compared _and no 

apparent differences were seen (data not shown). 

Immunohistochemical Staining for Substance P 

A schematic representation of a representative immunohistochemical 

experiment is shown in Figure 1. At various time points following hindpaw 

treatment, rats were perfused for approximately 10 minutes via the dorsal aorta 

with cold 4% paraformaldehyde after being flushed with 0.9% saline containing 

1 % heparin. A laminectomy was then performed and the lumbar enlargement of 

the spinal cord removed. The tissue was postfixed in_ perfusion solution at 4 °C for 

90 minutes, mounted in embedding medium, and frozen in liquid nitrogen. Froze·n 

tissue was stored for 1 hr to 5 days at -70 °C before immunohistochemical 

processing. 

lmmunostaining for substance P was performed according to a 

modification of the peroxidase-anti peroxidase (PAP) method of Sternberger 

(Sternberger 1979), using a primacy antibody which does not cross react with 

16 



Figure 1 Experimental protocol - Immunohistochemistry. A schematic 

representation of an experiment designed to measure dorsal hom 

SPLI in a rat pretreated subcutaneously with naloxone 10 mg/kg or 

saline 1.0 ml/kg 30 minutes before injection of 400 µl of formalin 

into the hindpaw. In, this experiment SPLI was measured 60 minutes 

after formalin injection. For details, see methods. 
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neurokinin A, neurokinin B, eledoisin, cholecystokinin-8, serotonin, somatostatin, 

leu-enkephalin, met-enkephalin, neurotensin, or VIP (Incstar). Ten micron frozen 

sections were cut from the L4-L6 region of the spinal cord and mounted on 

chromium-gelatinized glass slides. All immunochemicals were applied to sections 

dropwise with a Pasteur pipette, and all incubations were carried out at room 

temperature, except as noted, in a humidified opaque slide box. Briefly, the 

following incubations were used:(l) 3% normal goat serum (Polysciences) for 

thirty ~inutes; (2) primary antisera 1:1000 (rabbit anti-SP, Immunonuclear) 16-24 

hours at 4 °C, last two hours at room t~mperature; (3) goat anti-rabbit IgG 

(Polysciences) 1:10 for 50 minutes; (4) peroxidase-antiperoxidase-(PAP) complex 

(ICN) 1:50 for 50 minutes; (5) 3,3' diaminobenzidine tetrahydrochloride 

(Polysciences) 10 mg in 20 ml 0.5 M Tris buffer (pH 7.6) plus 0.66 ml 0.3% H 20 2 

for five minutes. After each step ~he slides were washed (twice, for five minutes 

each) in· phosphate buffered saline (pH 7.2). After the last step they were rinsed 

i11, distilled water, dehydrated, and coverslipped using Permount. All antisera were 

from identical lots and all groups were developed concurrently with tissues from 

saline-saline animals to assure consistency of the degree of staining. 

The resulting substance P-like immunoreactivity (SPLI) was measured 

using an optical densitometric method ( see Figure 2). A Zeiss manual photometer 
C ., 

was used with a 16X objective and a 1.25 mm aperture which? at this 

magnification, closely approximated the depth of the upper two la~inae of the 

dorsal horn. For each tissue section an average of thirteen optical density readings 

was taken across the extent of each of the right and left dorsal horns and values 

averaged separately for each horn. To control for variations in the degree of back

ground staining, the dorsal columns of each section were defined as zero optical 

density. At least three tissue sections with intact morphology and complete 

integrity of staining were chosen from each animal and similarly measured. The 

optical density values for right and left horns were averaged separately for each 

animal, and then for the three_ animals in each group. The amount of PAP 

reaction product measured by the photometer is exponentially related to the 



Figure 2 Microdensitometry technique. An iJlustration of the procedure used 

to quantify the intensity of SPLI in the dorsal hams of rats receiving 

a specific treatment The schematic drawing depicts a spinal cord 

section showing the upper two laminae of the dorsal horns and the 

area covered by 12 sequential optical density readings taken across 

each hom. The use of a 1.25mm aperture with a 16X objective 

closely approximated the width of the upper two laminae of the 

dorsal hom. 

For each dorsal hom, 12 optical density readings were taken, and 

the average of those readings represents the optical density of that 

particular tissue section. Three tissue sections were read for each 

animal, and three animals were typically used for each treatment. 

The optical densities of ipsilateral and contralateral dorsal hams 

were averaged separately. For details, see methods. 



MICRODENSITOMETRY TECHNIQUE FOR EACH TREATMENT: 

12 OPTICAL Dt::NSITY READINGS TAKEN ACROSS LAMINAE 1&2 
OF EACH HORN FROM EACH SECTION: 

IPSILATERAL 
(Right) Dorsc1I Hori, 

Reading if 2 3 4 ~ 6 7 8 9 10 11 12 

Optical · 
Density .056 .059 .049 .061 .056 .067 .075 .063 .059 .056 .056 .052 

Section Mec.1i1 0.0. = .05 7 

CON7" GA LATERAL 
(Left) Dorsal Horn 

Reading # 2 3 4 5 6 7 8 9 10 11 12 

Optical 
Density .046 .049 .05 7 .051 .049 .052 .045 .036 .050 .042 .041 .048 

Section Mean 0.0. = .04 7 

3 SECTIONS READ FOR EACH ANIMAL: 

Section # 2 3 Section # 2 3 

Animal Animal 
Avg. 0.0. .057 .058 .060 Avg. 0.0. .047 .042 .057 

3 ANIMALS READ FOR EACH TREATMENT VALUE: · 

Animal# 2 3 Animal # 2 3 

1 Avg. 0.0. .0583 .0433 .054 Avg. 0.0. .0488 .0377 .03651 

TREATMEN-:- O.D. VALUES: 

IP SI LATERAL 

.0519 ± .0045 

CONTRALATERAL. 

.0410 ± .0039 
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amount of SP antigen present in the tissue; thus, significant differences in 

measured SPLI are felt to be indicative of even greater differences in tissue SP 

content (Kantner et al. 1986). 

Dorsal Horn Perfusion 

20 

SPLI release was studied using a modification of a method described by 

Oku et al. (1987b ). Male Wis tar rats (300-350 g) were anesthetized with 

halothane, immo_bilized with succinylcholine, and artificially respired. A dorsal 

laminectomy was performed to expose the lumbar enlargement. The laminectomy 

was extended rostrally about 1 cm to provi~e a space where an acute spinal 

transection was performed. A carotid arterial cannula was inserted through which 

blood pressure was monitored throughout the experiment. The rat was then 

decerebrated at the level of the colliculi and the anesthetic removed. Following 

surgery, the rat was placed in a spinal unit and body temperature 111aintained with 

a thermistor-regulated heating pad placed under the animal. The pia mater was 

opened and a push-puil cannula devised from two 27 ga needles was 

stereotaxically introd_uced into the dorsal horn at the entry zone of the fifth 

lumbar dorsal root, 1mm from the midline and approximately 700 µm deep. In 

each animal only one perfusion site was established. A peristaltic pump was used 

to· introduce and remove artificial cerebrospinal fluid (CSF) through the cannula 

at a rate of 30 µVmin (see Figure 3). The artificial CSF contained NaCl (128.5 

mM), KCl (3.0 mM), NaHCO3 (21.0 mM), NaM2PO4 (0.25 mM), glucose (3.4 

mM), CaC12 (1.15 mM), MgC12 (0.8 mM), bestatin (10 µM), captopril (5 µM), 

leupeptin (1.0 µM), and chymostatin (1.0 µM). The CSF was bubbled with 95% 

O-i/5% CO2 to maintain a pH of 7.4 and warmed to 37 °C immediately before 

entering the cannula. Perfusion continued for at least one hour before collection 

of samples for RIA for SP (see below). Perfusates were collected directly into ice 

cold assay tubes which contained SP antisera. Samples (200 µl) were collected 

every 6.66 minutes into assay tubes. Following termination of the experiment, the 

location of the cannula tip in the dorsal horn was verified histologically. Animals 



Figure 3 Experimental design of release studies. A schematic representation 

of an experiment designed to measure evoked SPLI release in the 

dorsal horn of a rat. For details, see methods. 
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in which the perfusion area was outside of laminae I & II of the dorsal horn or 

with cardiovascular events which altered SPLI release (blood pressure spikes or 

drops of the mean below 50 mmHg) were excluded from the study. 

Radioimmunoassay for ~ubstance P 

In both the release and tissue content studies a specific and sensitive RIA 

for SP was used. This RIA was a modification of that described by Mroz and 

Leeman (1979). The primary antisera was procured from Peninsula Laboratories 

(Belmont, CA) and supplied as lyophilized powder. A dilution was chosen that 

yielded approximately 45% specific binding of the tracer added. The primary· 

antibody was diluted in RIA buffer such that enough antibody for 100 assay tubes 

was contained in 1 ml. These aliquots were then frozen and stored at -70 °C. At 

the time of the experiment, one aliquot was diluted to 10 ml with RIA buffer and 

100 µl aliquots were delivered to the assay tubes. 

The tracer used was 12jl-{Tyr8] Substance P as supplied by New England 

Nuclear (Boston, MA). It had a specific activity of approximately 2200 Ci/mmol 

and was diluted with RIA buffer such that 100 µl contained approximately 0.2 µCi. 

These aliquots were frozen and stored at -70 °C. At the time of the experiment 

each aliquot was diluted to 2 ml with RIA buffer and contained enough tracer to 

add approximately 15,000 cpm in a 100 µl aliquot to each assay tube. 

The assay buffer was a phosphate-b~ffered saline (pH 7.4) having the 

following composition: Na2HPO4 (9 mM), NaH2PO4 ( 41 mM), NaCl (0.14 M); 

Bovine serum albumin (0.75%), and NaN3 (0.02%). The albumin was used to 

prevent SP from binding to the assay tubes and sodium azide was used as a 

preservative. 

A stock solution of 1.28 X lff3 g SP/I was prepared using RIA buffer from 

which working standard dilutions were made. Aliquots (100 µl) of this solution 

were frozen and stored at -70 oC. Upon use, each aliquot was diluted to 5.0 ml, 

resulting in a standard solution with 2560 pg SP/100 µI. Serial twofold dilutions of 
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this stock were made in RIA buffer to yield SP standards ranging' from 2560 pg SP 

to 0.3 pg SP. 

Assay tubes containing no primary antisera were set up as nonspecific 

binding controls in triplicate at both the beginning and end of the assay, as were 

total binding control tubes which contained no unlabelled SP. At the end of the 

assay, three tubes were also added which contained only the tracer in order to 

determine the amount of tracer added to each tube. A standard curve was 

prepared in triplicate at the beginning of the assay, followed by a series of 

unknown samples in 100 µl aliquots. For release studies, standards, blanks, and 

total binding tubes each received 200 µl of CSF in order to match unknown 

samples. A 100 µl aliquot of diluted tracer containing approximately 15,000 cpm 

was added to each tube. This resulted in a reaction volume of 400 µl. Each tube 

was vortexed and the assay tubes covered with parafilm. The assay was 

refrigerated at 4 °C and allowed to incubate for 24-48 hours. 

An activated charcoaVdextran S\.lspension was used to precipitate the free 

tracer from the assay tubes for separation. This suspension was prepared in RIA 

buffer containing no albumin by adding dextran. T-70 (Pharmacia, 1 g/100 ml) to 

Norit activated charcoal (10 g/100 ml) which was being stirred. The resulting 

suspension was stored at 4 °C. Following incubation of the assay, 100 µl of, this 

suspension was added to each assay tube, followed by an additional 600 µl of RIA 

buffer. The tubes were vortexed briefly, allowed to stand for 15 minutes, and then 

centrifuged at 3000 rpm for 15 minutes in an IEC tabletop centrifuge refrigerated 

to 4 °C. This procedure precipitated the tracer which was not bound to antibody. 

The supernatant fluids, which contained the antibody-bound tracer, were decanted 

into clean tubes and counted in a Beckman gamma counter for ten minutes each. 

This procedure resulted in a total binding count of about 5000 cpm and blanks 

less than 500 cpm. 

Assay results were calculated by dividing the specific binding for each tube · 

(sample - blank) by the total specific binding (total - blank). This percent bound 

value for each of the standards was plotted versus log SP amount per tube to yield 
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a sigmoid binding curve, from which the amount of SPLI in unknown samples 

could be determined. Results have produced a standard curve with an IC50 (that 

SP amount which produces .50% displacement of specific tracer binding) of about 

35 pg/tube and a sensitivity (that SP amount which results in 10% displacement) 

of 2-4 pg/tube ( see Figure 4 ). 

For the SP assay, reactivity of the primary antisera to many SP-related 

peptides was determined. For each peptide, the molar IC50 was determined and 

the percentage molar cr?ssreactivity calculated by dividing that amount by the 

molar IC50 for SP. Dilutions of the various peptides were prepared in the 

appropriate RIA buffer and assayed as described above. Using this method it was 

determined that the SP primary antisera cross-reacts with other SP related 

peptides as follows: SP5_11, 30%; SP3-11, 19%; SP1_11, 14%; SP-G-Ks-13, 4.7%; SP1-4; 

less than 2.5%; and SP1--0, SP1_1, SP1_9, eledoisin, neurokinin A, neurokinin B, SP-Gi 

SP-G-K1_13, SP-G-K3-13, and SP-G-K1_13 all less than 1 %. These cross-reactivity 

values are relatively low compared to other suppliers' products and the 

information about this antisera provided by Peninsula, indicating that this is a 

specific and sensitive assay for SP. 

Experimental Design 

Immunohistochemical Studies 

Specific Aim: To determine the effects of morphine and nalaxone on formalin

induced changes in dorsal ham SPU 

Effects of Morphine and Naloxone on Dorsal Hom Substance P-Like 

Immunoreactivity 

Female Wistar rats (225-249 g), were pretreated with either morphine 

sulfate (MS) 10 mg/kg, naloxone hydrochloride 10 mg/kg (prepared in 0.9% sa

line), or 0.9% saline 1.0 mVkg injected subcutaneously (s.c.) into the dorsal aspect 

of the neck. The rats were then anesthetized with urethane (1200 mg/kg) and 30 
I 

minutes later 0.4 ml of either 5% formalin or 0.9% saline was injected s.c. into thL· 



Figure 4 Substance P Radioimmunoassay standard curve. A representative 

standard curve of the type used for both SPLI release and tissue 

content studies. Graph shows specific displacement of 125l-[Tyr8]-SP 

binding by unlabelled SP. For details, see methods. 



a 
.... 0 

a 
.-

_____._ ___ ..._ __ ___.___..____.._ ________ ...J....-.,.J ..-

0 
0 -

0 
aJ 

0 
(0 

0 
N 

0 a 



26 

middle plantar aspect of the right hindpaw. This resulted in seven treatment 

groups with n =3 in each group (pretreatment-hind paw). In order to determine the 

effects of nociceptive stimulation on SP levels in the dorsal horn, one group of 

animals pretreated with saline received formalin in the hindpaw (saline-formalin). 

The MS-saline group was used to determine the acute (1 hr.) effects of MS on SP 

levels. MS-formalin and naloxone-formalin groups were used to determine the 

effects of an opiate agonist a~d antagonist on SP levels during formalin-induced 

nociception. Saline-saline, and naloxone-saline groups were used as appropriate 

controls. An additional group was pretreated with morphine+naloxone in order to 

c:iemonstrate the specificity of the effects of morphine.· At 60 minutes following 

hindpaw treatment, the animals were perfused and the lumbar spinal cord 

removed and stained for SPLI ( see general methods, above). 

Effects of Naloxone on Time Course of Formalin Response 

Female Wistar rats (225-249 g), were anesthetized with urethane (1200 

mg/kg) and 0.4 ml of either 5% formalin or 0.9% saline was injected 

subcutaneously into the middle plantar aspect of the right hindpaw as a 

nociceptive stimulus. All animals were treated with either naloxone hydrochloride 

10 mg/kg (prepared in 0.9% saline), or 0.9% saline 1.0 mVkg injected subcuta

neously into the dorsal aspect of the neck. Pretreatment with saline or rraloxone 

occurred 30 minutes prior to hindpaw injection; in two groups of animals naloxone 

was injected two minutes following hindpaw injection. In order to determine the 

time course of SPLI changes in the dorsal horn following nociceptive stimulation, 

one group of animals pretreated with saline received formalin in the hind paw ( sa

line-formalin). Saline-saline animals served as appropriate controls. Additional 

groups were treated with naloxone before (naloxone-saline, naloxone-formalin) or 

after ( saline-naloxone, formalin-naloxone) hind paw injection in order to determine 

the differential effects of naloxone on stimulated SPLI levels. 

At 2, 10, 20 or 60 minutes following hindpaw treatment, the animals were 

perfused and the lumbar spinal cord removed and stained for SPLI ( see general 



methods, above). These time points were chosen on the basis of the time courses 

of formalin effects in behavioral and electrophysiological studies ( see 

introduction). Three animals were used at each time point. 

For the immunohistochemical studies, statistical significance was 

determined using analysis ~f variance (~OVA). Tukey's HSD test was used to 

perform post-hoc comparisons (although Dunnett's test is appropriate for multiple 

comparisons to a single control as in the morphine study, Tukey's HSD is a more 

stringent test which controls for all paired comparisons and is the appropriate test 

in the time course study. Tukey's can also be performed more easily with existing 

computer statistics packages). All comparisons were made to controls of the · 

homologous side. Significance was set at P < 0.05, and all values are reported as 

the mean ± S.E.M. 

Substance P Release Studies 

Specific Aim: To determine the changes in SPU release patterns from primary 

afferent terminals before, during, and after acute (mechanical pinch) and 

subchronic (formalin) nociceptor activation. 

For each experiment, SPLI release was monitored for sixty minutes prior to 

hindpaw treatment to establish a baseline control release rate for each animal. 

The rats ( male Wistar, 300-350 g) then received an injection of 100 µl of either 

5 % formalin or sterile saline into the plantar aspect of the hind paw, or one of 

three intensities of mechanical pinch. Low and medium intensity pinches were 

applied using small bulldog clamps with jaw opening weights of 50 g and 250 g, 

respectively. Each of these pinches was delivered for 30 seconds each minute for 

20 minutes to· various locations on the hindpaw and lower limb. A high intensity 

pinch was applied using a hemostatic forceps with a jaw opening weight of 

approximately 1,000 g applied once to the hindpaw for the entire 20 minute 

stimulus period. Jaw opening weights were measured by immobilizing one jaw of 

the forceps and hanging weights from the lower jaw until the weight necessary to 

just open the forceps was reached. All stimuli were applied to the hindpaw 
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ipsilateral to the site of dorsal horn perfusion. Each experimental subject received 

only one stimulus, with the exception of one group of animals in which the 

medium intensity pinch was applied ninety minutes after formalin injection. 

An experiment to determine the recovery of SP by the push-pull cannula 

was performed in which the cannula was immersed in a CSF solution containing 

SP and CSF moved through ·the cannula at the same rate as in animal 

experiments. The resulting cannula effluent was then assayed_ for SP content. 

When the push-pull cannula was inserted in a CSF containing 5.0 pg SP/100 µl, 

the resulting outflow was 2.8 ± 0.26 pg SPLl/100 µ.I. This corrnsponded to a 

percentage recovery of 56%. The release data were not adjusted using this value. 

SPLI release data were collected as pg SPLl/sample; in the figures, release 

data are shown as percent of baseline release and were compared to the sample 

period immediately preceding stimulus application. Analysis of covariance 

(ANCOV A) was used to test the raw data for statistical significance. Tukey's HSD 

test was used to perform post-hoc comparisons (see above). Significance was set at 

P < 0.05, and all values are reported as the mean ± S.E.M. 

Substance P Tissue Content Studies 

Specific Aim: To determine the' changes in DRG, dorsal root, and dorsal ham 

. SPU content before and after the S81De types of acute arid subchronic nociceptor 

activation used in release studies. 

Male Wistar rats (300-350 g) were surgically prepared as in release studies 

( see above) with the laminectomy extended to expose the -lumbar spinal cord, the 

dorsal roots and the fifth lumbar dorsal root ganglia (DRG ). Following surgery, 

the animal was allowed to stabilize for at ltfast 45 minutes before application of 

any stimulus so that the effects of any spinal shock due to the surgery could be 

minimized. The rats then received an injection of 100 µ.l of either 5% formalin or 

sterile saline into the plantar aspect of the hindpaw, or the medium intensity 

mechanical pinch as described for the release studies. Naive animals which 

underwent surgical preparation but receiving no nociceptive stimulus served as 
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co~trols. The time points at which tissue content was measured was determined by 

the time courses of changes seen in the release studies. In saline and formalin 

injected animals, tissues were removed 2, 20, 60, and 80 minutes following 

injection of the stimulus into the hindpaw. Animals receiving the mechanical 

stimulus had tissues removed after 20 minutes and 40 minutes. In each case, the 

fifth lumbar DRG and roots and the dorsal quarters of the lumbar enlargement 

were removed and assayed for SPLI content. Three_ animals were· used at each 

time/treatment combination. Tissues from both sides of the animal were removed 

and assayed separately, resulting in n =3 for all points except naive, where n =6. 

SP was extracted from the collected tissues in 2 M acetic acid as described by 

Mroz & Leeman (1979). In each case, the L5 DRGs, L5 dorsal roots, and lumbar 

spinal cord ( dissected into right and left dorsal halves on ice) were removed, 

placed on an iced glass dish, weighed, and then homogenized in 500 µl of 2 M 

acetic acid. This tissue homogenate was allowed to incubate overnight at 4 °C, and 

then centrifuged in a tabletop high-speed centrifuge for 15 minutes. The 

supernatant fluids were reserved, and the pellets resuspended in an additional 500 

µI of 2 M acetic acid. The homogen_ate was again centrifuged for 15 minutes and 

the two resulting supernatant fluids were pooled. The extracts were then 

evaporated to dryness using a Savant Speed-Vac and stored at -70 °C. When 

assayed, the extracts were ·reconstituted in 1 ml of RIA buffer and vortexed 

thoroughly before being sampled for SPLI content. 

The resulting SP contents of the assay tubes were used to calculate tissue 

SP content, which is expressed as pg SP/mg tissue. Statistical significance was 

determined using analysis of variance (ANOV A). Dµnnett's test and the Student's 

t-test were used to perform post-hoc comparisons (Dunnett's test is appropriate 

for multiple comparisons to a single control; the Student's t-test is a less stringent 

comparison and was used to show ·significant differences masked by the· controls 

inherent in Dunnett's test; Harry Davis, personal communication). All comparisons 

were made to controls of the homologous side. Significance was set at P < 0.05, 

_ and all values are reported as the mean ± S.E.M. / 



RESULTS 

Immunahistochemical Studies 

Effects of Morphine and Naloxone on Dorsal Horn Substance P-Like 

Immunoreactivity 

Figure 5 shows the immunoreactive SP staining in the dorsal horn of the 

spinal cord one hour after the injection of formalin into the ipsilateral hindpaw. 

Animals receiving formalin in the hindpaw exhibit darker immunostaining 

throughout the upper laminae of the dorsal horn. In both saline and formalin 

injected animals the medial aspect of the dorsal horn is more densely stained. 

The data confirm earlier findings (Kantner et al. 1985, 1986) that show an 

increase in SPLI in the dorsal horn one hour following injection of formalin into 

the hindpaw·(Figure 6; SAL-SAL vs. SAL-FORM). This increase is significant 

compared to controls injected with saline. It can also be seen (Figure 6) that sub

cutaneous treatment _with MS produced a significant increase in SPLI in the dorsal 

horn one hour after hindpaw treatment with saline (MS-SAL). The increase in 

dorsal horn SPLI produced by MS pretreatment followed by inje~tion of formali_n 

into the hindpaw (MS-FORM) was not significantly greater than the SPLI increase 

produced by either MS or formalin. treatment alone (MS-SAL and SAL-FORM). 

The increase due to MS injection was inhibited by the co-administration of 

naloxone (Figure 6; MS+ NAL);. morphine with naloxone resulted in SP levels not 

significantly different from saline injected controls. However, pretreatment of 

animals with naloxone had no significant effect on SPLI levels when no 

nociceptive stimulus was present (Figure 7; NAL-SAL). A lower dose of naloxone 

was used in preliminary experiments (5 mg/kg). This dose was found to ·only 

partially block the effects of morphine ( not shown) and therefore the higher dose 

was used (10 mg/kg). 
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Figure 5 Photomicrographs of dorsal horns immunohistochemically stained for 

SPLL Both dorsal horns are ipsilateral to side of injection aIJd were 

removed for staining 60 minutes after injection· of 400 µl of saline or 

formalin into the hindpaw. A: Saline injected control. B. Formalin 

injected animal. Note that SP-like immunoreactivity is increased by 

injection of formalin into the hindpaw. Magnification 1 OX 
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Figure 6 Effects of morphine and formalin on dorsal horn SPLL A graph . 

showing the effects of subcutaneous pretreatment with saline or 

morphine on SPLI in the dorsal horn of the spinal cord measured 

one hour after injection of 400 µl of saline or formalin into the 

hindpaw. Vertical bars represent the mean ± SEM of the optical 

density values from the dorsal horns of 3 or 4 animals. 

Abbreviations: SAL-SAL, saline 1.0 ml/kg s.c. - saline (pretreatment

hindpaw ); SAL-FORM, saline 1.0 ml/kg s.c. - formalin; MS-SAL, 

morphine 10 mg/kg s.c. - saline; MS-FORM, morphine 10 mg/kg 

s.c. - formalin; MS+NAL, morphine 10 mg/kg+ naloxone 10 mg/kg 

s.c. - saline. * P < aos as compared to saline injected controls 

(SAL-SAL). 



0.070 

z ~ 0.060 
~(/) 
OJ-

~ S 0.050 

c]j ~ 
~ (/) 0.040 
Oz 
Ow 
w o 0.030 
I _J 
J-- <( 

2 ~ 0.020 
- Q_ 
_J 0 

~'-/ 0.010 

D lpsilateral 
l!Z2l Contralateral 

* * 

·* * 
* * 

0.000 ----&.-~----.&.A............_ ___ ~~-..&.-A----------,4....,&,.""""-L---

SAL-SAL SAL-FORM MS-SAL MS-FORM MS+NAL 
n==3 n==3 n==3 n==3 n==4 

v~ 
IJ 



Figure 7 Effects of naloxone on formalin-induced SPLI changes. A graph 

showing the effects of subcutaneous pretreatment with naloxone -on 

SPLI in the dorsal horn of the spinal cord measured one hour after 

injection of 400 µl of saline or formalin into the hindpaw. Vertical 

bars represent the mean ± SEM of the optical density values from 

the dorsal horns of 3 or 4 animals. Abbreviations: SAL-SAL, saline 

1.0 ml/kg s.c. - saline (pretreatment-hindpaw ); NAL-SAL, naloxone 

10 mg/kg s.c. - saline; SAL-FORM, saline 1.0 ml/kg s.c. - formalin; 

NAL-FORM, naloxone 10 mg/kg s.c. - formalin. * P < 0.05 com

pared to SAL-SAL 
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Additionally, naloxone was able to block the increase in SPLI _ stimulated 

by formalin injected into the hindpaw (Figure 7; NAL-FORM). Pretreatment of 

_ animals receiving formalin in the hindpaw with naloxone reduced SPLI levels to 

values not significantly different from saline injected controls. ,., 

3-+ 

Throughout the study, changes in SPLI seen in the dorsal horn 

contralateral to the site of injection mirrored those seen in the ipsilateral (right) 

dorsal horn. In all cases, measurements of the contralateral side were significantly 

different from each other as on the ipsilateral side (Figures 6 and 7). 

Effects qf Naloxone on !ime Course of Formalin Response 

Figure 8 shows the time course of the changes in SPLI in the dorsal horn 

of the spinal cord after formalin or saline injection into the hindpaw. Saline 

injection caused an increase in SPLI at 2 minutes that diminished over 20 minutes 

to control levels (Saline-Saline). Due to the time neccesary to sugically prepare 

and perfuse the animal, SPLI could not be determined at earlier time points. By 

one hour the SPLI levels had returned to levels consistent with those seen in naive 

animals (0.026 ± · 0.002 optical density units; n =3). Formalin injection produced a 

biphasic increase in SPLI with an initial peak at 2 -minutes ( early) which dropped 

to control at 10 minutes and then began to rise again at 20 minutes, reaching a 

peak at 60 minutes (late; Fig. 8A, Saline-Formalin). The data confirm earlier 

findings that show a significant increase in SPLI in the dorsal horn one hour 

following injection of formalin into the hindpaw (Kantner et al. 1985, 1986). SPLI _ 

increases in the contralateral dorsal horn followed a similar time course for both 

treatments, but the increases due to either treatment were not as great as those 

seen in the ipsilateral dorsal horn (Fig. 8B). 

The effects of naloxone on these hindpaw treatments are shown in Figures 

9 and 10. N aloxone completely blocked the SPLI increase du~ to saline injection i r 
it was pre-administered 30 minutes prior to hindpaw injection but not if it 

followed hindpaw injection by two minutes (Figure 9A, Naloxone_-Saline and 

Saline-Naloxone vs. Saline-Saline). Results for the contralateral dorsal horn were 



Figure 8 Time course of SPLI changes due to saline or formalin. Graphs 

show the time courses of SPLI in the dorsal horns of animals 

receiving 400 µl of saline or formalin in the hindpaw (n=3 for each 

time/treatment point). A: ipsilateral dorsal horn, B: contralateral 

dorsal horn. Note: The appearance of time points where no S.E.M 

is evident is due to a very small S.E.M embedded within the size of 

the symbol. Abbreviations: Saline-Saline; saline 1.0 ml/kg s.c. 

pretreatment at -30 minutes, saline in the hindpaw; Saline-Formalin; 

saline 1.0 ml/kg s.c. pretreatment at -30 minutes, formalin in the 

hindpaw. * P < 0.05 as compared to saline injected controls (Saline

Saline). 



A 

0 
u 

....... 
0... 

0 

B 

>-. ....... 
en 
C 
Q) 

0 
-...-. 

-....; ,, 
'J 

,....._ ...... 
0 

0.030 I 
0.020 ..L 

0.010 
0 

0.0:] 
0.0:)U - T 

• 1 
0.04071, 

0.030 -

0.020 ..L 

0.010 
0 

o-o Ss ir.e-Sciir.e 

• 

;Q 2,J .:n 
v....J d.Q so 6-J 

o-o Saiine-Saline 
•-• Saline-Formciin 

- I :ic 

• 
I T 

I 
.!. 

0 • ,~} 
:/r i 

I 

() 

l .* .L 

i 0 20 30 40 50 60 

Time after hincioaw injection (r.1in) 



Figure 9 Effects of, naloxone on saline-induced SPLI changes. Graphs show 

the time courses of SPLI in the dorsal horns of animals receiving 

400 µl of saline in the hindpaw (n=3 at each time/treatment point). 

A: ipsilateral dorsal horn, B: contralateral dorsal horn. Note: The 

appearance of time points where no S.E.M is evident is due to a 

very small S.E.M embedded within the size of the symbol. 

Abbreviations: Saline-SaHne; .saline 1.0 ml/kg s.c. pretreatment at -30 

minutes, saline in the hindpaw; Naloxone-Saline; naloxone 10 mg/kg 

s.c. pretreatment at -30 minutes, saline in the hindpaw; Saline

Naloxone; saline in the hindpaw, naloxone 10 mg/kg s.c. at 2 

minutes. * P < 0.05 as compared to saline injected controls (Saline

Saline). 
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Figure 10 Effects of naloxone on formalin-induced SPLI changes. Graphs show 

the time courses of SPLI in the dorsal hams of animals receiving 

400 µl of formalin in the hindpaw (n=3 at each time/treatment 

point). A: ipsilateral dorsal hom, B: contralateral dorsal horn. Note: 

The appearance of time points where no S.E.M is evident is due to 

a very small S.E.M embedded within the size of the symbol. 

Abbreviations: Saline-Formalin; saline 1. 0 ml/kg s.c. pretreatment 

at -30 minutes, formalin in the hindpaw; Naloxone-Formalin; 

naloxone 10 mg/kg s.c. pretreatment at -30 minutes, formalin in the 

hindpaw; Formalin-Naloxone; formalin in the hindpaw, naloxone 10 

mg/kg s.c~ at 2 minutes. * P < 0.05 as compared to saline treated 

controls (Saline-Formalin). 
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similar (Figure 9B). Pretreatment with naloxone 30 minutes before formalin 

injection into the hindpaw blocked. both the early and late SPLI increases in the 

ipsilateraI- dorsal horn (Figure lOA, Naloxone-Formalin vs. Saline-Formalin). 

However, if naloxone treatment followed formalin injection by two minutes, the 

initial SPLI increase remained intact and the late increase was delayed but not 

significantly diminished at sixty minutes (Figure lOA, Formalin-Naloxone vs. 

Saline-Formalin). Similar results are again found in the contralateral dorsal horn 

wi_th these treatments (Figure lOB). In all cases, the SPLI increases in the 

contralateral dorsal horn due to any treatme~t were similar to, but not as great as, 

increases in the ipsilateral dorsal horn. 

Substance P Release Studies 

Table 1 shows the numbe~ of subjects used for each tr~atment and the 

genernl .trend of SPLI release rates. The baseline SPLI release rates varied widely 

between experimental subjects. The mean baseline release rate was 6.63 ± 0. 96 pg 

SPLI/sample (0.99 pg SPLI per minute). 

Figure 11 shows the release pattern of SPLI following application of the 

low intensity pinch to the hindpaw. It can be seen in Table 1 that this pinch 

produced increased SPLI release in half of the recipients. In the rat it produced a 

17% increase in the amount of SPLI released into the ipsilateral L5 dorsal horn 

during the 20 minutes of stimulus application (Figure 11 ). When viewed in 6.66 

minute samples ( see inset), it can be seen that SPLI release was increased by as 

much as 110%. This increase was significantly different from baseline release only 

when the data were lumped into 20 minute periods. Th~ differences in appearance 

of tl;le data shown in each figure and its inset are due to the calculation of percent 

of control values with respect to different periods of baseline release values ( see 

methods). 

Figure 12 shows the release pattern of SPLI into the dorsal horn following 

application of the medium intensity pinch to the hindpaw. Table 1 shows that it 

produced increased SPLI release in 92% of recipients. It produced an increase in 



Treatment 

Low Intensity Pinch 

Medium Intensity Pinch 

High Intensity Pinch 

Formalin 

Saline 

Medium Intensity Pinch 
·After Formalin 

Table 1 

Number (percent) of animals showing: * 
n Increase Decrease · No Change 

6 3 (50%) 0 3 (50%) 

13 12 (92%) l (8%) 0 

3 3 (100%) 0 0 

6 () 6 (100%) 0 

7 0 7 (100%) 0 

4 4 (100%) 0 () 

* Mean of SPLI release values during treatment (20 min. for pinches, 80 
min. for formalin a_nd saline) compared to mean of 20 min. baseline for 
same experimental subject. 

, J J 
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Figure 11 Effects of low-intensity pinch on -SPLI release. Graphs show the time 

course of SPLI release in the dorsal hom of animals receiving a low

intensity noxious pinch applied to the hindpa.w (n=6). The pinch was 

applied dun'ng the ·time period denoted by the cross-hatched area of 

the graph. Graph B show~ data resulting from 6.6 minute sample 

periods and percentages of control are compared to the one 6. 6 

minute sample period immediately preceding stimulus application. In 

the graph A, each bar represents the same data Jumped into 20 

minute sample periods for clarity; percents of control are then based 

on the mean of the three 6.6 minute sample periods immediately 

preceding application of the stimulus. * P < 0.05 as compared to · 

baseline release (analysis performed on raw data). 
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Figure 12 Effects of medium-intensity pinch on SPLI release. Graphs show the 

time course of SPLI release in the dorsal ham of animals receiving a 

medium-intensity noxious pinch applied to the hindpaw (n = 13 ). The 

pinch was applied during the time period denoted by the cross

hatched area of the graph. Graph B shows data resulting from 6. 6 

minute sample periods and percentages of control are compared to 

the one 6.6 minute sample period immediately preceding stimulus 

application. In graph A, each bar represents the same data Jumped 

into 20 minute sample periods for clarity; percents of control are 

then based on the mean of the three 6. 6 minute sample periods 

imJ:!lediately preceding application of the stimulus. * P < 0. 05 as 

compared to baseline release (analysis performed on raw data). 
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SPLI release which was greater in both intensity and duration than the low 

intensity pinch (Figure 12). When viewed in 20 minute periods, SPLI release 

increased to 33% of baseline rates during the application of the stimulus, 

remained elevated (26%) during the 20 minutes following termination of the 

stimulus, and returned to baseline 20 minutes after termination of the stimulus. 

The inset shows that when viewed in 6.66 minute periods, similar increases were 

seen (25-30%) during the application of the stimulus, but SPLI release was not 

significantly different from baseline release rates as soon as the stimulus was 

terminated~ 

42 

The effects of the high intensity pinch are shown in Figure 13. This pinch 

produced inflammation and tissue injury in the hindpaw of the rat. Table 1 shows . 

that all animals receiving the high intensity pinch responded with increased SPLI 

release. It produced a 146% increase in SPLI release during the 20 minute 

stimulus period; when viewed in 6.66 minute periods the increase was as great as 

587% (Figure 13). This increase was significant compared to both 6.66 minute and 

20 minute baseline periods; however, the increase was short-lived compared to the 

medium intensity pinch. Looking at the inset, it can be seen that release returned 

to slightly below baseline immediately following termination of the pinch. 

The time course of SPLI release following formalin injection into the 

hindpaw is shown in Figure 14. Formalin prod~ced a significant decrease in the 

release of SPLI. It can be seen in the inset that formalin produced a biphasic 

effect, with SPLI release being inhibited by up to sixty percent for the first 40 

minutes after injection into the hindpaw and again after 60 minutes following 
I 

formalin injection. After 80 minutes SPLI release remained suppressed in 

experiments which were not terminated by that time ( data not shown for clarity). 

The effects of the control injection of saline are shown in Figure 15. Although 

there was a trend toward saline decreasing SPLI release, none of the effects was 

significantly different from baseline release rates when analyzed in 6.66 minute or 

20 minute intervals. Table 1 shows_ that both saline and formalin produced 

decreased SPLI release in all subjects. 



Figure 13 Effects of high-intensity pinch on SPLI release. Graphs show the 

time course of SPLI release in the dorsal ham of a1:7imals receiving a 

high-intensity noxious pinch ·applied to the hindpaw (n=3). The 

pinch was applied during the time period denoted by the cross

hatched area of the graph. Graph B shows data resulting from 6.6 

· minute· sample periods and percentages of control are compared to 

the one 6.6 minute.sample period immediately preceding stimulus 

application. In graph A, each bar represents the same data Jumped 

into 20 minute sample periods for clarity; percents of control are 

then based on the mean of the three 6.6 minute sample periods 

immediately preceding application of the stimulus. * P < 0.05 as 

compared to baseline release .(analysis performed on raw data). 
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Figure 14 Effects of formalin on SPU release. Graphs show the time course of 

SPLI release in the dorsal horn of animals receiving an injection of 

100 µl of formalin into the hindpaw (n=6). Graph B shows data 

resulting from 6. 6 minute sample periods and percentages of control 

are compared to the one 6.6 minute sample period immediately. 

preceding stimulus application. In graph A, each bar represents the 

same data Jumped into 20 minute sample periods for: clarity; 

percents of control are then based on the mean of the three 6. 6 

minute sample periods immediately preceding application of the 

stimulus. * P < 0.05 as compared to baseline release (analysis 

performed on raw data). 
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Figure 15 
I 
Effects of saline on SPLI release. Graphs show the. time course of 

SPLI release in the dorsal hom of animals receiving an injection of 

100 µl of saline into the hindpaw (n=7). Graph B shows data 

resulting from 6. 6-minute sample periods and percentages of control 

are compared to the one 6.6 minute sample period immediately 

preceding stimulus application. In graph A, each bar represents the 

same data Jumped into 20 minute sample periods for clarity; 

percents of control are then based on the mean of the three 6. 6 

minute sample periods immediately preceding application of the 

stimulus. 
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Figure 16 shows the effect of the medium intensity pinch when applied 

approximately 90 minutes following_ formalin injection into the hind paw. It can be 

seen that during application of the pinch SPLI release was _increased to a degree 

similar to that in· normal animals in both 20 minute and 6.66 minute periods (see 

Figure 12). However, in the formalin injected animals SPLI release did not return 

to baseline rates; instead, SPLI release progressively increased to as much as 

389% (20 min period) or '1400% (6.66 min period) following termination of the 

stimulus. These increases were significant only when analyzed in 20 minute 

periods. Table 1 shows that application of the medium intensity pinch- after 

formalin uniformly produced increases in SPLI · release. 

SubstaD.ce P Tissue Content Studies 

The RIA for SP was used to determine the SPLI content of dorsal horns in 

rats receiving a medium-intensity pinch, saline injection, or· formalin injection to 

the hind paw ( for a detailed description of these stimuli, see methods for release 

studies). The results for the SPLI content of the dorsal horns are shown in Figure 

17. Naive animals had an average dorsal horn SPLI content of 370.6 ± 34.0 pg 

SP/mg tissue (mean ± S.E.M.). The SPLI content of the ipsilateral dorsal horns is 

shown in Figure 17 A It can be seen that formalin injection into the hindpaw 

produced significant increases in dorsal horn SPLI at 20 and 80 minutes. SPLI 

content increased markedly in formalin-injected animals between 2-20 and 60-80 

minutes. Formalin also p~oduced an initial decrease in SPLI at 2 minutes which 

was significantly different from naive controls. when compared using a one tailed 

Student's t-test. Saline did produce a significant increase in SPLI content, but only 

at the 60 minute time point following hindpaw, injection. There was a slight 

decrease in SPLI conten_t 20 minutes after application of the nociceptive pinch. 

This decrease was significantly different from naive controls when compared using 

a one tailed Student's t-test. Figure 17B shows the SPLI changes in the. dorsal 

horns contralateral to the hindpaw treatment. In all cases, the SPLI changes due 

to a given treatment were similar to, but not as great as, changes in the ipsilateral 



Figure 16 Effects of Medium intensity pinch after formalin on SPLI release. 

Graphs show the time course of SPLI release in the dorsal horn of 

animals receiving a medium-intensity noxious pinch applied to the 

hindpaw 90 minutes after injection of 100 µl of formalin into the 

same hindpaw (g=4). The pinch was applied during the time period 

denoted by the cross-hatc}Jed area of the graph. Graph B shows data 

resulting from 6. 6 minute sample periods and percentages of control 

are compared to the one 6.6 minute sample period immediately 

preceding stimulus application. In graph A, each bar represents the 

same data Jumped into 20 minute sample periods for clarity; 

percents of control are then based on the mean of the three 6.6 

minute sample periods immediately preceding application of ,the 

stimulus. · * P < 0. 05 as compared to baseline release (analysis 

performed on raw data). 
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Figure 17 SPLI content of dorsal horn tiss_ues. Graphs show the time courses 

of SPLI in the dorsal horns of animals receiving ap injection of 

100µ1 of saline or formalin into the hindpaw or a medium intensity 

pinch applied to the hindpaw for 20 minutes. A: ipsilateral dorsal 

horns, B: contralateral dorsal horns. Data points represent the mean 

± S.E.M of 3 animals. ** P < 0.05 as compared to naive controls 

using Dunnett's test as a post-hoc comparison. * P < 0.05-using a 

one-tailed Student's t-test as a post-hoc comparison. 
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dorsal horn. The only point significantly different from naive controls in the 

contralateral dorsal horn was in saline injected animals 60 minutes after hindpaw 

treatment. 

Figure 18 shows the SPLI content of the fifth lumbar dorsal roots following 

the same treatments. The only treatment which altered the SPLI content of the 

dorsal roots was noxious pinch. In the ipsilateral roots (Figure 18A) SPLI was 

decreased in animals receiving a noxious pinch 20 minutes after hindpaw 

treatment; in the .contralateral roots (Figure 18B) this decrease. occurred 60 

minutes after hindpaw treatment. In both cases, the decreases were significantly 

d.iffereot from naive when compared using a one tailed S~udent's t-test. 

Figure 19 shows the SPLI content of the fifth lumbar dorsal root ganglia 

following the same treatments. In the ipsilateral ganglia, the only significant 

change from naive was increased SPLI in formalin injected animals 80 minutes 

after hindpaw treatment (Figure 19A). In the contralateral dorsal horns there 

were no significant differences from naive except in saline injected animals 2 

minutes after hindpaw treatment-(Figure 19B). 



Figure 18 SPLI content of dorsal root tissues. Graphs show the time courses of 

SPLI in the fifth lumbar dorsal roots of animals receiving an 

injection of 100 µl of saline or formalin into the hindpaw or a 

medium intensity pinch applied to the hindpaw for 20 minutes. A: 

ipsilateral dorsal roots, B: contralateral dorsal roots. Data points 

represent the mean± S.E.M of 3 animals. * P < 0.05 using a one

tailed Student's t-test as a post-hoc comparison. 
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Figure 19 SPLI content of dorsal root ganglion tissues. Graphs show the time 

courses of SPLI in the fifth lumbar dorsal root ganglia of animals 

receiving an injection of 100 µl of saline or formalin into the 

hindpaw or a medium intensity pinch applied to the hindpaw for 20 

minutes. A: ipsilateral dorsal root ganglia, B: contralateral dorsal 

root ganglia. Data points represent the mean ± S.E.M of 3 animals. 

** P < 0.05 as compared to naive controls using Dunnett's test as a_ 

post-hoc comparison. * P < 0.05 using a one-tailed Student's t-test 

as a post-hoc comparison. 
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DISCUSSION 

Effects of Morphine and Nalamne 011 Dorsal Hom Substance P-Like 

lmmU11oreactivity 

The increase in SPLI seen in the dorsal horn one hour following formalin 

injection is similar to previous findings by Kantner et.al. (1985, 1986). SP increases 

similar to these have been described in sciatic nerve following adjuvant injection 

(Lembeck et al. -1981 ), but in these changes were delayed by several days, perhaps 

due to the more extended development of the arthritic condition which peaked 

after about two weeks in that study. In the present study an increase in SP was 

seen one hour following subcutaneous morphine injection (see Figure 6). This may 

be due to a buildup of SP in the terminal produced by a d_ecrease in SP release. 

This decrease in released SP could account for the direct spinal antinociceptive 

effect of morphine (Yaksh and Rudy 1977) and the capability of opiates to de

crease the firing of dorsal horn neurons activated by noxious stimuli (Dickenson 

and Sullivan 1987b; Duggan et al. 1977; Kitahata et''al. 1974; Satoh et al. 1979). 

The morphine effects seen in this study appear to be receptor mediated 

since concomitant administration of naloxone blocks the morphine effects ( see 

Figure 6). The site of action of opiates in the spinal cord is controversial. Opiate 

receptor binding in the dorsal horn decreases after dorsal rhizotomy (LaMotte et 

al. 1976), implying that opiate receptors exist on primary afferent terminals. 

Piercey et al. (1980) have shown that morphine does not antagonize the excitation 

of dorsal horn cells evoked by SP, and that morphine is not a SP antagonist. 

However, there is anatomical evidence of enkephalinergic synapses on dorsal horn 

projection neurons (Ruda 1982), so postsynaptic opiate receptors may c.rlso exist. A 

postsynaptic effect of morphine in decreasing SP induced nociceptive behavior has 

been proposed (Hylden and Wilcox 1983a). However, the antinociceptive effects 
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of morphine could be due to the control of SP release from the primary afferent 

terminal. 

Effects of NalCJZCJ11e 011 Time Co~ of Formali11 Response 

The biphasic time course of the increases of SPLI resulting from a formalin 

injection described in this study are consistent with the findings of many 

investigators. For exam_ple, behavioral studies show that the injection of formalin 

into the paw of an animal results in a biphasic increase in pain-related behavior 

such as paw-licking with both early (0-10 min) and late (20-60 min) phases 

(Dubuisson and Dennis 1977; Holland and Goldstein 1990; Hunskaar et al. 1985a; 

Sugimoto et al. 1986). Similarly, dorsal· horn cells have been shown to exhibit 

biphasic changes in excitability in response to formalin injected in their receptive 

fields (Dickenson and Sullivan 1~87a,b ). In all of these studies, the time course 

and relative magnitude of change~ due to formalin injection are remarkably 

similar. In this study, the injection of formalin into the hindpaw of a rat produces 

a biphasic increase in SPLI in the dorsal horn of the spinal cord ( see Figure 8). 

These increases are greatest within the first 10 minutes and then at 60 minutes 

following hind paw _injection. The increase in SPLI · due to saline injection in the 

hindpaw lasts only 20 minutes; by 60 minutes SPLI levels have returned to basal 

levels. The SPLI due to formalin injection is decreased below that due to saline 

injection at the ten minute time points; this implies that formalin has some effect 

· in the first ten minutes that saline lacks. The initial SPLI increase may be due to a 

direct activation of a population of peripheral nociceptors; the de~rease in SPLI at 

ten minutes is perhaps due to their inactivation caused by the crosslinking of 

proteins by formalin. The second peak may be due to the subsequent recruitment 

of adjacent primary afferents by inflammatory processes. The data at the 60 

minute time points in this study confirm the results of Kantner, et.al. (1985, 1986)_ 

that show increased dorsal horn SPLI 60 minutes after formalin injection into the 

~indpaw. The increase in SPLI at 60 minutes has been shown to be dependent on 

both electrical activity and axonal transport (Kantner et al. 1986), and may reflect 



both increased SP production and decreased SP release. This idea is supported by 

the results of the present study ( see above). This is consistent with the pain

related behavior described by many investigators one hour after formalin injection 

into the hindpaw (Dubuisson and Dennis 1977; Hunskaar et al. 1985a; Sugimoto 

et al.- 1986). This pain-related behavior has been attributed to the effects of 

inflammation in the hindpaw (Dubuisson and Dennis 1977; Hunskaar et al. 

1985b). 

The results of the present study indicate that naloxone blocks the _SPLI 

increases due to saline or formalin injection if it is administered 30 minutes before 

hind paw injection ( see Figures 7 & 10). However, if it follows hind paw injection 

by two minutes, the initial SPLI increases remain intact and the late phase of the 

formalin response is not blocked despite the presence of naloxone (see Figure 10). 

These results are similar to those of Dickenson & Sullivan (1987b ), who 

demonstrated that an opiate agonist applied directly to the spinal cord had similar 

differential effects on dorsal horn cell excitability when administered pre- or post

formalin. The results of the present study confirm their finding that development 

of the initial response to formalin injection is instrumental to the formation of the 

later response (Dickenson and Sullivan 1987b ). This may be due to the ability of 

even brief nociceptive stimulation to prolong spinal excitation for long periods of 

time (Woolf and Wall 1986). 

It has been demonstrated that SP levels and release are under the influence 

of descending opiate pathways which terminate in the dorsal horn of the spinal 

cord (Zieglg~nsberger 1980). Morphine produces an increase in SPLI in the dorsal 

horn one hour after injection, and morphine pretreatment enhances the formalin

induced SPLI increase 60 minutes after hind paw injection ( see above). These SPLI 

increases resulting from morphine administration may be due to the ability of 

morphine to decrease SP release (Yaksh et al. 1980). Morphine and some opioid 

peptides have been shown to inhibit SP release from primary afferent n~urons 

evoked by many different stimuli (Go and Yaksh 1987; Hirota et al. 1985; 

Kuraishi et al 1983; Mudge et al. 1979; Yaksh et al. 1980). Administration of 
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morphine for ten days has been shown to increase immunoreactive SP in the 

dorsal horn (Vacca et al. 1980). It has been proposed that noxious stimuli may 

slowly activate the descending opioid systems which control nociception (Sugimoto 

et al. 1986) and that activation of nociceptive pathways evokes the release of a 

naloxone antagonized endogenous opiate from interneurons (Henry 1983). In 

support of this, it has been shown that endogenous opioid peptides are released 

following a nociceptive stimulus (Yaksh and Elde 1981). In addition, injection of 

Freund's complete adjuvant into the hindpaw has been shown to increase met

enkephalin levels in the dorsal horn (Faccini et al. 1984). The role of these 

peptides may be to limit SP release and the transmission of nociceptive 

·information. Furthermore, naloxone has been shown to increase' evoked SP release 

(Go and Yaksh 1987) and potentiate pain-related behavior due to either 

intrathecal SP injection (Matsumura et al. 1985) or formalin injection (Sugimoto et 

al. 1986). The antinociception produced by intrathecal injection of microgram 

quantities of SP can be decreased by naloxone (Doi and Jurna et al. 1981). All of 

these effects are consistent with a blockade of the effects of an endogenous opioid 

system by naloxone. The results of these immunohistochemical studies 

demonstrate that naloxone inhibits the buildup of SP in the dorsal horn due to 

formalin injection; this implies that an endogenous opioid system is, in part, 

responsible for the increases in dorsal horn SPLI se_en during nociception. 

The changes .in SPLI seen in the contralateral dorsal horns indicate that 

nocicept~ve information resulting from a unilateral stimulus gains access to both 

sides o_f the spina~ cord. Contralateral SPLI increases have been described 

previously (Brodin et al. 1987; Kantner et al. 1985) and appear to be due to 

primary afferent fibers which cross the spinal cord at the segmental level since 

spinal cord transection does not block the contralateral increase (McCarson and 

Goldstein, unpublished observations). This is supported by the findings of the SP 

tissue content experiments described in this study (for discussion, see below). 



56 

Substance P Rele88t: Studies 

Much information has been gained concerning the release of SP in the 

spinal cord using techniques such as perfusion of tissue slices (Lembeck and 

Donnerer 1985; Otsuka and Konishi 1976; Pang and Vasko 1986) or the entire 

spinal cord (Go and Yaksh 1987; Yaksh et al. 1980). However, such methods are 

limited in their ability to localize the specific site of SP release. Antibody coated 

microprobes (Duggan et al. 1987) and microdialysis probes (Brodin et aL 1987) 

have been used to localize SP release but may be limited in their ability to 

quantify the amount of peptide released (DeMesquita et al. 1989). The stereotaxic 

push-pull cannula used in this study and studies by other investigators (Kuraishi et 

al. 1989; Oku et al. 1987b) can localize not only the specific site but also the 

quantity of released neurotransmitters. 

There is evidence that push-pull perfusion techniques may yield much 

higher recovery of peptides than microdialysis techniques (DeMesquita et al. 

1989). The percentage recovery of dialysis techniques is typically assessed by 

inserting the fiber in a solution of known concentration and measuring the 

concentration of the resulting dfalysate. In order to compare the efficiencies of the 

different systems, the recovery of SP by the push-pull system used in this study 

was similarly measured. Of course, this procedure does not duplicate the in vivo 

situation, where additional diffusion barriers exist The percentage recovery of 

dialysis techniques is low. Dialysis microprobes used to measure monoamine 

release in rat brain only recover 10-12% of the concentration of standards (Sharp 

et al. 1986). The dialysis fiber used by Larson et al. is reported by C. W. Murray 

(personal communication) to recover less than 10% of SP standards; the recovery 

of amino acids by the same system reported by Smullin et al. (1990) was only 1-

3%. In this study, 54% of the concentration of a standard SP solution was· 

recovered. This demonstrates the ability of the push-pull cannula to recover SP 

_ ~th a greater efficien~, and perhaps to measure neurotransmitter release with 

greater accuracy than dialysis techniques. 
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This study reports the release patterns of SPLI ihto the L5 superficial 

dorsal horn following the application of various nociceptive stimuli to the hindpaw 

of decerebrate/spinal unanesthetized rats. It is likely that the majority of the SPLI 

released into the dorsal horn is actual substance P. N-terminal SP fragments are 

found in rat CNS (Sakurada et al. 1985), and may have biological acti~ty 

(Cridland and Henry 1988). However, the SP antisera used in this study only cross 

reacts (to any appreciable degree) with C-terminal SP fragments, primarily SP5_11 

(30% ). Most SP C-terminal fragments found in the rat CNS co-elute with SP5_11 on 

gel electrophoresis (Sakurada et al. 1985). SP 5_11 may have biological activity in the 

rat CNS; a metabolically protected SP 5_11 analogue has been shown to produce 

locomotion when injected into the ventral tegmental area of rats (Eison et al. 

1982). Howeyer, it has been shown that pyroglutamic5-SP 5_11, the naturally 

occurring cyclized metabolite of SP5_1i, is not present in the potassium stimulated 

release products of isolated rat spinal cord (Akagi et al. 1980). Therefore, it is 

probable that SP 5_11 does not contribute largely to SPLI levels in this study. 

Primary afferent neurons which contain SP are probably the major source 

of the SPLI release measured in this study. Most of the SP content of the dorsal 

horn is contained in primary afferent terminals (Jessen et al 1979). The superficial 

dorsal horn areas perfused in this study correspond with the terminal fields of 

small diameter primary afferent neurons which contain SP (Hokfelt et al. 1975). 

The contribution of evoked SPLI release from descending neurons is unlikely in 

the spinal transected animals used in this study. It has also been shown that the 

SP content of dorsal horn tissues remains unchanged when intrinsic neurons are 

destroyed by the occlusion of spinal blood supply (Homma et al. 1979). 

The increased SPLI release seen during noxious mechanical stimulation is 

consistent with results of other studies (Go and Yaksh 1987; Kuraishi et al. 1989). 

This study also demonstrates a graded response of increasing SPLI rele~se with 

increased intensity of the pinch applied to the hindpaw (see Figures 11-13). There 

is a distinct increase in the magnitude and duration of the evoked SPLI release 

between the low and medium intensity noxious pinches; this is consistent with the 
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activation of nociceptive afferent" neurons. The high. intensity pinch showed a 

further increase in the amount of SPLI released, but the duration of the response 

was attenuated. This intense stimulus produced inflammation and tissue damage 

which may have activated 
1 

systems which respond to limit SPLI release, an effect 

similar to that produced by formalin. 

In this study, formalin clearly produced a decrease· in the amount of SPLI 

released into the dorsal horn ( see Figure 14 ). The physiology of the changes 

induced by formalin is poorly understood, but there is evidence that an 

endogenous opiate system plays a role in the control of the transmission of 

nociceptive information. The _intense nociceptive activation produced by formalin 

activates opiate antinociceptive systems which act to produce a buildup of SPLI 

content in the dorsal· horn ( see above). Although the effects of descending 

inhibitory systems have been removed in these experiments by acute spinal 

transection, the existence of enkephalinergic segmental control systems activated 

by noxious stimuli has been demonstrated (Yaksh and Elde 1981). The segmental 

release .of met-enkepha_lin has been shown to increase following formalin injection 

into the hindpaw (Bourgoin et al. 1990). Additionally, the opiate antagonist 

naloxone has been shown to increase SP release (Go and Yaksh 1987) and 

potentiate the pain-related behavior evoked by noxious stimuli (Sugimoto et al. 

1986). Thus, there is evidence that the dynamics of the responses of SP to 

nociceptive stimuli are in part under the coritrol of a system of endogenous opioid 

peptides that limit the transmission of nociceptive information. It is, of course, 

possible that there is an initial increase in SPLI release within the first sample 

collected which is of short enough duration to be masked by decreased release for 

the remainder of the sample period. However, this is unlikely given the magnitude 

of the decrement in SPLI release evident in the samples immediately following 

formalin injection. Interestingly,- saline injection into the hindpaw also tended to 

decrease SPLI release, but not to a significant degree (see Figure 15). It is 

possible that the needle prick itself is sufficient to mildly activate. the 

antinociceptive systems which decrease SPLI release in response to formalin. 
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Alternatively, the volume of the injection may activate low-threshold primary 

afferent systems which act to limit the release of SP and the transmission of 

nociceptive information. Gate control systems activated by non-noxious stimuli 

have been proposed (Melzack and Wall 1965), but there is evidence that A. fiber 

electrical stimulation does not decrease SPLI release evoked by noxious stimuli 

(Hutchison and Morton 1989). 

It is also shown in this study that the application of the same intensity of 

noxious pinch to normal and formalin injected animals produces markedly 

different patterns of SPLI release (see Figures 12 & 16). The progressive increases 

in SPLI release following termination of the pinch after formalin (see Figure 16) 

may reflect a hyperalgesic state of nociceptors in the hindpaw produced by the 

injection of formalin. Clearly, whereas SPLI release returns to baseline rates soon 

after the termination of noxious stimulation of normal hindpaws, SPLI release 

remains elevated when the same stimulus is applied to formalin injected hindpaws. 

This is consistent with the findings of Sugimoto et al. (1986), who demonstrated 

that naloxone produced hyperalgesia in the formalin test, perhaps by potentiating 

SP release. 

A previous report by Satoh and his coworkers has shown increases in SPLI 

release lasting exactly 20 · minutes in response to all the types of nociceptive stimuli 

used, including pinch, intense heat, and formalin (Kuraishi et al. 1989). In this 
L 

study we demonstrate similar increased SPLI release due to noxious mechanical 

stimulation, but marked 'long-lasting decreases in the SPLI release following 

i:qjection of formalin into the hindpaw. Those studies used similar methods, but 

were conducted using decerebrate/anesthetized rabbits with intact descending 

control systems and the possibility of anesthetic effects (Kuraishi et al. 1983, 

1985a,c, 1989). Either of these differences from the pn~paration used in this study 

could account for the differences seen in the response to formalin. Both 

pentobarbital and urethane anesthesia masked evoked SPLI release in our 

preparation (McCarson and Goldstei~, unpublished observations). We feel that 

the effects of formalin on release in this study may be more consistent with its 
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long-term effects on nociceptive behavior (Dubuisson and Dennis 1977; Hunskaar 

et al. 1985a; Sugimoto et al. 1986), dorsal horn neuron excitability (Dickenson and 

Sullivan 1987a,b), and dorsal horn SPLI content (see above). 

Finally, it must be considered that formalin may not be a purely nociceptive 

agent when used to activate SP containing neuronal systems. Increases in dorsal 

horn SPLI content stimulated by formalin can be attenuated by administration of 

naloxone ( see above), yet naloxone has little if any effect on formalin-induced 

nociceptive responses (Henry 1983; Hylden and Wilcox 1983a). Similarly, blockade 

of formalin-induced nociceptive behaviors by pretreatment with lidocaine does not 

reduce the concomitant increases in dorsal horn SPLI content (Holland and 

Goldstein 1990). Also, intrathecal injections of an SP antagonist or SP antiserum 

inhibit nociceptive behavior only in the early phase of the formalin response 

(Ohkuboto et al. 1990). Taken together with the present demonstration that SPLI -

release is suppressed at the same times that nociceptive behavior would be 

elevated, the evidenc_e seems to suggest that SP may not be directly involved in 

the actual transmission of nociceptive information at least during the late phase of 

the formalin test. 

Substance P Tissue Content Studies 

The increases in dorsal horn SPLI following formalin injection into the 

hind paw correlate well with the SPLI release studies ( see above). The periods 

when SPLI content increases in the dorsal horn following formalin injection into 

the hindpaw (2-20 and 60-80 ·minutes, see Figure 17) are the same as periods 

when SPLI release is significantly inhibited by formalin injection ( see Figure 14 ). 

This information supports the idea that SP is building up in the primary afferent 

terminals when its release is inhibited. It is possible that the initial (2 min) 

decrease may reflect a transient depletjon of terminal SP content due to a massive 

release of SP caused by the early phase effects of formalin which was masked 

during the longer (6.66 min) sample, period. However, this is u~likely given the 
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magnitude of the decrement in SPLI release evident in the sample immediately 

following formalin injection. 

The effects of saline injection into the hindpaw on SPLI release and 

content are also related. SPLI content in the dorsal horn increases during the first 

hour after injection of saline into the hindpaw (see Figure 17). This may be due to 

the cumulative effect of a trend toward decreased SPLI release during the same 

time period ( see Figure 15). As discussed in the release studies, saline injection 

may activate gating systems which affect both SP release and formation in primary 

afferent neurons ( see above). 

Conversely, SPLI content is slightly decreased 20 minutes after application 

of the medium-intensity noxious pinch (see Figure 17), a time when SPLI release 

was significantly increased (see Figure 12). This decrease is perhaps due to a slight 

depletion of SP in the primary afferent terminal which is insufficient to increase 

cleavage of mature SP from a terminal pool of precursors. The more intense 

formalin stimulus, however, has been shown to activate endogenous opiate systems 

which could not only block SP release, but may also stimulate the formation of 

additional SP in the primary afferent terminal. This could occur via the activation 

of mechanisms which use a terminal pool of SP precursors as rapidly accessible 

source of mature SP. The time course of the SPLI increases due to formalin 

support this notion as it is unlikely that de novo SP synthesis and axonal transport 

mechanisms could double the dorsal horn SPLI content within 20 minutes~ This 

supports the findings of Kream et al. (1985), who showed evidence of SP 

precursor processing in the dorsal horn. Other investigators have described 

increased SP release during nociception (Go and Yaksh 1987; Kuraishi et al. 

1989). However, decreasing release is not the only way that nociceptive stimuli 

may increase SP levels in the dorsal horn. Given that the peptide 

neurotransmitters are synthesized in the dorsal root ganglia and transported to the 

terminal before release, it is possible that nociceptive inputs alter the amounts of 

transmitter released from and contained in the terminal by affecting more than 

one of the steps in peptide processing. For instance, formalin injection may not 
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only decrease SP release, but may also increase the synthesis of new SP in the ce 11 

body or terminal, or increase the capacity for its transport toward the central 

terminal. 

In the dorsal horn, it was clear that the changes in contralateral SPLI 

content mirrored those in the ipsilateral dorsal horn. Considering that the 

experimental subjects had undergone an acute spinal transection, this was strong 

evidence that nociceptive information gains access to the contralateral side of the 

cord via systems other than those which cross the midline at supraspinal levels and 

descend to the lumbar level in the contralateral cord. Nociceptive information may 

enter the contralateral horn via primary afferent collaterals which cross at the 

segmental level. The physiological significance of alterations of SPLI in the 

contralateral dorsal horn is unclear. Evidence of collateralization of small diameter 

primary afferent neurons is sparse; these neurons have been described as exciting 

second order neurons only in the ipsilateral dorsal horn (Christensen and Perl 

1970).~However, nociceptive activation produces an inhibition of contralateral 

dorsal horn cell excitability (Jim Henry, personal communication, and observations 

in this laboratory) which may serve to focus sensory input onto the ipsilateral 

dorsal horn. This evidence supports the findings of the present 

immunohistochemical studies (see above) and previous studies (Kantner 1985, 

1986), all of which show increased SPLI content in the contralateral dorsal horn 

following a nociceptive stimulus. 

It is also evident from this study that immunohistochemical and tissue 

extraction/RIA techniques used to assess the SPLI content of the dorsal horn 

actually measure different pools of SP in the tissue. It is probable that the tissue 

extraction/RIA method is the most direct measure of .'\otal" SPLI tissue content; it 

is possible that immunohistochemical methods only gain access to SP which is 

contained in neuron terminals or outside some specific part"itioned area 0 0f the 

terminal. Consider the effects of formalin during the first 20 ~inutes after 

injection into the hindpaw: immunohistochemical SPLI levels are increased at 2 

minutes, are down at 10 minutes and are increasing slightly by 20 minutes after 
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hindpaw treatment (see Figure 8). Total SPLI is decreased at 2 minutes and then 

progressively increases during the _next 20 minut~s (see Figure 17). During this 

entire period, SPLI release is profoundly inhibited (see Figure 14). 

Electrophysiological and behavioral studies demonstrate an early phase of 

increased dorsal horn cell excitation and pain-related behavior during the same 

time frame (Dickenson and Sullivan 1987a, Dubuisson and Dennis 1977). During 

the late phase of the pain-related behaviors and dorsal horn cell activity (30-60 

minutes following formalin), both immunohistochemical and total SPLI are 

increased ( see Figures 8 and 17). SPLI release is somewhat decreased during this 

period, but to a lesser degree than the first 40 minutes or after 60 minutes 

following formalin injection into the hindpaw (see Figure 14). The relationship 

between SPLI release and pain-related behavior or dorsal horn cell excitation is 

not clear. However, it can be seen from this study that the time course of 

immun.ohistochemically measured dorsal horn SPLI and pain-related behaviors or 

dorsal horn excit8:tion are virtually identical. Thus, immunohistochemistry may only 

measure vesicular SP which is fixed in the tissue section and packaged for 

immediate release into the dorsal horn; cytosolic SP may be washed away by the 

numerous rinses used before staining. 

Conversely, immunohistochemical SPLI levels may reflect a terminal pool 

of SPLI which is not packaged for release in vesicles. The incorporation of 

cytosolic SP into a subcellular compartment may render it unreactive to the 

antisera used for immunohistochemistry; the same compartments could perhaps be 

disrupted during the tissue extraction technique used for RIA determination of 

SPLI. This scenario is consistent with immunohistochemical levels which change as 

SP is removed from the cytosol and packaged in vesicles, while total SPLI levels 

increase as SP is cleaved from precursors in the terminal and prevented from 

release by the actions of endogenous opiates. This is supported by the results of 

this study which demonstrate that dorsal horn total SPLI content as measured by 

RIA is consistently increased during periods of marked inhibition of SPLI release 

in the dorsal horn ( see Figures 8 and 17). 
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The results of this study also show that the SPLI content of the L5 dorsal 

roots can be slightly depleted by noxious pinch ( see Figure 18). These decreases 

are most likely due to the transport of SP into the terminal since axoplasmic 

transport of SP has been shown to occur rapidly enough ( 4.9 mm/hr) that the 

most central portions of the root could be depleted over the course of 80 minutes 

(Harmar and Keen 1982). The decreases seen in the roots indicate that there may 

not be a mechanism for the rapid replacement of SP from a precursor pool. This 

supports previous_ findings that there is not intra-axonal processing of SP 

precursors (Harmar et al. 1981, 1982; MacLean 1987). The SPLI content of the 

dorsal roots remains largely unchanged following any other type of nociceptive 

stimulus. This may mean that the capacity for the axonal transport of SP cannot 

be increased within the time span of these studies, and that transport could be the 

rate limiting step in the turnover of SP in primary afferent neurons. 

In the dorsal root ganglia, few changes in SPLI content were noted, except 

for an increase in SPLI content of the ipsilateral L.5 DRG 80 minutes after the 

injection of the intense and long-lasting formalin stimulus (see Figure 19). An 

increase in -SPLI due to de novo SP synthesis would take at least this long, since 

the upregulation of the mRNA signal and the posttranslational processing of SP 

precursors is relatively slow.(Minami et al. 1989). An increase in SPLI in the 

contralateral L.5 DRG of saline 'injected animals was seen 2 minutes after hindpaw 

treatment. It is unlikely that this increase represents the actions of the saline 

injection, as there has been no mechanism proposed through which a contralateral 

stimulus could double the SP content of the ·oRG in two minutes. Since the 

increase is not apparent in the ipsilateral DRG ( as are all other stimulus-induced 

changes in this study), this increase may simply reflect an eJror in experimental 

methods for those tissues. 
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Conclusions 

In conclusion, these studies show -how acute and subchronic ( or longer

lasting) nociceptive stimuli activate the metabolism of SP in markedly different 

ways. The acute application of a noxious pinch produces a transient increase in 

SPLI release and small decreases in the SPLI content of the dorsal horn and root. 

-These_ changes indicate that mechanical pinch (which is a more physiologically 

relevant stimulus than formalin or saline injection) evokes very few, if any, changes 

in the regulation of SPLI content in primary afferent neurons. The injection of 

formalin ( and to a lesser degree, saline) into the hind paw clearly activates systems 

which radically alter both SP release and formation in the neuron terminal. It has 

been shown that endogenous opiate systems are activated by formalin injection, 

and this may be the system respon~ible for the decreased SPLI release following 

the application of these stimuli. 



SUMMARY 

A series of experiments was undertaken in order to address the 

mechanisms responsible for the regulation of SP levels in primary afferent neurons 

during nociception. lmmunohistochemical methods were used to measure the SPLI 

content of the lumbar dorsal horn following formalin injection into the hindpaw 

and treatment with morphine or naloxone. These studies confirmed previous 

findings that the injection of dilute formalin into the hindpaw increased SPLI in 

the dorsal horn after one hour. Systemic administration of morphine increased 

SPLI in the dorsal horn after one hour; it was felt that this increase may be 

indicative of a buildup of SP in the terminals of primary afferent neurons. 

Pretreatment with morphine followed by injection of formalin into the hindpaw 

resulted in SPLI levels slightly higher than those produced by either treatment 

alone. The effect of morphine was receptor mediated since naloxone inhibited the 

increase in dorsal horn SPLI due to morphine in a dose-dependent manner. 

Studies addressing_ the time course of SPLI c~anges associated with nociception 

were also conducted using immunohistochemical methods. The injection of saline 

into the hindpaw caused an increase in dorsal horn SPLI lasting 20 minutes, while 

formalin injection produced a biphasic response with early (0-10 min) and late 

(20-60 min) increases in SPLI. This biphasic effect was consistent with those seen 

in behavioral and electrophysiological studies. Naloxone was able to partially block 

the early increase in SPLI due to saline or formalin if administered thirty minutes 

before hindpaw treatment. If naloxone was administered two minutes after 

hindpaw treatment, this blockade was not seen. The ability of naloxone to block 

these increases implies an influential role of endogenous opiate systems in the 

control of SPLI levels in the dorsal horn. Naloxone blocked the late increase in 

SPLI due to formalin only if it was administered prior to hindpaw treatment, also 
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blocking the early increase. This suggests that following formalin injection, 

development of the initial SPLl increase is instrumental in production of the late 

SPLI increase. 

Studies which measured the release of SPLI into the dorsal horn were 

undertake·n using a local push-pull perfusion of the superficial dorsal horn. The 

results of this study demonstrated that mechanical pinch applied to the hindpaw 

produced a graded stimulus-response, with increasingly noxious intensities of pinch 

producing increased SPLI release. formalin injection into the hindpaw produced a 

biphasic effect with decreases in dorsal horn SPLI release 0-40 minutes and after 

60 minutes following stimulus application. SPLI release may be blocked by the 

actions of endogenous opiate systems activated by intense or long-lasting stimuli 

such as formalin. Additionally, the application of a nociceptive pinch to normal. 

and formalin injected animals produced markedly different patterns of SPLI 

release. These differences may be indicative· of a hyperalgesic state of nociceptors 

in the hindpaw produced by the injection of formalin. 

The SPLI content of dorsal horn, dorsal root, and dorsal root ganglion 

tissues was measured following similar treatments using a tissue extraction/RIA 

method. It was found that formalin injection produced increases in the dorsal horn 

at 20 and 80 minutes, periods when SPLI release is decreased by formalin 

injection. Formalin also increased dorsal root ganglion SPLI content 80 minutes 

after injection into the hindpaw. Mechanical pinch slightly decreased the SPLI 

content of both dorsal horn and dorsal root tissues. Dorsal root SPLI content was 

unchanged by any other ·treatment. Saline injection also increased dorsal horn 

SPLI at 60 minutes; t~is may be due to the trend toward decreased SPLI release 

seen in the hour following saline injection. In both RIA and immunohistochemical 

studies, changes in the contralateral dorsal horns were similar to those in the 

dorsal horn ipsilateral to hindpaw treatment, providing indirect evidence for the 

collateralization of nociceptive information at the segmental level. 

The findings of these studies support the idea that both the synthesis and 

release of SP may influence primary afferent SPLI content, and that acute (pinch) 



and subchronic (formalin) nociceptor activation produce different patterns of SP 

release and synthesis in the primary afferent neuron. Formalin clearly activates 

systems which may limit nociceptive transmission, thus raising the issue of the 

involvement of SP in the transmission of nociceptive information following 

formalin injection. 
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