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LELAND N. HOLLAND, JR. 
A Study of Substance P in the Dorsal Horn: Involvement in Phasic and Tonic Nociception 
(Under the direction of BARRY D. GOLDSTEIN, Ph.D.) 

Animal laboratory research represents a major approach to investigate pain. While it is not 

clear whether animals feel pain, an animal's reaction to noxious stimuli is a useful means of inferring 

responses that we associate with the experience of pain. "Nociception" or "reaction to a noxious 

stimulus" has been used operationally to address the subject of pain for investigation. "Phasic" 

nociception is used to describe transient nociception. "Tonic" nociception is used to describe 

continuous nociception. 

The spinal cord has been a major focal point for studies involving nociception. The 

neuropeptide, substance P (SP), has received much attention as a putative mediator of nociception in 

the dorsal horn. A substantial amount of conflicting data has surfaced concerning the role of SP in 

transmitting different types of nociception in the spinal cord. Currently, it is not known whether SP 

is involved in phasic and/or tonic nociception. Based upon the literatur~ and some preliminary data 

generated in this laboratory, it was hypothesized that SP in the dorsal horn mediates phasic and not 

tonic nociception. This dissertation addresses this hypothesis by employing current tests which have 

been established ereviously as accepted methods for both types of nociception. 

A series of experiments were undertaken to determine whether immunohistochemicalchanges 

of SP levels in the dorsal horn were associated with phasic and/or tonic nociception. Following the 

treatment of rats with a hindpaw needle placement (sham) or injection with saline or formalin, 

nociception was assessed with the automated measurement of stereotypic behavior. SP 

immunohistochemical levels were assessed with the techniques of immunocytochemistry and 

microdensitometry. The results showed that stereotypic behavior correlated very well with licking 

which was considered to be nociceptive. A profile of formalin-induced stereotypic behavior over time 

revealed both a phasic and a tonic phase of nociception. Both phases were reduced by pretreatment 

with systemically administered morphine or peripheral application of lidocaine. However, 

immunohistochemical changes of formalin-induced SP-like immunohistochemistry in the dorsal horn 

following pretreatment with lidocaine were associated directly with the phasic and not the tonic 

behavioral response. 



A second series of experiments were undertaken to examine the effect of SP receptor 

desensitization ~n phasic and tonic nociception. Multiple injections of a high dose of SP were made 

onto the rat spinal cord, and changes in the number or affinity of SP receptors or in SP receptor G

protein interactions were investigated. Radioligand binding assays revealed that multiple populations 

of 3H-SP binding sites are prese!lt in the rat dorsal spinal cord. The high-affinity binding of 1251-BH-SP 

to dorsal spinal membranes Wl\S inhibited by the presence of the guanine nucleotide, Gpp(NH)p . 
. 

Successive administration of a high dose of SP orito the spinal cord induced a similar reduction in high-

affinity 1251-BH-SP binding. The number of high-affinity SP binding sites (Bmax) was reduced and the 

IC50 of this bindingcomponentwas increased suggesting a possible involvement of receptor-G protein 

complexes. As demonstrated with the tail-flick and paw pressure tests, phasic behavioral responses 

were attenuated following multiple injections of SP onto the spinal cord. An attenuation of behavioral 

responses was associated with an increase in the IC50 of the high-affinity SP binding component which 

was qualitatively and quantitatively similar to that produced by Gpp(NH)p. 

The method of SP receptor desensitization was employed in two models of tonic nociception, 

the formalin test and the monosodium urate (MSU) test. In the formalin test, SP receptor 

desensitization reduced the first phase but had no effect on the second phase of pain-related behavior. 

In the MSU test, SP receptor desensitization did not affect MSU-induced pain-related behavior. 

These data showed that SP levels were associated with the phasic behavioral changes following 

noxious stimulation in a single behavioral.model of nociception. In two established models of phasic 

and tonic nociception, alteration of SP receptor activity in the dorsal horn changed phasic nociceptive 

behavior but did not alter tonic nociceptive behavior. These results support the hypothesis that SP 

mediates phasic and not tonic nociception. 

INDEX WORDS: Substance P, Dorsal Horn, Nociception, Formalin Test, Monosodium Urate Test, 
lmmunohistochemistry, Neurokinin Receptor, Desensitization, GTP Binding Protein (Rat). 
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INTRODUCTION 

Statement of the Problem 

Pain is "a complex experience, comprising a sensory component referring to 

the qualitative sensory experience elicited by a stimulus and a reactive component 

that refers to the accompanying affective and emotional response" (Ramabadran 

and Bansinath, 1986). Some pains are sharp, well localized and require immediate 

withdrawal from a stimulus in order to avoid injury. Other pains are less localized 

and result from tissue injury associated with the stimulus. 

Animal laboratory research repr~sents a major approach to investigate 

pain. In the laboratory, it is not clear whether animals feel pain. However, an 

animal's reaction to noxious stimuli is a useful means of inferring responses that 

we associate with the experience of pain. Alternatively, "nociception" or "reaction 

to a noxious stimulus" has been used operationally to address the subject of pain 

for investigation. "Phasic" nociception is used to describe transient nociception. 

"Tonic" nociception is used to describe continuous nociception. 

The spinal cord has been a major focal point for studies involving 

nociception, mainly because it is where the first synaptic contact is made during 

nociceptive transmission. One neuropeptide, substance P (SP), has received much 
< 

attention as a possible mediator of nociception in the dorsal horn. A substantial 

amount of conflicting data has surfaced concerning the role of SP in transmitting 

different types of nociception in the spinal cord. Currently, it is not known 

whether substance P is involved in phasic and/or tonic nociception. Therefore, 

based upon 'the litera,ture and some preliminary data generated in this laboratory, 

it was hypothesized that SP in the dorsal horn mediates phasic and not tonic 

nociception. This dissertation addressed this hypothesis by employing current tests 

which have been established and widely accepted as methods representative of 

both types of nociception. 



Review of Related Literature 

Naciceptive transmission 

Nociceptive information is subserved by thinly myelinated Ao and 

unmyelinated C fibers. Following the activation of peripheral free nerve endings, 

nociceptive information is transmitted by these fibers to the dorsal horn where 

they synapse in the outermost layers of the dorsal horn, the marginal zone 

(Laminae I) and the substantia ge!atinosa (Laminae II and III) (Christensen and 

Perl, 1970). 

There are many neurotransmitters found within the primary afferent

neurons. Among the' several putative neurotransmitters found, substance P (SP) 

has received a great deal of attention and appears to be involved in nociceptive 

transmission (Hokfelt et al, 1975; Yaksh and Hammond, 1982). 

An important ,component of nociceptive transmission is the primary 

afferent synapse. Here, second-order neurons receive Ao. and C fiber input from 

primary afferent neurons. Nociceptive information is then relayed to the brain 

stem or the thalamus via two ascending pathways, the paleospinothalamic and 

neospinothalamic tracts, respectively. From the thalamus, information is further 

relayed to specialized areas of the cerebral cortex (Kandel and Schwartz,. 1985). 

Phasic and tonic nociception 

2 

Based on the fact that there is a diversity in types and sources of pain, a 

proposal was made in 1977, regarding whether different types of pain are 

mediated by separate neural pathways (Dennis and Melzack, 1977). Dennis and 

Melzack applied a parallel processing concept to explain two different types of 

nociception (Melzack ·and Casey, 1968). They postulated that the 

neospinothalamic pathway, because of its direct anatomic relay to higher brain 

centers, was designed for rapid or "phasic" transmission of naciceptive information. 

In contrast, the more diffuse paleospinothalamic pathway was specialized for 

delayed oi "tonic" nociceptive transmission. 

This idea was largely unaccepted due to the fact that both faster conducting 



Ao and slower conducting C fibers converged onto second-order neurons (Willis 

and Coggeshall, 1978). Thus, second order neurons were likely to be responsible 

for both types of nociception (Price, 1987). 

Usefulness of behavior as an approach to investigate nociception 

The measurement of behavioral responses following the peripheral 
' ' 

3 

application· of noxious stimuli is an important approach to testing whether SP 

mediates nociception'. When challenged with noxious stimuli, animals display a 

number of behavioral and physiological signs which are useful for an 

understanding of nociception and the management of clinical pain (Levitt, 1985). 

However, reactions made by an animal in response to an unpleasant stimulus are 

not always easy to interpret. For example, the investigator rhust rely on an 

objective assessment of behavior, such as licking, which is pain-related (Dubner, 

1987; Ramabadran and Bansinath, 1986). In order to make a distinction between 

"pain" and behaviors associated with pain, investigators have termed the 

physiological and behavioral responses to noxious stimuli as being "nociceptive" 

and considered the responses to be pain-related by operational definition. 

Animal studies used to investigate nociception have employed a wide 

variety of behavioral measures ranging from simple reflex to complex unlearned or 

learned behaviors (Chapman et al, 1985; Dubner, 1989). Attempts have been 

made in every situation to develop models which mimic human pain. 

Categorically, these have been models which represent acute pain or chronic 

inflammatory-type pain. Therefore, two basic types of noticeptive challenges in 

the laboratory have been employed: application of a brief, intense noxious 

stimulus (for example; heat or mechanical pressure) or a longer-lasting noxious 

stimulus (for example, an inflammatory-producing agent). A brief noxious 

stimulus results in a phasic response, defined as an animal's transient reaction to 

impending tissue damage; a continuous noxious stimulus results in a tonic 

response, defined as a more prolonged response associated with tissue trauma and 

inflammation (Abbott et al, 1982a; 1983; Okuda et al, 1984; Otsuki et al, 1986; 
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Ryan et al, 1985; Thorn and Plotkin, 1984). Thus, an animal's reaction to noxious 

stimuli largely resembles the human response to painful stimuli. 

Substance P and related peptides 

Substance P (SP) was discovered by van Euler and Gaddum in 1931, as an 

unidentified extract in the isolated jejunum of the rabbit (van Euler and Gaddum, 

1931). At that time, the effect of contractile agents on intestinal smooth muscle 

was of primary interest, and a series of experiments were performed to examine 

the release of acetylcholine from the intestine. Since the contraction was not 

blocked with atropine and since histamine did not induce a similar contraction, it 

was thought that this action might be explained by a novel substance. The extract 

was systematically investigated and found to be a depressor substance in the rabbit 

and other mammalian species. The substance was later purified and referred to 

as substance "P", named after "preparation" used in the labeling of blood pressure 

tracings and protocols (Pernow, 1953; van Euler, 1936). Two basic physiological 

actions were attributed to SP: contraction of intestinal smooth muscle and 

relaxation of vascular smooth muscle. Consequently, SP was described as a 

"tachykinin" due to its widespread distribution and "kinin-like" activity. 

It was postulated that SP was a low molecular weight peptide because the 

activity of SP was blocked by the addition of trypsin, and following the removal of 

larger peptides from the extract, SP activity was not changed (von Euler, 1936). 

More than twenty years later, Chang and Leeman characterized SP as an eleven 

amino acid peptide and were able to describe its synthesis (Chang and Leeman, 

1970; Tregear et al, 1971 ). 

For many years, SP was the only known tachykinin (Leeman, 1977). In the 

early 1960's, two other peptides, eledoisin and physalaemin, were discovered, first 

in the salivary glands of a Mediterranean octopod and then in the skin of certain 

amphibian species (Erspamer et al, 1977). The structures of these peptides were 

similar to SP. After further investigation, a third tachykinin, kassinin, was found 

(Erspamer and Melchiorri, 1980). Over the years, the term "tachykinin" came to 
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represent a family of polypeptides with a carboxy-terminal sequence of Phe-X-Gly

Leu-Met-NH2 (Table I). 

Pharmacological studies on the responses of nonmammalian tachykinins in 

peripheral tissues led to an attempt to isolate endogenous mammalian tachykinins 

(Leeman, 1977). This resulted in the discovery of two new tachykinins, neurokinin 

a and neurokinin {3, found in extracts of porcine spinal cord (Kimura et al, 1983). 

Simultaneously, substance K was discovered and later found to be the same 

peptide described as neurokinin a (Maggio et al, 1983). Another tachykinin, 

neuromedin L, was independently isolated in another group and also found to be 

neurokinin a (Minamino et al, 1984). Later, the nomenclature was changed: 

neurokinin a was called "neurokinin A" (NKA), and neurokinin f3 was called 

"neurokinin B" (NKB) (Leeman, 1987). 

Substance P in the dorsal ham and nociception 

Early studies on the distribution of SP within the CNS revealed that SP was 

found in relatively high concentrations within the hypothalamus and the dorsal 

roots (Pernow, 1953). This led to the discovery that SP was much more 

concentrated in the dorsal than in the ventral roots (Lembeck, 1953). This was 

interpreted as a possibility for SP being a sensory neuromediator in the spinal 

cord. In the early 1970's, Leeman and coworkers raised antibodies to SP and used 

them to examine the regional distribution of SP within the CNS (Powell et al, 

1973). The technique of im.munohistochemistry was applied. to the dorsal horn 

where SP was found to be localized within primary afferent terminals in Laminae 

I, II and III (Barber et al, 1979; Hokfelt et al, 1975). 

In the mid 1970's, SP was observed to" activate dorsal horn neurons in a 

manner similar to noxious stimulation of peripheral neurons (Henry et al, 1975; 

Henry, 1976; Randie and Miletic, 1977). This represented some of the first 

evidence that SP might have a physiological action in the neurotransmission or 



Table I 

Substance P and Related Tachykinins. 

MAMMALIAN TACHYKININS 

Substance P (SP) Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

Neurokinin A (NKA) His-Lys-Thr-Asp-Ser-Phe-Val-Glv-Leu-Met-NH2 

Neurokinin B (NKB) Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 

Eledoisin 

Physalaemin 

Kassinin 

NON-MAMMALIAN TACHYKININS 

<Glu-Pro-Ser-Lys-Asp-Ala-Phe-I!e-Gly-Leu-Met-NH2 

<Glu-A1a-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2 

Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2 

6 
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neuromodulation of nociception (Henry, 1977; 1980). Subsequently, it was 

determined that the activation of peripheral nerve endings with noxious agents 

resulted in the release of SP in the spinal cord, and intrathecally administered 

morphine blocked this release, supporting the role of SP in mediating nociception 

(Yaksh et al, 1980). 

Recently, attempts to elucidate the involvement of SP in nociception have 

revealed that SP is released into the dorsal horn by a variety of stimuli including 

intense heat, pinch or inflammatory-producing agents (Duggan and Hendry, 1986; 

Kuraishi et al, 1983; 1985a; 1985b; 1985c; 1989; McCarson and Goldstein, 1991; 

Schaible et al, 1990). One type of treatment, injection of the noxious agent, 

formalin, has been shown to increase substance P-like immunoreactivity (SPLI) in 

the dorsal horn (presumably in nerve terminals) in a manner consistent with 

changes in the electrical activity of dorsal horn neurons (Dickenson and Sullivan, 

1987a; 1987b; Kantner et al, 1985; 1986; McCarson and Goldstein, 1989; 1990; 

Sotgiu, 1989). · 

Behavioral evidence that SP mediates nociception has been provided by 

studies which show that the intrathecal administration of SP induces a variety of 

self-directed licking and biting behaviors that are consistent with nociception 

(Hunskaar et al, 1985a; Hylden and Wilcox, 1981; Piercy et al, 1981; Seybold et al, 

1982). 

Substance Preceptors in the dorsal horn 

Behavioral responses to intrathecally-administered SP appear to result from 

SP binding to receptors located postsynaptically to afferent fibers in the dorsal 

horn (Helke et al, 1986; Matsumura et al, 1985b ). The iontophoretic 

administration of SP onto dorsal horn neurons produces an excitatory action, 

similar to the effect caused by peripheral noxious stimulation (Henry, 1976; 

Randie and Miletic, 1977). Following chronic spinal deafferentation or selective 

degeneration of C fibers caused by exposure to capsaicin, an increased number of 

neurons respond to SP and the number of SP binding sites in the dorsal horn is 
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increased, supporting a postsynaptic locus of SP action (Mantyh and Hunt, 1985; 

Massari et al, 1985; Pubols and Brenowitz, 1982). 

Receptors for SP have been characterized in the spinal cord. Specific 1251-

Bolton Hunter (BH)-SP binding sites, as determined by autoradiography (Charlton 

and Helke, 1985a; Danks et al 1986; Ninkovic et al, 1984) and in tissue 

homogenates (Charlton and Helke, 1985b; Iverfeldt et al, 1988; Torrens et al, 

1983) are more densely concentrated in the dorsal than in the ventral horn. 

There is more than one class of binding sites in the spinal cord since the specific 

binding of 125I-BH-SP is inhibited by other tachykinins (Charlton and Helke, 

1985a; 1985b). Guanine nucleotides inhibit high affinity 125I-BH-SP and 3H-SP 

specific binding in membranes prepared from the brain and spinal cord and 

influence SP regulation of adenylate cyclase activity, suggesting that the SP 

receptor is linked to a transducer G-protein (Boyd et al, 1991; Cascieri and Liang, 

1983; lverfeldt et al, 1988; Luber-Narod et al, 1990; MacDonald and Boyd, 1989; 

Morishima et al, 1989; Moser, 1990; Tanaka et al, 1986). 

Based on the rank order of potencies among different tachykinins in 

peripheral assays, there m_ay be multiple classes of neurokinin receptors in the 

dorsal horn or one class of neurokinin receptor existing in different affinity states 

(Iversen et al, 1987; Lee et al, 1987; Regoli et al, 1988; Schwyzer, 1987). Initially, 

at least two distinct populations of SP binding sites were proposed in the rat: the 

NK-1 binding site, selective for SP and the NK-3 binding site, selective for NKB 

(Cascieri et al, 1985; Torrens et al, 1985). More recently, a third SP binding site, 

the NK-2 site, was proposed and determined to be selective for NKA (Lee et al, 

1987). Although a clear relationship between the rank order of potencies among_ 

tachykinins and the physiological actions of these substances remains to be 

elucidated, the high-affinity SP binding site in the rat spinal cord has been 

observed to have preferential affinity for SP and- appears to be responsible for 

nociceptive transmission (Charlton and Helke, 1985a;1985b; Laneuville et al, 1988; 

Papir-Kricheli et al, 1987). 



Failure to establish a causal relationship between substance Pin the dorsal ham 

and nociception 
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In several ways, SP qualifies as a neurotransmitter: SP is concentrated 

within the terminals of small diameter fibers in the dorsal horn (Barber et al, 

1979; Hokfelt et al, 1975); following noxious stimulation of peripheral nerve . 

endings, SP is released from the dorsal horn (Jessel and Iversen, 1977; Mudge et 

al, 1979; Yaksh et al, 1980); high-intensity electrical stimulation of peripheral 

nerve endings activates dorsal horn neurons in a manner similar to the 

iontophoretic application of SP (Henry, 1976); and the injection of SP onto the 

spinal cord in an arei where SP binding sites are located results in behaviors 

which are considered to be nociceptive (Seybold et al, 1982). However, problems 

were found when studies were performed to establish a consistent causal 

relationship between the action of SP in the dorsal horn and nociception. Wall 

and Fitzgerald (1982) reviewed this topic extensively by pointing out that despite 

fulfilling transmitter criteria, SP measurement did not match consistently with 
' 

nociceptive responses. Their deduction resulted from six mismatches between 

responses which were attributed to SP and the levels of SP. First, using 

neurotoxic agents to deplete SP, it was observed that dorsal horn electrical activity 

and behavioral responses disappeared much later than the apparent decline in SP 

levels (Ainsworth et al, 1981; Fitzgerald and Wolf, 1982; Lembeck and Donnerer, 

1981 ). Second, the same types of responses returned prior to signs of SP recovery 

(Gamse et al, 1981; Jancso et al, 1980). Third, the levels of SP were not always 

consistent with dorsal horn responsiveness following the application of noxious 

heat (Gamse et al, 1981; Holzer et al, 1979; Jessel) et al, 1978; Nagy et al, 1980). 

Fourth, not all agents shown to deplete SP resulted in altered behavioral 

responses to noxious heat (Yaksh et al, 1981 ). Fifth, the ability of dorsal horn 

neurons to respond to noxious stimuli was not always related to SP levels 

(Ainsworth et al, 1981; Barbut et al, 1981; Wall and Devor, 1981; Wall and 

Fitzgerald, 1981). Last, afferent nerve lesions reduced SP levels within dor-sal 

horn terminals but resulted in self-directed licking and biting behaviors which were 
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similar to those produced by SP (Wall and Devor, 1981). Therefore, even though 

SP satisfied many of the criteria to be considered as a neurotransmitter of 

nociception in the dorsal horn, there was a substantial amount of evidence 

suggesting that this was not the case. 

Involvement of substance Pin phasic and tonic nociception 

The question of whether SP mediates either phasic or tonic nociception has 

been limited to a considerable extent by the lack of pharmacological methods 

available for investigating SP (Sawynok and Robertson, 1985). Several techniques 

have been employed. These have included the use of capsaicin, SP antagonists 

and SP receptor desensitization. 

Capsaicin, a component in hungarian red peppers, has been the most 

extensively used agent_ (Jancso, 1968). The exact mechanism of capsaicin's action 

is not known, but it has been shown to specifically affect C fibers (Jancso et al, 

1977; Palermo et al, 1981) and to deplete SP in the spinal cord (Jessel! et al, 

1978). The most consistent result of capsaicin treatment has been selective 

degeneration of small diameter fibers (Ainsworth et al, 1981; Cuello et al, 1981) 

and a reduction in SP levels in the dorsal horn (Yaksh et al, 1981 ). These 

observations initiated irhmunohistochemical studies which attempted to determine 

if changes in SP or other putative neurotransmitters might be associated with a 

reduction in nociceptive behaviors (Jancso et al, 1981). 

As a result of these studies, several important observations were made. 

First, while capsaicin reduced the levels of SP in the dorsal horn, it also reduced 

the levels of somatostatin, 5-hydroxytryptamine, cholecystokinin, vasoactive 

intestinal peptide, cort,icotropin releasing factor, calcitonin gene-related peptide, 

galanin and neurokinin-A (Buck and Burks, 1986; Jancso et al, 1981; Nagy et al, 

1981b; Schultzberg et al, 1982). Second, antinociception was reported to occur 

following capsaicin without SP depletion (Miller et al, 1982). Third, the effects of 

capsaicin were variable and dependent on the method of administration (Buck et 

al, 1986; Fitzgerald, 1983). For example, phasic and tonic behavioral responses to 
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noxious stimuli followi_ng intrathecally administered capsaicin were reduced 

(Jhamandas et al, 1984; Yaksh et al, 1979; Yaksh et al, 1981). However, when 

capsaicin was administered systemically, phasic behavioral responses to thermal 

and mechanical stimuli were either increased (Cervera and McRitchie, 1981; 

Hayes and Tyers, 1980) or not changed (Fitzgerald and Woolf, 1982; Yaksh et al, 

1979), and tonic responses were reduced (Hara et al, 1984; Hayes et al, 1981; 

Larez et al, 1983; Nagy and van der Kooy, 1983; Otsuki et al, 1986). Capsaicin 

applied directly to the sciatic nerve reduced phasic nociceptive behavior (Abbott 

et al, 1984; Holzer et al, 1979; Yaksh et al, 1979) but not tonic nociceptive 

behavior ·(Abbott et al, 1984; Coderre et al, 1984). Finally, capsaicin caused 

morphological damage and exhibited local anesthetic effects in the spinal cord 

(Nagy et al, 1981; Post et al, 1985a; 1985b). Thus, capsaicin was not very useful to 

investigate solely the role of SP . . 
In an effort to define more clearly the involvement of SP in nociception, 

certain SP analogues with receptor antagonist properties were developed (Rosell 

et al; 1982; Vaught, 1988). Appropriate substitutions at the 2, 7 and 9 position of 

the SP molecule were necessary for antinociceptive activity (Vaught et al, 1981). 

The ability of SP antagonists to block the effects of SP in the dorsal horn was 

supported by SP receptor binding (Charlton and Helke, 1985b) and extracellular 

recordings of dorsal horn neurons (Randie et al, 1987). However, the specificity 

of SP antagonists was questionable. For example, the intrathecal administration of 

D-Pro2,D-Trp7
•9-SP produced a flaccid paralysis in laboratory animals 

independently from SP receptor antagonism (Akerman et al, 1982; Matsumura et 

al, 1985a; Rodriguez et al, 1983; Vaught and Scott, 1987). Also, certain SP 

antagonists produced irreversible morphological damage in the spinal cord, an 

effect that was not seen with SP administration (Hokfelt et al, 1981; Post and 

Paulsson, 1985). Thus; the use of SP antagonists was not a very effective way to 

investigate SP function. 

More recently, SP receptor desensitization has been explored as an 

alternative approach for investigating the role of SP in nociception (Larson, 1988; 
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Larson et al, 1989; Moochhala and Sawynok, 1984; Sawynok and Robertson, 1985; 

Sweeny and Sawynok, 1986). This methodological approach involves giving 

multiple injections ofhigh concentrations of SP onto the spinal cord of an animal. 

The result is an attenuation of behavioral responses to noxious stimuli without any 

apparent adverse side-effects. The method of SP receptor desensitization has 

been applied to models of phasic but not tonic nociception (Moochhala and 

Sawynok, 1984; Sweeny and Sawynok, 1986). 

It has been suggested that the attenuated behavioral response resulting 

from successive administration of SP is caused by the activation of an endogenous 

opiate system since naloxone, administered intrathecally, blocks SP-induced 

responses (Larson, 1988; Larson et al, 1989; Yashpal and Henry, 1983). In 

addition, products of SP metabolism may be a contributing factor since SP is 

metabolized very quickly (within 2 minutes), and the administration of N-terminal 

SP fragments reduces SP-induced licking behaviors (Igwe et al, 1989; Sakurada et 

al, 1990). Although a reversal of behavioral responses might be explained by 

these actions, the possibility has not been investigated that attenuated responses 

reflect changes in the SP receptor. 

Speci.ic Aims 

Evidence from the literature suggests that SP mediates nociception at the 

level of the spinal cord. However, whether SP mediates phasic and/or tonic 

nociception is unclear. Based on reports in the literature and pilot studies in the 

laboratory, the hypothesis that SP is a neuromediator of phasic and not tonic 

nociception was proposed. Witli this hypothesis in mind, the specific aims of this 

study were: 

1 - To determine how SP levels in the dorsal horn were correlated with a 

profile of behaviors over time following a phasic and tonic nociceptive 

stimulus. Substance P-like immunohistochemical levels were measured in 

the dorsal horn and compared with both types of behavioral responses in a 
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single model of nociception. 

2 - To determine the effect of SP receptor desensitization on phasic and tonic 

nociception. Two established models of phasic and tonic nociception were 

employed. 

Rationale 

Two specific aims were proposed to determine whether SP is involved in 

phasic or tonic nocice,Ption. In the first specific aim, the levels of SP in the dorsal 

horn were correlated with the change in nociceptive behaviors induced by a 

hindpaw treatment with formalin. Dilute formalin, employed in a model of 

chemogenic nociception, has been used as a nociceptive stimulus (Dubuisson .and 

Dennis, 1977). Following formalin treatment, there is a biphasic behavioral effect. 

Animals react to a formalin stimulus initially (0-5 min) followed by a· short period 

of inactivity (5 min). This is followed by a second period of activity lasting for 

approximately 40 minutes. The initial reaction has been characterized as a 

"phasic" response; the secondary reaction has been characterized as a "tonic" 

response (Abbott and Melzack, 1983). 

Treatment of rats with a hindpaw injection of formalin has been shown to 

increase SP levels in the dorsal horn, as measured immunohistochemically 

(Kantner et al, 1985; Kantner et al, 1986; McCarson and Goldstein, 1989; 1990). 

The levels of SPLI following formalin treatment are consistent with changes in. 

dorsal horn neuron electrical activity (Dickenson and Sullivan, 1987a; 1987b; 

Sotgiu, 1989) and licking behavior (Hunskaar et al, 19,85b; Sugimoto et al, 1986). 

Thus, the levels of substance P like-immunoreactivity (SPLI) in the dorsal horn 

appear to correlate with formalin-induced nociception (McCarson and Goldstein, 
' 1990). However, while systemically administered inorphine has been shown to 

reduce formalin-induced nociception (Abbott et al, 1982b; Abbott et al, 1986), it 

increases. SPLI levels in the dorsal horn even further (McCarson and Goldstein, 

1989). Furthermore, the increase in SPLI levels following formalin is blocked with 
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systemically administered naloxone, suggesting that the increase in SPLI might be 

the result of an endogenous opiate system (McCarson and Goldstein, 1989; 1990). 

It is not known how changes in SPLI in the dorsal horn are correlated with 

nociception. Therefore, the effect of blocking afferent activity on SPLI changes in 

the dorsal horn was d,etermined and compared with changes in formalin-induced 

nociceptive behavior. , 

Another way t~ study the role of SP in phasic or tonic nociception is to 

block the action of SP just prior to the application of a hociceptive stimulus and 

determine whether the behaviors associated with the stimulus still occur. Since 

neither capsaicin nor SP antagonists are reliable tools for the study of SP function, 

another model was neces~ary to study a possible role of SP in transmitting 
; 

nociceptive information in the spinal cord. If a suitable method could be found to 

block the action of SP and at the same time, a nociceptive stimulus could be 

applied, then it might be possible to show any dissociation between SP action and 

specific types of nociception. 

The usefulness of SP receptor desensitization as a method to investigate 

whether SP mediates nociception has been described (Moochhala and Sawynok, 

1984). This method has been applied to models of phasic but not to tonic 

nociception. The successive administration of a high dose of SP onto the spinal 

cord has been shown to attenuate behavioral responses to heat (Sweeny and 

Sawynok, 1985) an,d mechanical pressure (Sawynok and Robertson, 1985). 

However, these behavioral responses have not been fully studied. It was desirable 

to extend these studies to investigate the duration of attenuated responses 

following SP administration and to determine whether desensitization of t~e SP 

response was reflected at the level of SP receptor, i.e. changes in the number or 

affinity of SP receptors or in SP receptor-G protein interactions. This could be 

investigated with SP receptor binding techniques. 

It was not clear whether SP was involved in tonic nociception. Therefore, 

the method of SP receptor desensitization was used to investigate this. Two 

established models were employed: the formalin test and the monosodium urate 
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(MSU) test. These models represented a more prolonged noxious stimulation in 

comparison to models of phasic nociception. Formalin and MSU used as a 

noxious stimulus produced erythema and inflammation, well-known signs 

associated with secondary pain. Behavioral responses to formalin and MSU were 

regulated in a similar ·manner by morphine, suggesting a similarity in control 

mechanisms. Because of these similarities, both models were considered 

appropriate for investigating SP function. 



General Methods 

Animals 

MATERIALS & METHODS 

Male Wistar rats (300-350 g) were used for the entire study. The rats were 

housed in metal cages, given free access to food and water and exposed to a 12 hr 

light\ dark cycle. Guidelines for the use of laboratory animals were followed 

according to the International Association for the- Study of Pain (Zimmerman et 

al, 1983) and the Medical College of Georgia Committee on Animal Use for 

Research and Education. During behavioral testing, rats were housed in plastic 

cages with plenty of bedding to ensure that they were as comfortable as possible. 

Multivariate locomotor activity (Digiscan Animal Activity System) 

During recent years, the effectiveness of using an automated system to 

monitor multivariate locomotor activity in small animals has gained support. The 

recording of activity in rodents has been particularly successful (Sanberg et al, 

1985; 1987). An automated system is less cumbersome and allows an observer to 

measure many different types of activity at once with more reliability. 

The Digiscan Animal Activity System was used in this study to-measure the 

activity of rats following various treatments in the formalin test (see below). Four 
' . 

different types of activity were measured: resting, ambulatory, rearing and 

stereotypic (repetitive) behavior. Examples of resting and ambulatory activity 

were: 1) the number of horizontal movements made by the animal (horizontal 

activity), 2) the number of periods spent in continuous movement without rest for 

one second (number of movements), 3) the amount of time spent in movement 

(movement time), 4) the amount of time without movement (rest time) and 5) the 

amount of distance traveled (total distance). Examples of rearing·activity were; 1) 

16 
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the number of vertical movements made by the animal (vertical activity), 2) the 

number of periods spent in continuous vertical movement without rest for one 

second (number of vertical movements) and 3) the amount of time spent in 

vertical movement (vertical time). Examples of stereotypic movements were: 1) 

the number of continuous stereotypic movements made by the animal without rest 

for one second (stereotypy number) and 2) the amount of time an animal spent in 

stereotypic behavior .(stereotypy time). 

After preliminary tests, stereotypic behavior was found to very useful for 

the measurement ·of formalin-induced pain-related behavior in rats. Behavior 

caused by formalin (e.g. licking, scratching, gnawing, biting
1 
and paw lifting) was 

repetitive in nature. Thus, studies focused on stereotypic behavior as an i'ndex of 

nociception. 

Formalin test 

Rats were placed in a Digiscan Animal Activity .Monitor (Omnitech 

Electronics, Columbus, OH). This system consists of an acrylic cage (100 cm x 

100 cm x 60 cm) aligned with sensors and 16 equally spaced light beams. 

Movement of the animal is detected by the system resulting in a printout of 

various activity measurements (see above). Rats were allowed to habituate with 

the testing environment 30 min prior to experimental treatment. Baseline 

stereotypic behavior was measured during the last 15 min of the habituation 

period. 

Rats were treated by a hindpaw injection of saline_ (100 ,ul), 5% formalin 

(100 µl) or insertion of a 30 gauge needle. Immediately following the hindpaw 

treatments, the time spent performing stereotypic behavior was determined for 60 

min with data collected in five min intervals. Rats were .not tested more than 

once since it was not clear whether treatment with a single injection of formalin 

would sensitize the hindpaw to further treatments. Testing took place between 1 

and 6 pm. 

In order to ensure that the stereotypic behavior, measured by the 
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automated rating system, adequately represented formalin-induced licking 

behavior, the automated assessment of stereotypy time was correlated to the 

amount of time the rat spent licking the treated paw. The licking time was 

measured using a stop watch. Licking behavior was defined as any repetitive 

contact of the treated, paw with the rat's mouth (Fanselow, 1984). To avoid bias, 

the observer was unaware of the treatments in each experiment. 

In order to test whether formalin-induced stereotypic behavior was 

consistent with nociceptive behavior, as described in previous reports (Abbott et 

al, 1982b; 1986; Dubuisson and-Dennis, 1977; Hunskaar et al, 1985; Ohkubo et al, 

1990; Shibata et al, 1989), the effect of morphine (2.5 and 5.0 mg/kg, s.c.) on 

stereotypy·time was d.etermined. 

Monosodium urate test 

MSU crystals were prepared by allowing a mixture of 0.01 M uric acid and 

0.01 M NaOH to stand overnight at 25° C (McCarty and Faires, 1963). The 

crystals were then gathered and re-suspended several times with saline. 

Rats were lightly anesthetized with halothane and administered MSU 

crystals (1 mg) dissolved in saline (25 µl) containing Tween 80 (10%) into the 

ankle joint. Rats administered saline plus Tween 80 (vehicle) served as controls. 

Following treatments with MSU or vehicle, rats were observed for 5 hr in a clear 

acrylic cage (100 cm x 100 cm x 60 cm). The five hour time period was chosen 

based on preliminary tests and previous reports (Otsuki et al 1986). The 

investigator was unaware of the treatments in each experiment. Rats were 

assigned a nociceptive rating every 300 sec based on the amount of time spent in 

four predetermined positions: 0 - no unusual stance or gait, 1 - hindlimb on the 

floor of the cage with slight limp or closed toes, 2 - hindlimb on the floor of the 

cage with severe limp or p·artial touch of toes, or 3 - one foot stand or gait. The 

nociceptive rating was calculated as shown in Table IL 



Table II 

Method Used to Assess Behavior Elicited by Monosodium Urate. 

TSl + 2(TS2) + 3(TS3) TWl + 2(TW2) + 3(TW3) 

Nociceptive rating = _________ + 

TS TS 

TS = Total time spent standing· 
TW = Total time spent walking 

• the numbers represent predetermined nociceptive categories 

Positions Category 

Standing 

Walking 

TSl 
TS2 
TS3 

TWl 
TW2. 
TW3 

from Otsuki et al, 1986 

Complete touch of hindpaw on cage floor· 
Partial touch of hindpaw on cage floor 
One hindpaw stand 

Slight limping 
Severe limping 
One hindpaw gait 

19 
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Another type of nociceptive rating was determined in a separate group of 

· rats using the paw pressure ratio method. This method was performed utilizing a 

holding apparatus (Harvard) and force transducers attached to a physiograph. 

This is represented in Figure 1. The ratio of pressure tolerated on the treated 

hindlimb was calculated versus the pressure tolerated on the opposite hindlimb. 

This was done to reduce the bias associated with visual observations (Levitt, 1985; 

Ramabadran et al, 1986). A transducer fitted with a round wooden plate was 

positioned under each hindlimb and adjusted to 100 g of tension. A paw pressure 

ratio was determined every 30 min for 5 hr. 

Paw pressure test (Randall and Selitto, 1957) 

A mechanical pressure stimulus was applied to the hindpaw of.a rat at a 

rate of 16 g per secord, The nociceptive rating was calculated and reported as 

paw removal latency. A cutoff time (20 sec) was established by determining how 

long it took for the investigator to feel pain when the stimulus was applied to the 

webbed portion of skin between the index and middle fingers. This was 

considered an appropriate adjustment for nociceptive application in the rat. 

Tail-flick test (D'Amour and Smith, 1941) 

A radiant heat stimulus was delivered to the· tail of a rat. The intensity of 

the stimulus was adjusted so that the tail-flick latency could be recorded without 

tissue injury. A cutoff time of 15 sec was used. The baseline ( approximately = 6 

sec) was set at an appropriate level to clearly observe hyperalgesia. Three 

separate measurements of tail-flick latency were made along different parts of the 

tail. A mean nociceptiye rating was determined. 

Substance P-like immunohistochemistry and microdensitometry 

The protocol used to measure levels of SPLI in the dorsal horn is 

summarized in Figure 2. Urethane anesthetized rats (1200 mg/kg, i.p.) were 

treated with a hindpaw injection of formalin or saline using the methods already 



Figure 1 Experimental protocol - Monosodium Urate Test. A schematic 

representation of the method employed to measure paw pressure 

ratio. A rat was placed in a holding apparatus, and the ratio of 

pressure tolerated on one hindlimb, treated with an ankle-;joint 

injection of MSU or saline, was determined versus the pressure 

tolerated on the opposite hindlimb. A transducer fitted with a 

round wooden plate was positioned under each hindleg and adjusted 

to JOO g of tension. 
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described. Following treatments and after a specified period of time ( see 

experimental design), rats were perfused with 1 % heparinized saline followed by 

4% paraformaldehyde dissolved in a 0.2 M phosphate buffer solution. The spinal 

cord was removed (L4-L6), postfixed for 30 min and frozen with liquid nitrogen. 

Within one week, 10 µm frozen spinal sections were made and mounted on slides 

coated with a mixture, of 0.5% gelatin and 0.05% chromium potassium sulfate. 

Immunostaining was performed by incubating the sections at 25° C in a humidified 

opaque slide box. The incubations were: (1) 3% goat serum (Polysciences) for 30 

min; (2) primary antisera 1:1000 (rabbit anti-SP, Immunonuclear) overnight at 4° 

C for 16-20 hr; (3) goat anti-rabbit IgG (Polysciences) 1:10 for 50 min; (4) 

Peroxidase anti-peroxidase (PAP) complex (ICN) 1:50 for 50 min; (5) 3,3'

diaminobenzidine tetrahydrochloride (DAB) (Polysciences) 10 mg/20 ml 0.5 M 

Tris buffer (pH 7.6) plus 0.66 ml 0.3% H202 for 5 min. Slides were·washed 3 

times (5 min each) between each step with phosphate-buffered saline (pH 7.2). 

After the final step, siides were rinsed with distilled water, dehydrated and 
' coverslipped with Permount. 

SPLI was quantified using a Zeis UMSP manual photometer (16 x 

objective, 1.25 mm aperture). An average of twelve optical density readings were 

made across the upper laminae of the ipsilateral and contralateral dorsal horns of 

three tissue sections from one animal. The dorsal column of each section served 

as background to zero the optical density. Slides were chosen based only on intact 

morphology. An average optical density across each dorsal horn (ipsilateral and 

contralateral) was then calculated ·for each animal. Optical densities were used to 
I . 

represent changes in SPLI levels in the dorsal horn (Kantner et al, 1985; 1986; 

Mccarson and Goldstein, 1989; 1990). 

Intrathecal catheterization 

Rats were anesthetized with methohexital (60 mg/kg, i.p.). An incision \Vas 

made at the base of the skull to expose the cisterna magna, and a catheter (PE-10 

tubing) was inserted into the subarachnoid space. The catheter was constructed 



Figure 2 Experimental protocol - Substance P Immunohistochemistry and 

Microdensitometry. Rats were treated with a hindpaw injection of 

5% formalin or saline. Following treatments, the spinal cords were 

removed1 postfixed and frozen with liquid nitrogen. Ten ,um sections 

were made and mounted on prepared slides. Immunostaining for SP 

was performed Substance P-like immunoreactivity in the dorsal 

horn was quantified using microdensitometry. 



23 

n Min . 

. > ~ . 
' '-'.!:-~ ,.,,__ _ ~ Lumbar s • ~ \l, . ~ c,,.•'"'' 

s7.l ~ 
Formalin ~ 

/4 Substance p § mmunohistochemistry 

Microdensitometry 



24 

so that it could be attached to the base of the skull with cranioplastic cement and 

implanted so that the tip reached Ll of the lumbar spinal cord ( approximately 8 

cm). Five to seven days were allowed for recovery from surgery. Rats that had 

impaired motor function after surgery were euthanized. 

Substance Preceptor desensitization 

The technique of Moochhala and Sawynok (1984) was used to produce SP 

receptor desensitization. Rats were implanted with intrathecal catheters and 

treated with an intrathecal injection of SP (15 µg) in a volume of 15 µI followed 

by a 10 µI saline flush ( dead space of the catheter). This treatment was repeated 

at 30 and 60 min (Moochhala and Sawynok, 1984). Control rats were 

administered saline (25 µl) instead of SP. Following successive treatments of SP 

or saline, behavioral responses were assessed to ensure that nociceptive responses 

were attenuated. 

Substance Preceptor binding assays 

Rats were decapitated, and the spinal cords were removed via a high 

pressure injection of saline applied at the caudal end of the sacral vertebral 

column ( deSousa and Horrocks, .1979). The dorsal halves of the spinal cords (Ll

L6) were dissected and homogenized with a Tissumizer (Tekmar) for 5 sec 

followed by a teflon-glass homogenizer in a cold 20 mM HEPES buffer (pH 7.4) 

containing 120 mM NaCl and 5 mM KC!. This was followed by centrifugation at 

20,000 g for 10· minutes. The pellets were resuspended in a solution of cold 20 

mM HEPES (pH 7.4) containing 300 mM KCJ and 10 mM EDTA (30 min). The 

centrifugation was repeated, and the pellets were resuspended in 20 mM HEPES 

buffer (pH 7.4). The suspension was repeated a third time, and the resulting 

membrane preparations were used immediately for radioligand binding. 

The SP receptor binding assays were performed by suspending the 

membrane preparation in 20 mM HEPES buffer (pH 7.4) containing BSA 

(0.02% ), bacitracin ( 40 µgiml), leupeptin ( 4 µgiml), chymostatin (2 µg/ml) and 
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phosphoramidon ( 4 µg/ml) in 12 x 75 mm polystyrene tubes. Two different 

radioligands were used, 3H-SP (Amersham) and 1251-BH-SP (New England 

Nuclear). Saturation binding curves performed in untreated animals using 3H-SP 

(36.3 Ci/mo!) revealed the presence of two populations of binding sites 

characterized by dissociation constants of 0.62 and 7.4 nM (see Results). We 

focused on the high affinity site by using 1251-BH-SP (2200 Ci/mmol). Subsequent 

experiments focused on the high affinity binding site using 1251-BH-SP (2200 

Ci/mmol) as the probe, because of its high specific activity and lower nonspecific 

binding. SP binding to the high affinity binding site labelled by 0.2 nM 1251-BH-SP 

was determined in competition experiments using 0.01-10 nM unlabelled SP. 

Nonspecific binding was measured using the presence of 1 µM SP. Assay tubes 

contained a 90 µg membrane protein, as determined by the Lowry method using 

BSA as the standard (Lowry et al, 1951). The membrane preparation mixture was 

incubated at room temperature for 1 hr in a final assay volume of 500 µI. The 

assay media was then filtered through Whatman GF/B glass fiber filters which had 

been pre-soaked with 0.1 % PEI and oven dried to reduce nonspecific binding to 

the filters. The radioactivity content of the filters was determined using a 

Beckman counter (LS' 9000) at an efficiency of 39% (3H-SP binding· assay) or a 

5000 series Minaxi gamma counter (1251-BH-SP binding assay). 

Experimental Design 

Substance P-like irnrnunohistochernical changes in the dorsal horn correlated with 

behavior 

Behavioral test - Formalin 

Rats were divided into three groups of eight rats. The first group was 

treated with a hindpaw injection of 5% formalin ~100 µI) into the plantar surface 

of the right hindpaw. The second group was treated with 0.9% saline (100 ,ul). 

The third group served as the sham controls (insertion of a 30 gauge needle). 

Stereotypic qehavior was measured as described above. 

In order to test whether formalin-induced stereotypic behavior was 
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consistent with the nociceptive behavior, as described in previous reports (Abbott 

et al, 1982b; 1986; Dubuisson and Dennis, 1977; Hunskaar et al, 1985; Ohkubo et 

al, 1990), the effect of morphine (2.5 and 5.0 mg/kg, s.c.) on stereotypic behavior 

was determined. Five groups of eight rats were used. Rats were treated with 

either saline, morphine sulfate (2.5 and 5.0 mg/kg, s.c.) or naloxone hydrochloride 

(5.0 mg/kg, s.c.), alon·e or in combination with morphine sulfate (5.0 mg/kg, s.c.), 

just prior to a hindpaw injection of formalin. 

The effect of li,docaine (2%) with epinephrine (0.01 mg/ml) was tested on 

stereotypic behaviors elicited by a hindpaw injection of formalin. Two groups of 

eight rats were treated with either saline with epinephrine or lidocaine with 

epinephrine (100 ,ul) five min before formalin. An injection was made just 

proximal to the site wpere the fonnalin was given. Two additional groups of eight 

rats were used as controls and treated with an injection of saline instead of 

formalin. 

To verify that the action of lidocaine persisted throughout the 60 min 

period, an antinociceptive test was performed according to the Randall-Selitto paw 

pressure method. One group of five control rats was treated with a hindpaw 

injection of saline with epinephrine (100 ,ul). Twenty-four hr later, the same group 

of rats was treated with an injection of lidocaine with epinephrine (100 ,ul) into the 

opposite hindpaw. After each treatment, rats were tested every 10 min ·for 80 

min. Eighty min was chosen because preliminary experiments revealed that 

lidocaine with epinephrine was found to be effective for this time. 

Substance P-Like immunohistochemical levels 

Rats were treated with a hindpaw injection of either 2% lidocaine with 

epinephrine (100 ,ul) or saline with epinephrine (100 ,ul) ( described above) .. Five 

min later, rats were treated with a second injection of either 5% formalin (100 ,ul) 

or saline (100 ,ul). This resulted in four groups: saline with epinephrine - saline 

(SAL/EPI-SAL), lidocaine with epinephrine - saline (LID/EPI-SAL), saline with 

epinephrine - formalin (SAL/EPI-FORM) and lidocaine with epinephrine -
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formalin (LID/EPI-FORM). Three rats in each group were perfused within 0, 2, 

10, 30 or 60 min. These times were chosen based on a profile of formalin-induced 

stereotypic behavior. The dorsal horns were stained for SPLI as discussed above. 

Statistical analysis 

The statistical analysis of stereotypy time, paw removal latency and optical 

density was performed with an analysis of variance followed by the Tukey's range 

test at each time following the treatments. Statistical significance was set at p < 

0.05. All data were reported as mean + standard error of the mean (S.E.M.). 

Simple regression analysis was used to correlate stereotypy time with the visual 

assessment of time spent licking. 

Substance P receptor binding in the dorsal spinal cord 

Substance Preceptor desensitization and the effect of Gpp(NH)p 

In order to investigate the binding characteristics of the SP receptor, twelve 

untreated rats were decapitated, the dorsal spinal cords were removed and 

saturation binding curves were generated using 3H-SP. Saturation binding to the 

high affinity site was performed in three groups of eight rats using 125!-BH-SP: the 

three groups of rats received SP (15 µg) or saline administered intrathecally at 0, 

30 and 60 minutes or no treatment. SP binding to the high affinity site labelled by 

0.2 nM 1251-BH-SP in competition experiments was determined in four groups of 

eight rats: the four groups of rats received no treatment, SP (15 µg) or saline 

administered intrathecally at 0, 30 and 60 minutes or no treatment with 

Gpp(NH)p (10~ M) added to the dorsal spinal membranes in the presence of 

unlabelled SP ( 10-11 M to 10.s M). Competition experiments were repeated in four 

groups of eight rats using the same design in animals that had recovered from 

successive intrathecal administration of SP (15 ,ug) or saline at 0, 30 and 60 

minutes (see below). 

The effect of Gpp(NH)p on SP receptor binding was determined in three 

experiments by incubating membranes from untreated animals with 125!-BH-SP (1 



nM) and Gpp(NH)p (10-9 M to 104 M). 

Statistical analysis 

Determinations of Bmax and Kn were performed using Nonlin II, a 

nonlinear regression analysis program for the Macintosh IFM written by Stephen 

R. Ikeda, M.D., Ph.D. (Medical College of Georgia). This program uses the 

Marquardt-Levenburg logarithm to minimize the square errors of the data with 

respect to the model used. Data was fit to models incorporating one or two 

independent binding sites, b = (Bmax x C)/(C + Kn) and b = (B8 x C)/(C + 
Kn8 ) + (BL x C)/(C + KnL), respectively, where b is the measured binding, C is 

the ligand .concentration, and Bmax, B8 and BL are the concentrations of total 
' 
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receptor~ and high and low affinity receptors, respectively, displaying dissociation 

constants of Kn, Kn8 and Km,, respectively. The appropriateness of a one versus 

two site model was determined· by analysis of variance and an F test. 

Effect of substance P receptor desensitization on phasic and tonic nociception 

Phasic nociception 

In order to determine whether phasic nociceptive responses were 

attenuated following successive intrathecal administration of SP, two groups of 

sixteen rats were treated with either an intrathecal injection of SP (15 µg) or 

saline at 0, 30 and 60 min. A response to an intense heat (tail-flick test) or a 

mechanical stimulus (paw pressure test) was assessed every five min in eight rats 

from each group. 

In order to determine the duration of the attenuated responses following 

intratheca! administration of SP at 0, 30 and 60 minutes, two additional groups of 
' ' 

twelve rats were treated with an injection of SP (15 ,ug) at 90 and 150 min (tail

flick test) or at 60 and 120 min (paw pressure test) following the last injection of 

SP. These times were chosen based on preliminary trials. 
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Tonic nociception 

In order to determine whether tonic nociceptive responses were attenuated 

following intrathecal administration of SP, the formalin test and the monosodium 

urate (MSU) tests were employed immediately following successive treatment with 

saline or SP (15 µg). In the formalin test, four groups of eight rats were used. 

Rats were treated with saline or SP just prior to treatment with a hindpaw 

injection of formalin or saline. The same procedure was applied in the MSU test. 

Two groups of eight rats were treated with an ankle-joint injection of MSU or 

vehicle. Two additional groups of eight rats were treated with either saline or SP 

prior to treatment with an ankle-joint injection of MSU or vehicle. Successive 

treatments of SP or saline, given prior to the vehicle, were not performed in the 

· MSU test due to the .results of preliminary tests which showed that no behavioral 

differences were observed between these types of treatments. 

Statistical analysis 

The statistical analysis of tail-tlick and paw pressure latencies were 

performed using an analysis of variance for repeated measures and an analysis of 

variance for comparison of individual values to baseline. Statistical significance 

was set at p:s0.05. These data were reported as mean ± standard error of the 

mean (S.E.M. ). 

The statistical analysis of stereotypy time, nociceptive rating, and hindpaw 

pressure ratio was performed using an analysis of variance followed by the Tukey's 

range test at each time point. Statistical signifjcance was set at p<0.05. All data 

were reported as mean + standard error of the mean (S.E.M.). 



RESULTS 

Stereotypic behavior following formalin 

An automated rating system was employed to determine whether formalin

induced stereotypic behavior_ was correlated to licking ti11:e as determined visually. 

There was a high co~elation found between the duration of stereotypic behavior 

and licking in all three treatment groups. Simple regression analysis revealed a 

correlation of r=.89; r=.80 and r=.76 for the sham-, saline- and formalin-treated 

groups, respectively (Figure 3). Therefore, we used the automated method to 

. measure the stereotypic behavior produced by formalin and considered this 

behavior to represent licking. 

The automated assessment of stereotypic behavior in sham-treated animals 

(needle) and in animals treated with a hind paw injection of 5% formalin (100 µI) 

or saline (100 µI) is shown in Figure 4. An injection of 5 % formalin significantly 

. increased stereotypic behaviors from 0-5 min and from 20-40 min following the 

injection compared to: saline (p<0.05). There was no significant difference 

observed between the sham- and saline-treated groups (p>0.05). 

In order to determine whether formalin-induced behavior could be altered 

with systemically administered morphine, rats were treated with morphine 

immediately prior to the formalin treatment. The result cif this treatment is shown 

in Figure SA. Morphine in two different doses (2.5 mg/kg and 5.0 mg/kg MS

FORM) significantly reduced stereotypic behavior at 0-5 min following the 

formalin injection compared to saline (SAL-FORM) (p<0.05). The higher dose 

of morphine (5.0 mg/kg MS-FORM) significantly reduced stereotypic behavior at 

20-40 min following tlle formalin injection compared to saline (SAL-FORM) 

(p<0.05). During this time, there was 'no significant difference observed between 

the groups of 2.5 mg/kg MS-FORM and SAL-FORM (p>0.05). Naloxone was 

30 



Figure 3 Automated Stereotypic Behavior Correlated to Licking Behavior. 

Automated stereotypy time was correlated to visual licking time 

using simple regression analysis (n=B per group). Regression lines: 

sham, r=.89 (solid line); saline, r=.90 (short dashed line); formalin, 

r=. 76 (long dashed line). Symbols represent individual values: sham 

(open circles); saline (filled circles); formalin (filled squares). 
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Figure 4 Effect of Formalin on Automated Stereotypic Behavior. A profile of 

formalin-induced stereotypic behavior over time measured as 

automated stereotypy time (n=8 per group). Each point represents 

the mean + S.E.M * represents p<0.05 as compared to SALINE. 
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Figure 5 Effect of Morphine on Formalin-Induced Stereotypic Behavior (n=B 

per group). A: Rats were administered morphine (2.5 and 5.0 

mg/kg, s.c.) or saline immediately before treatment with a hindpaw 

injection of formalin (100 µl). B: Rats were administered naloxone 

(5.0 mg/kg, s.c.) and morphine (5.0 mg/kg, s.c.) together immediately 

before treatment with a hindpaw injection of formalin. 

Abbreviations: SAL-FORM, saline - formalin; MS-FORM, 

morphine sulfate - formalin; NAL-FORM, naloxone - formalin; 

MS+NAL-FORM, morphine sulfate plus naloxone -. formalin. Each 

point represents the mean + S.E.M * represents p<0.05 as 

compared_to SAL-FORM 
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administered systemically to determine whether the effect of morphine was 

mediated by an opiate mechanism. Naloxone was administered alone or in 

combination with morphine immediately prior to formalin. The result of these 

treatments is shown in Figure SB. Naloxone (5.0 mg/kg MS+ NAL-FORM) 

blocked the effect of morphine (5.0 mg/kg MS-FORM) from 0-5 min and from 20-

40 min following the formalin injection (p < 0.05). There was no significant 

difference observed between the treatments of naloxone plus morphine (5:0 mg/kg 

MS+NAL-FORM) and saline (SAL-FORM) at any point along the time course 

(p>0.05). While there was a trend of increased stereotypic behavior in the 

naloxone control group (NAL-FORM) from 40-60 min, there was no significant 

difference observed between the treatments of naloxone (5.0 mg/kg NAL-FORM), . 

naloxone plus morphine (5.0 mg/kg MS+NAL-FORM), and saline (SAL-FORM) 

(p>0.05). 

In order to determine whether formalin-induced behavior could be altered 

by primary afferent blockaide with lidocaine, rats were treated 5 minutes prior to 

formalin. The result of this tre3:tment is shown in Figure 6. Lidocaine with 

epinephrine (LID/EPI-FORM) significantly reduced stereotypic behavior from 0-5 

min and from 15-40 min following the formalin injection compared to saline with 

epinephrine (SAL/EPI-FORM) (p<0.05). There was no significant difference 

observed between the groups of SAL/EPI-SAL, LID/EPI-SAL and L~D/EPI

FORM at 0-5 min (p>0.05). While there .was a trend of increased stereotypic 

behavior in the LID/EPI-FORM group during the latter part of the Jime course 

(25-50 m_in), there w~s no significant difference observed between the groups of 

SAL/EPI,SAL, LID/EPI-SAL and LID/EPI-FORM (p>0.05). Although not 

shown, there was no statistical difference between the treatments of 5 % formalin 

(Figure 4) and SAL/EPI-FORM (p>0.05). 

To ensure that the duration of Jidocaine lasted throughout the experiment, 

the action of lidocaine was tested with the Randall-Selitto paw pressure test. The 

result of this test is shown Figure 7. The latency of paw removal after lidocaine 

treatment (LID/EPI) 'was significantly increased from 10-70 min compared to 



Figure 6 Effect of Lidocaine on Formalin-Induced Stereotypic Behavior. Rats 

were pretreated with a hind paw injection of 2% lidocaine five min 

before treatment with a hindpaw injection of formalin (n=S per 

group). Each point represents the mean + S.E.M. Abbreviations: 

SAL/BPI-SAL, saline/epinephrine - saline; LIDIEPI-SAL, 

lidocaine/epinephrine - saline; SAL/BPI-FORM, saline/epinephrine -

formalin; LID/BPI-FORM, lidocaine/epinephrine -formalin. * 

represents p<0.05 as compared to SAL/BPI-FORM 
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Figure 7 Duration of the Effect Produced by Lidocaine. The paw pressure 

test was _employed to measure the effect of lidocaine over time in 

producing local anesthesia. The opposite paw in each animal served 

as control (n=5). Each point represents the mean + S.E.M 

Abbreviations: SAL/EPI, saline/epinephrine; LID/EPI, 

lidocaine/epinephrine; B, baseline. * represents p<0.05 as 

compared to SAL/EPL 
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control (SAIJEPI) (p<0.05). 

Substance P-like immunahistachemical levels in the dorsal ham fallowing formalin 

SPLI changes in the dorsal horn were measured using the technique of 

microdensitometry (Figure 2) and correlated with changes in formalin-induced 

nociceptive behavior. Figure 8 shows representative photomicrographs of the 

immunoreactive SP in the ipsilateral dorsal horns 2 min following the treatment of 

either saline, (SAL-EPI\SAL), formalin (SAL-EPI\FORM) or lidocaine 

administered prior to formalin (LID-EPI\FORM). As can be seen, SPLI in the 

dorsal horn was increased within 2 min (Figure 88). This increase was blocked 

when lidocaine was administered prior to formalin (Figure SC). 

Figure 9 summ".rizes, quantitatively, the effect of lidocaine with epinephrine 

on formalin-induced SPLI in the ipsilateral and cbntralateral dorsal horn. 

Treatment with a hindpaw injection of formalin (SAL/EPI-FORM) significantly 

increased SPLI in the ipsilateral dorsal horn at 2, 30 and 60 niin following the 

treatment compared to saline (SAL/EPI-SAL) (p<0.05) (Figure 9A). At 10 min, 

treatment with formalin (SAL/EPI-FORM) did not produce an effect which was 

significantly different from saline (SAL/EPI-SAL) (p>0.05). Administration of 

lidocaine with epinephrine before formalin (LID/EPI-FORM) significantly 

decreased SPLI in the dorsal horn at 2 min compared to an injection of formalin 

(SAL/EPI-FORM), but there was no significant difference observed between the 

trea"tments of SAL/EP,1-FORM and LID/EPI-FORM at 10, 30 and 60 min 

(p>0.05). Administration of lidocaine with epinephrine prior to formalin 

(LID/EPI-FORM) and prior to saline (LID/EPI-SAL) significantly increased SPLI 

in the dorsal horn at 10 min compared to saline (SAL/EPI-SAL) (p<0.05). There 

was no significant difference observed between the treatments of LID/EPI-SAL 

and SAL/EPI-SAL at 2, 30 or 60 min (p>0.05). In the contralateral dorsal horn, 

there was no significant difference observed as a result of any of the hindpaw 

treatments (Figure 98). 

Changes in SPLI, caused by formalin (SAL/EPI-FORM) in the ipsilateral 



Figure 8 Photomicrographs of the Ipsilateral Dorsal Horns Stained for SP. 

A: saline (SAL\EPI-SAL). B: 5% formalin (SAL\EPI-FORM). 

C: lidocaine pretreatment to formalin (LID\EPI-FORM). SP 

immunoreactivity which was increased at 2 min following treatment 

with a hindpaw injection of formalin,. was blocked by lidocaine 

pretreatment. Magnification lOX 
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Figure 9 Effect of Lidocaine on Formalin- and Saline-Induced Substance P

Like Imm'unoreactivity Levels. Graphs show a profile of Substance 

P-like immunoreactivity changes in the ipsilateral and contralateral 

dorsal horns over time following afferent blockade with lidocaine 

(n=J per group). Abbreviations: SAL/BPI-SAL, saline/epinephrine -

saline; LID/BPI-SAL, lidocaine/epinephrine - saline; SAL/EPI

FORM, saline/epinephrine - formalin; LID/BPI-FORM, 

lidocaine/epinephrine - formalin. A: ipsilateral dorsal horn. B: 

contralateral dorsal horn. Each point represents the mean + S.E.M 

* represents p<0.05 as compared to SAL/BPI-SAL. t represents 

p<0.05 as compared to SAL/BPI-FORM BASELINE represents 

untreated animals. 
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dorsal horn (Figure· 9A), correlated with formalin-induced stereotypic behavior at 

2 and 30 min (figure 6). However, at 60 minutes, SPLI remained elevated while 

stereotypic behavior was reduced to baseline. During the initial phase of the 

formalin response (2 min), there wa~ a direct relationship between a reduction in 

SPLI in the dorsal horn and a reduction in stereotypic behavior following lidocaine 

(LID/EPI-FORM). During the later phase (30-60 min) there was no direct 

relationship between the action of lidocaine on SPLI in the dorsal horn and 

stereotypic behavior. At 30 min, lidocaine (LID/EPI-FORM) did not change 

formalin-induced SPLI; but reduced stereotypic .behavior.. At 60 min, lidocaine 
' (LID/EPI-FORM) did not change formalin-induced SPLI or stereotypic behavior. 

Lidocaine (LID/EPI-SAL and LID/El'I-FORM) increased SPLI in the dorsal horn, 

but did not change stereotypic behavior at 10 min. 

Substance Preceptor binding in the dorsal spinal cord 

Since SP receptor desensitization was going to be used to determine the 

role of SP in phasic and tonic nociception, it was important to test whether the 

direct application of SP onto the spinal cord caused desensitization of SP-induced 

behavioral responses via a SP receptor mechanism. Therefore, SP receptor 

binding was performed. The specific binding of 3H-SP to membranes prepared 

from the dorsal spinal cord is shown in Figure 10. Nonlinear regression analysis 

indicated the presence• of at least two binding sites. Analyses performed to a 

model incorporating two populations of independent binding sites revealed a high 

affinity site with a K0 of 0.62 ± 0_.21 nM and a Bmax of 18.99 ± 2.4 fmol/mg 

protein and a low affinity site with a K0 of 7.4 ± 1.2 nM and a Bmax of 64.7 ± 

3.6 fmol/mg protein. A Scatchard curve of the 3H-SP binding data (inset of figure 

10) was concave, consistent with the existence of multiple binding components. 

1251-BH-SP (0.03-3 nM) was used to selectively label the higher affinity 

binding component. The saturation binding of 1251-BH-SP in the dorsal spinal cord 

from untreated animals and from animals treated with either saline or SP (15 ,ug) 

is.shown in Figure 11. These data were well described by a model incorporating a 



Figure 10 Substance P Saturation Binding in the Dorsal Horn. Saturation 

curve of specific 3H-substance P binding to dorsal spinal membranes 

prepared from untreated animals (n=12). Lines are drawn 

according to a nonlinear regression fit of data to a model 

incorp?rating two populations of independent_ binding sites. The 

high- and {ow-affinity components had a K0 of 0.62 + 0.21 and 7.4 

+ 1.2 nM ·and a Bmax of 19.0 + 2.4 and 64. 7 + 3.6 fmol/mg protein, 

respectively. Inset: A Scatchard transformation of the computerized 

fitting of specific binding to dorsal spinal membranes. Data are 

reported as mean + S.D. 
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Figure 11 Effect of Substance P Receptor Desensitization on Substance P 

Saturation Binding. The specific binding of 125!-Bolton Hunter 

substance P to dorsal spinal membranes from untreated animals 

(circles), animals that received repeated administration of saline 

(squares) or repeated administration of SP (triangles). Lines are 

drawn according to a nonlinear regression fit ·of data to a model 

incorporating a single population of binding sites which revealed the 

parameters listed in Table III Each point represents the mean of 

duplicate experiments which varied by Jess than 25%. 
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single population of binding sites with the binding parameters listed in Table III. 

The affinity of 1251-BH-SP (Ko = 0.15-0.23 nM) was not altered by SP or 

saline pretreatment, but the number of high affinity 125I-BH-SP binding sites 

decreased 31 % (p<0.001) in dorsal horns from SP-treated rats. Interestingly, 

there was also a small (11.3%) but significant decrease in the density of 125I-BH-SP 

binding sites caused by repeated saline administration. 

There is considerable evidence that SP receptors are linked to transducer 

G proteins (Boyd et al, 1991; Cascieri and Liang, 1983; Iverfeldt et al, 1988; 

Luber-Narod et al, 1990; MacDonald and Boyd, 1989; Morishima et al, 1989; •, 

Moser, 1990; Tanaka et al, 1986). The binding state of G protein coupled 

receptors is generally affected by receptor interaction with the G protein, such 

that receptor-G protein complexes have a higher affinity for receptor agonists than 

uncoupled receptors (Gilman, 1987). In the presence of guanine nucleotides, 

agonist affinity is re_duced as receptors and G proteins dissociate. Evidence for 

such interactions was obtained with the SP receptor insofar as the high affinity 

binding of 1 nM 125I-BH:sp was decreased in the presence of Gpp(NH)p, a stable 

analogue of GTP (Figure 12). This decrease could reflect a conversion of SP 

receptors to states characterized by low affinity for SP, which as a result of this 

conversion are not effectively labelled with 125I-BH-SP. 

A second indication of SP receptor-G protein interactions was obtained in 

measures of SP/125I-BH-SP binding competition (Figure 13). The IC50 for SP 

inhibition of 0.2 nM. 1251-BH-SP binding was 0.25 + 0.18 nM (n=3). Intrathecal 

administration of saline did not affect this inhibition .. Inclusion of 100 µM 

Gpp(NH)p increased the IC50 40 fold to 10.0 + 0.1 nM. The repeated intrathecal 

administration of SP produced a similar increase in the IC50 from 0.31 + 0:14 

(intra the cal saline) to 9.30 + 0.08 (Figure 13A). Following recovery of the 

behaviors attenuated by repeated intrathecal administration of SP (see below), the 

IC50 for SP inhibition of 125I-BH-SP binding decreased to a level (0.2 + 0.11 nM) 

that was not different from untreated or saline-treated control animals (Figure 

13B). Gpp(NH)p was still effective in shifting the inhibition curves to the right in 



Table III 

Parameters of High Affinity SP binding in the Dorsal Spinal Cord. 

Bmax 

Ko 

Untreated 

27.4 + 1.2 

0.15 + 0.05 

SP-treated 

18.9 + 1.4'" 

0.23 + 0.10 

Means + S.D., ** p<0.001, * p<0.01, n=4 
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Saline-treated 

24.3 + 1.0· 

0.18 + 0.1 



Figure 12. Influence of Gpp(NH)p on Substance P Saturation Binding to 

Dorsal Spinal Membranes. The specific binding of 1 nM 125!-BH-SP 

from control animals was determined in the presence of Gpp(NH)p 

at concentrations indicated on the abscissa (CONTROL = no 

Gpp(NH)p). Each point represents the mean + S.E.M from 3 

experiments. 
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Figure 13 Effect of Substance P Receptor Desensitization on Substance P 

Competitive Binding. Inhibition of 125[-Bolton Hunter substance P 

specific binding (0.2 nM) to dorsal spinal membranes by unlabeled 

SP (10-11 to 108 M) in rats with attenuated behaviors (A) and 

following recovery of SP-induced behaviors (BJ. Each-point 

represents the mean ,of duplicate experiments which varied by Jess 

than 25%. The data represent untreated membranes (circles), 

membranes from animals treated with saline (squares) or SP 

(downward triangles) and the addition of Gpp(NH)p to untreated 

membranes (upward triangles). 
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tissues from SP treated animals that were allowed to recover from the behavioral 

attenuation produced by the SP treatment. Thus, the successive intrathecal 

administration of SP produced a reversible lowering of SP affinity that paralleled 

the behavioral attenuation produced by the SP administration (see below). This 

lowering of SP affinity was qualitatively and quantitatively similar to that produced_ 

by the guanine nucleotide, Gpp(NH)p. 

Effect of substance Preceptor desensitization on phasic and tonic nociception 

Phasic nociception 

Tail-flick test 

Responses to an intense heat stimulus following successive administration 

of saline or SP are shown in Figures 14A and 14B. An intrathecal injection of SP 

(15 µg) caused a significant reduction in tail-flick latency for approximately 20 min 

(p:50.05) (Figure 14B). A similar effect was observed at 30 min following a 

second injection of SP. At 60 minutes, a third injection of SP failed to produce a 

significant decrease in tail-flick latency. Repeated intrathecal administration of 

saline did not produce changes in tail-flick latency at any point along the time 

course compared to baseline (p>0.05} (Figure 14A) 

A profile of tail-flick responses observed over a longer period of time is . 
shown in Figure 15A An injection of SP at 150 min following injections of SP at 

0, 30-and 60 min resulted in no change in tail-flick latency (p>0.05). However, 

when SP was injected at 210 min following administration of SP at 0, 30 and 60 

min, behaviors were significantly reduced compared to baseline (p:50.05). 

Statistical analysis -of tail-flick latency· between treatments revealed that values 

were generally increasing from 70 to 150 min (p:50.05). · Multiple injections of 

saline did not have any effect on latency values over time (data not shown). 

Paw pressure test 

Responses to a mechanical stimulus following successive administration of 

saline or SP are shown in Figures 14C and 14D. A similar effect was observed in 



Figure 14 Effect of Substance P Receptor Desensitization on Phasic 

Nociceptive Behavior. Behavioral responses to an intense heat 

stimulus (A and BJ or a mechanical pressure stimulus (C and DJ 

applied to the tail (tail-flick) or hindpaw (paw pressure) of a rat 

over time (n=8 per group). Following successive administration of 

SP at 0, 30 and 60 min, behaviors were attenuated. Spinal cords 

were removed at 10 min following the administration of SP or SAL 

for SP b1nding. Abbreviations: B, baseline; SAL, saline (25 µI); SP, 

15 µg substance P (15 µl) followed by a saline flush (10 µI). Each 

point represents mean + S.E.M * represents p<0.05 as compared 

to baseline. 
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Figure 15 Recovery of Phasic Nociceptive Behavior. Behavioral responses to 

an intense heat stimulus (A) or a mechanical pressure stimulus (B) 

applied to the tail (tail-flick) or hindpaw (paw pressure) of a rat 

over time (n=12 per group). Following successive administration of

SP at 0, 30 and 60 min, behaviors were attenuated. After a recovery 

period, ,SP-induced behaviors were returned. Multiple injections of 

saline did not have any effect on latency values over time (data not 

shown). Each point represents mean + S.E.M * represents p<0.05 

as compared to baseline. 
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the paw pressure test as compared to the tail-flick test. An injection of SP (15 µg) 

caused a significant reduction in paw pressure latency compared to baseline 

(Figure 14D) (p$0.05). This reduction lasted for approximately 10 minutes. In 

contrast to the tail-flick latency test, there was no statistical difference observed 

between paw pressure latency and baseline when SP was administered again 30 

minutes later (p>0.05). No significant response was observed at 60 minutes 

following a third intrathecal injection of SP (p>0.05). The repeated intrathecal 

administration of saline did not change paw pressure latency from baseline at any 

point along the time course (Figure 14C) (p>0.05). 

The profile of behavioral responses observed over a longer period of time 

is summarized in Figure 15B. Paw pressure latency was not decreased when SP 

was administered at 120 minutes, but a significant reduction was observed when 

SP was administered at 180 minutes following injections at 0, 30 and 60 minutes 

(p$0.05). Paw pressure latency between treatments did not change (p>0.05). 

Multiple injections of saline did not have any effect on latency values over time 

( data not shown). 

Tonic nociception 

Formalin Test 

The effect of desensitization of SP receptors in the dorsal spinal cord just 

prior to administration of the formalin test is shown in Figure 16. The successive 

administration of SP prior to the formalin treatment (SP x 3-FORM) significantly 

reduced formalin-induced stereotypic behaviors from 0-5 min compared to a· saline 

vehicle (SAL x 3-FORM) (p<0.05). At 0-5 min, there was no significant 

difference observed between the successive administration of saline (SAL x 3-) or 

SP (SP x 3-) prior to a hindpaw treatment of saline (SAL) and SP prior to a 

hindpaw treatment with formalin (SP x 3-FORM) (p>0.05). At 20-50 min, the 

successive administration of SP prior to formalin (SP x 3-FORM) did not result in 

a response which was significantly different from a saline vehicle (SAL x 3.

FORM) (p>0.05). During this time, there was no significant difference observed 



Figure 16 Effect of Substance P Receptor Desensitization on Formalin

Induced Behavior. Rats (n=S per group) were administered three 

injections of substance P (15 µg) in volume of 15 µl followed by a 

saline flush or saline (25 µl) at 30 minutes intervals just prior to 

treatment with either a hindpaw injection of saline (100 µl) or 

formalin (100 µl). Each point represents the mean + S.E.M 

Abbreviations: SAL X 3-SAL, repeated saline - saline; SPX 3-SAL, 

repeated substance P - saline; SAL X 3-FORM, repeated saline -

formalin; SPX 3-FORM, repeated substance P - formalin. * 
represents p<0.05 as compared to SAL X 3-FORM 
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between the groups of SAL x 3-SAL and SP x 3-SAL (p>0.05). 

Since the tonic formalin response was not affected by SP receptor 

desensitization, morphine was administered intratheca!ly as a positive control to 

determine whether the formalin-induced behavior could be regulated at the ·spinal 

cord leveL A dose of morphine ( 4 µg, i. t.) that was effective in producing 

antinociceptive activity in 50% of the rats tested with the hot-plate test (ED
50

) was 

administered (Yaksh and Rudy, 1977). Two groups of eight rats were used. The 

effect of morphine on formalin-induced stereotypic behavior is shown in Figure 17. 

Morphine (SP x 3-MS-FORM) significantly reduced both phases of stereotypic 

behavior from 0-5 min and from 20-45 min following a hindpaw treatment with 

formalin compared to saline (SP x 3-SAL-FORM). 

Monosodium urate test 

The effect of desensitization of SP receptors in the dorsal spinal cord just 

prior to administration of the MSU test is shown in Figure 18. Treatment with an 

ankle-joint injection of MSU significantly increased the nociceptive rating from 1 

to 3 hr following the injection compared to the control vehicle (Figure 18A) 

(p<0.05). The nociceptive rating was maximal at 2 hr and returned to baseline by 

3.5 hr. There was no significant difference observed at any time between the 

successive administration of SP (SP x 3-MSU) or saline (SAL x 3-MSU) given 

prior to treatment with an ankle-joint injection of MSU and a MSU injection 

alone (MSU) (p>0.05). Similar effects were observed using hindpaw pressure 

ratio as an index of nociception (Figure 18B). Treatment with an ankle-joint 

injection of MSU significantly decreased hindpaw pressure ratio from 1 to 1.5 hr 

following the injection compared to the control vehicle (p<0.05). The paw 

pressure ratio was minimal at 1 hr and returned to baseline by 2 hr. There was 

no significant difference observed at any time between the successive 

administration of SP (SP x 3-MSU) or saline (SAL x 3-MSU) given prior to 

treatment with an ankle-joint injection of MSU and a MSU injection alone (MSU) 

(p>0.05). 



Figure 17 Effect of Morphine Following Substance P Receptor Desensitization. 

Rats (n=B per group) were administered three injections of 

substance P (15 µg) in a volume of 15 µl followed by a saline flush 

or saline (25 µl) at 30 minutes intervals. Morphine sulfate ( 4 µg in a 

volume of 10 µl; i.t.) or saline (10 µl, i.t.) was then administered 

followed immediately by treatment with a hindpaw injection of 

formalin (100 µl). Each point represents the mean + S.E.M 

Abbreviations: SPX 3-SAL-FORM, repeated substance P - saline -

formalin; SPX 3-MS-FORM, repeated substance P - morphine 

sulfate - formalin. * represents p<0.05 as compared to SPX 3-

SAL-FORM 
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Figure 18 Effect of Substance P Receptor Desensi~ization on Monosodium 

Urate-Induced Behavior. A profile of monosodium urate-induced 

behavior over time measured as A: nociceptive rating (described in 

Table II) and B: paw pressure ratio (Figure 1) (n=5 per group). 

Abbreviations: VEH, vehicle; MSU, monosodium urate; SAL X 3-

MSU, repeated saline - monosodium urate; SPX 3-MSU, repeated 

substance P - monosodium urate. * represents p<0.05 as compared 

to VEH 
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Morphine (4 µg, i.t.) was administered as a positive control to determine 

whether the MSU-induced behavior could be regulated at the spinal cord level 

(Figure 19). Morphine (SP x 3-MS-MSU) significantly increased MSU-induced 

paw pressure from 0.5 to 2.5 hr compared to saline (SP x 3-SAL-MSU). There 

was a significant difference observed between rats pretreated with morphine (SP x 

3-MS-MSU) and rats ·treatment with a vehicle (YEH) from 1 to 2.5 hr (p<0.05). 



Figure 19 Effect of Morphine Following Substance P Receptor Desensitization. 

A profile of monosodium urate-induced behavior over time. 

measured as paw pressure ratio (Figure 1). Treatment with a 

vehicle is included for comparison (n=5 per group). Abbreviations: 

VEH, vehicle; SPX 3-SAL-MSU, repeated substance P - saline -

monosodium urate; SPX 3-MS-MSU, repeated substance P -

morphine sulfate - monosodium urate. * represents p<0.05 as 

compared to SPX 3-SAL-MSU. 
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DISCUSSION 

Stereotypic behavior following formalin 

Pain-related behavior following formalin was introduced by Dubuisson and 

Dennis as a useful method for examining an animal's response to a longer lasting 

noxious stimulus (Dubuisson and Dennis, 1971). Since t.hat time, the 

measurement of pain-related behavior following formalin has been achieved by 

scoring responses based on the amount of time an animal spends in nociceptive 

categories (Abbott et al, 1982, Abbott and Melzack, 1983) and licking {Hunskaar 

et al, 1985; Ohkubo et al, 1990; Sugimoto et al, 1986). Licking following formalin 

treatment is stereotypic (Calcagnetti et al, 1988). The expected response following 

formalin is a dual increase in the duration of pain-related behavior, the phasic 

(initial transient) response occurring from O to 10 min and the tonic (longer-lasting 

secondary) response occurring from 20 to 40 min. 

In this study, the animal's reaction to a hindpaw treatment with formalin 

was assessed using stereotypy as an index of nociception. Rats treated with a 

hindpaw injection of formalin displayed an early phase of pain-related behavior, 

reflecting a direct stimulation of peripheral nerve endings, and a late phase; 

reflecting an inflammatory response (Dubuisson and Dennis, 1977; Hunskaar et al, 

1987; Ohkubo ·et al, 1990; Shibata et al, 1989) .. Stereotypic behavior correlated 

very well with licking. Lidocaine significantly reduced both phases of stereotypic 

behavior following formalin. The effect of lidocaine, as demonstrated by the paw 

pressure test, lasted for approximately 70 min. Therefore, formalin-induced 

stereotypic behavior was considered a reliable measurement of nociception. 

Formalin-induced stereotypic behavior was characterized with systemically 

administered morphine in order to determine if responses were consistent with 

reports of pain-related behavior (Dubuisson and Dennis, 1977; Sugimoto et al, 
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1985). These results showed that stereotypic behavior was altered with morphine 

in a manner similar to "morphine analgesia" as measured with an objective "pain 

rating" system (Abbott et al, 1982b; 1986; Dennis et al, 1980; Dubuisson and 

Dennis, 1977; North, 1977) and licking behavior (Hunskaar et al, 1985b; Ohkubo 

et al, 1990; Shibata et al, 1989). Morphine administered in two different doses 

reduced the initial behavioral response equally; the same doses of morphine 

reduced the secondary behavioral response in a dose-dependent manner. These 

effects were in agreement with previous reports (Hunskaar et al, 1985b; Shibata et 

al, 1989; Rosland et al, 1990). Therefore, further evidence was provided that 

stereotypic behavior following formalin was nociceptive. 

Based on the observation that the two different doses of morphine reduced 

the early phase response differen_tly from the second phase response, it was felt 

that the action of morphine on stereotypic behavior might involve different 

mechanisms. The action of morphine in the formalin test has been investigated 

(Abbott et al, 1982b; 1983; Ryan et al, 1985). Behavioral studies have focused on 

the prolonged response to formalin instead of differentiating between an initial 

and secondary response. Abbott and coworkers suggested that morphine 

analgesia in the formalin test did not involve the descending serotonergic-opiate 

system since lesions of the caudal periaqueductal gray area, nucleus raphe magnus 

and dorsolateral funiculus, all neural s_ubstrates for this pathway (Basbaum· and 

Fields, 1984; Yaksh, 1987), did not alter the effect of morphine on formalin

induced behavior (Abbott et al, 1982b; 1983). On the other hand, similar lesions 

did alter the effects of morphine in behavioral tests of phasic mechanical and 

thermal nociception, suggesting that there are different neural mechanisms of 

morphine analgesia in different kinds of nociception (Abbott et al, 1982b; 1983; 

Ryan et al, 1985). Therefore, it is conceivable that morphine analgesia ob.served 

during the initial behavioral response following formalin ( resulting directly from 

the formalin injection) might involve this pathway. New evidence suggests that 

this pathway is activated by formalin due to an immediate release of met

enkephalin-like substance (lasting for 20 min) in the spinal cord following formalin 
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administration (Burgoin et al, 1990). 

Interestingly, the ability of morphine to regulate formalin-induced responses 

is dependent on the timing of administration. Electrophysiological studies have 

focused more closely on both the initial and secondary response to formalin 

(Dickenson and Sullivan, 1987a; 1987b ). Intrathecal opiate administration will 

completely block ~oth phases of formalin-evoked dorsal horn electrical activity if 

opiates are administered prior to formalin (20 min) (Dickenson and Sullivan, 

1987b ). However, if opiates are administered after formalin (2 min), then they 

are not effective in blocking formalin-evoked dorsal horn electrical activity, 

suggesting that the secondary tonic component can be prevented by opiate 

blockade of the initial phasic component. Therefore, the responsiveness of dorsal 

horn neurons during the later time points and in the case of opiate regulation 

appears to be dependent on changes in dorsal horn neuronal activity within the 

first few minutes. 

The results of this study showed that systemically administered naloxone 

reversed the effect of morphine but did not alter formalin-induced stereotypic 

behavior if administered alone. This was consistent with a reported reversal of 

morphine analgesia in the formalin test and no effect on formalin-induced 

behavior if rats were pretreated with naloxone (North, 1977; Kocher, 1988). 

However,- there was a trend of increased stereotypic behavior at 40-60 min 

following formalin. This was remarkably similar to the time where an increase in 

licking behaviors was observed during the late second phase if naloxone was 

administered chronically (0.1 mg/hr for 3 days prior to behavioral testing) 

(Sugimoto et al, 1986), Sugimoto and co-workers concluded that behavior during 

this time was regulated by an endogenous opiate system arising from the 

brainstem because licking was increased by naloxone, if administered 

intracerebroventricularly, and not changed, if administered directly onto the spinal 

cord (Sugimoto et al, 1986). This has been recently supported by Kayser and 

coworkers who have suggested that opiate systems might be modified in rats that 

have been exposed to an inflammatory stimulus (Kayser et al, 1983; 1986; -1988). 
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They have suggested that spinal opiate systems might exert a tonic activity during 

inflammatory states which could be lifted by a high dose of naloxone (Kayser and 

Guibaud, 1990). However, this has not been explained in view of the studies 

conducted by Abbott and coworkers, suggesting that a central descending 

serotonergic-opiate system is not involved in the regulation of formalin-induced 

behavior (Abbott et al, 1982b; 1983). One possible explanation may be that more 

than one descending regulatory system is activated by formalin and/or regulated by 

opiate activity. It is unlikely that the effect of naloxone could be mediated 

peripherally since the administration of quaternary naltrexone has not influenced 

formalin-induced behavior (Calcagnetti et al 1987). 

Substance P-Jilre immunohistochemical levels in the dorsal ham following formalin 

Treatment with a hindpaw injection of formalin re.suited in a dual increase 

in SPLI within laminae I and II of the dorsal horn (Figures 8 and 9). This was 

consistent with a previously observed time course (McCarson and Goldstein, 

1990). The time course of changes in SPLI, as measured immunohistochemically, 

was similar to the changes in stereotypic behavior following formalin treatment. 

However, it was interesting to note that while stereotypic behavior was decreased 

within 60 min, SPLI remained elevated. Using the conventional "pain-rating" 

scale, as described by Dubuisson and Dennis (Dubuisson and Dennis, 1977), which 

involves the measurement of paw lifting and other aversive behavior, the · 

behavioral responses at 40 to 60 min would be consistent with SPLI changes in the 

dorsal horn. These data support the notion that during the latter part of the 

second phase response, the SPLI changes may reflect a control of hyperalgesia or 

ai, aversive response to stimuli. Acute administration of naloxone (10 mg/kg, 

injected subcutaneously) has blocked formalin-induced SPLI in the dorsal horn 

during this time supporting this contention (McCarson and Goldstein, 1989; 1990). 

Both phases of stereotypic behavior were significantly reduced by lidocaine 

pretreatment. However, only the initial increase (2 min) in SPLI was changed. 

This result suggested that the initial increase in SPLI was associated with the first 
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phase of formalin-induced nociceptive behavior. The SPLI increase during this 

time could be interpreted as an increased release of SP (Kuraishi et al, 1989), a 

decreased release of SP (McCarson and Goldstein, 1991) or a combination of both 

actions. It is important to point out that the technique of immunohistochemistry 

cannot distinguish between the release of SP or an accumulation of SP in primary 

afferent nerve terminals. 

Lidocaine with epinephrine administered prior to saline or 5 % formalin 

resulted in no difference between stereotypic behavior at 10 min following 

treatment. However, at 10 min, Iidoca_ine clearly increased SPLI in, the ipsilateral 

dorsal horn. The reason for this increase is not clear. However, it is likely that 

the increased SP levels at 10 min might reflect a change in the utilization of SP 

since this effect occurred during the same time when a reported increased release 

of met-enkephalin-like substance was observed in the rat spinal cord (Burgoin et 

al, 1990). The reduced period of behavioral and dorsal horn cellular electrical 

activity following formalin (5-15 min) might be explained by an action on 

presynaptic terminals mediated via a met-enkephalin-Iike substance leading to a 

decreased release of SP within primary afferent terminals. 

The second increase in SPLI in the dorsal horn ( after 20 min following 

formalin) was not reduced with lidocaine pretreatment. Therefore, SPLI changes 

during the second phase were not related to formalin-induced nociception. 

It might be argued that other factors could contribute to the increase in 

SPLI, for example, crossreactivity with other substances in the dorsal horn and 

artifacts of the antibody labelling technique, for example, non-specific binding. 

These problems have been considered. First, a cross-reactivity test of the 

substance P antisera, performed by the supplier (Immunonuclear), indicated very 

little or no crossreactivity with other substances known to be present in the dorsal 

horn. However, physalaemin reacted moderately with the antisera, suggesting that 

an aromatic amino acid residue at the fourth position and possibly the C-terminal 

portion of the SP molecule might be involved in the antibody reaction. Thus, 

, there was a possibility that other neurokinihs might be involved in the formalin 
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response. Since naloxone had been shown to reduce formalin-induced SPLI in the 

dorsal horn at 2 and 60 min, this did not support the possibility of nonspecific 

binding being responsible for the increase (McCarson and Goldstein, 1989; 1990). 

Since the SP antisera appeared to be reasonably, selective, the natural 

question became, do other neurokinins have a role in the formalin-induced 

nociceptive response, particularly neurokinin A (NKA) and neu_rokinin B (NKB) 

and if so, in the case of th~ second phase response, are they under the control of 

an endogenous system? No studies have been undertaken to elucidate these 

questions. However, certain information has yielded interesting possibilities in 

view of the data generated in this laboratory. Based on studies of gene expression 

in the rat CNS, it has been determined that SP, NKA and NKB are derived from 

two distinct preprotachykinin (PPT) genes, the preprotachykinin I (PPTI) and the 

preprotackykinin II (PPTII) gene (Krause et al, 1987; Leeman, 1987). The PPTI 

gene is responsible for the production of SP and NKA. The PPTII gene is 

responsible for the production of NKB. Three mRNAs, a-, /3- and y-PPT rnRNA, 

code for PPTs that lead to the production of SP. Two mRNAs, /3- and y-PPT 

mRNA, code for PPTs that lead to the production of NKA. Thus, the expression 

of each PPT gene determines which population of neurons will express SP, NKA 

or NKB. Lesion studies have confirmed that SP and NKA are localized in 

primary afferent neurons; NKB is localized within segmental or ascending neurons 

(Ogawa et al, 1985; Sundler et al, 1985). NKA produces an excitatory action on 

postsynaptic neurons and behavioral signs similar to the action of SP (Fleetwood

Walker et al, 1990; Gamse and Saria, 1986). This leads to the possibility that 

NKA may act in concert with SP to influence nociceptive behaviors induced by 

formalin. If this is the case, NKA may act via a mechanism similar to SP, that is, 

interaction with a postsynaptic binding site in the dorsal horn, either through 

interaction with an independent binding site or through the same binding site that 

interacts with SP. Unlike NKA, NKB reverses behaviors indicative of nociception 

(Papir-Kricheli et al, 1987). This leads to possibility that if NKB is involved in 

formalin-induced nociception, it probably serves to gate nociceptive transmission 
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in some manner, for example, by controlling the release of other chemical 

mediators in the dorsal horn (such as excitatory amino acids or serotonin) or by 

interaction with postsynaptic binding sites in the dorsal horn to inhibit nociceptive 

transmission. Interestingly, the antinociceptive effects of intrathecally administered 

NKB have been reversed with naloxone, suggesting an interaction with opiate 

mechanisms (Laneuville et al, 1988). Therefore, it is tempting to suggest that the 

SPLI levels, as observed immunohistochemical!y ( especially during the later time 

points of the formalin time-course) might reflect changes of NKB which are 

associated with the regulation of formalin-induced pain-related behaviors. Further 

studies will have to be conducted to elucidate these questions. 

Substance Preceptor binding in the dorsal spinal cord 

A plot of SP receptor binding in untreated animals, using 3H-SP as a 

radioactive ligand, revealed at least two populations of binding sites in the dorsal 

spinal cord. These two binding sites could represent either different neurokinin 

receptor subtypes (Iversen et al, 1987; Lee et al, 1987) or one type of neurokinin 

receptor existing in different affinity states (Morishima et al, 1989). Two distinct 

types of neurokinin (NK) receptors have been postulated in the rat spinal cord, 

the NK-1 and NK-3 receptor (Ninkovic et al, 1985). These have a preferential 

affinity for SP and neurokinin B (NKB), respectively-(Regoli et al, 1988; Schwyzer, 

1987). 3H-NKB labelled neurokinin binding sites in the rat spinal cord are 

identical to 1251-BH-eledoisin binding sites (Bergstrom et al, 1987), and the rank 

order affinity of tachykinin binding is SP > physalaemin > eledoisin > kassinin 

(Charlton and Helke, 1985a; 1985b ). Functional studies, performed to examine 

the physiological role,s of SP and NKB in the rat model, have shown that the. 

intrathecal administration of SP agonists, selective for the NK-1 receptor, results . 

in behaviors consistent with nociception while the intrattiecal administration of 

NKB agonists, seiective for the NK-3 receptor, results in antinociception 

(Laneuville et al, 1988; Papir-Kricheli et al, 1987). Therefore, initial behavioral· 

responses to· noxious stimuli might be explained by an action mediated through a 
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high-affinity NK-1 receptor, and art attenuation of these responses might be 

explai~ed by an action mediated through a lower-affinity NK-3 receptor. 

Inter.estingly, both an attenuation of SP-induced licking behaviors (Larson, 1988; 

Larson. et al, 1989) and NKB-induced antinociception (Laneuville et al, 1988) have 

been reversed with intnithecal naloxone pretreatment, suggesting a possible 

involvement of both an endogenous opiate and a NK-3 receptor system. 

However, neurokinin A (NKA), an agonist selective for the NK-2 receptor, may 

also participate in the expression· of nociceptive behaviors since high doses of NK-

2 antagonists have attenuated electrical responses to noxious stimuli in the dorsal 

horn (Fleetwood-Walker et al, 1990). There is considerable controversy about the 

presence of a distinct postsynaptic binding site for NKA in the rat spinal. cord 

(Ninkovic et al, 1985). Thus, it is q1,1estionable whether either binding. site 

represents a NK-2 receptor. 

It is clear that individual neurokinin receptors can exist in different affinity 

states. An interesting observation was made when the high-affinity binding site 

was examined more closely using 125!-BH-SP as the radioactive ligand. A 

significant 'decrease in 1251-BH-SP specific binding was observed. The binding of 1 

nM 1251-BH-SP was decreased in the presence of Gpp(NH)p. These results 

suggested that the decrease in 125!-BH-SP binding might be due to a conversion of 

SP receptors from a high to a low affinity state. Such an effect has been observed 

using 3H-SP and 1251-BH-SP in brain membranes (Morishima et al, 1989; Nakata et 

al, 1988; Tanaka et al, 1986). A similar decrease in 125!-BH-SP specific binding 

has been observed in the rat parotid gland (McMillen et al, 1987; Merrit and 

Rink, 1987; Sugiya et al, 1987; Sugiya et al, 1988a; Sugiya et al, 1988b) which has 

a similar binding profile to the rat brain cortex (Cascieri et al, 1988; Cascieri and 

Liang, 1983). 

It has been suggested that a decrease in high-affinity 1251-BH-SP binding 

might be due to a change in ·affinity not receptor number (Macdonald and Boyd, 

1989; Luber-Narod et al, 1990). The reduction in receptor number has been 

explained as such a dramatic decrease in K0 that detection is difficult by normal 
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filtration assays (Luber-Narod et al, 1990). We considered this possibility first, by 

examining with a competitive binding assay whether a change in the IC50 of 1251-

BH-SP specific binding might occur in saline- or SP-treated membranes and 

second, whether a similar effect might occur in membranes treated with 100 ,uM 

Gpp(NH)p. The results demonstrated that the successive administration of SP 

increased the IC50 for SP inhibition of 1251-BH-SP binding. The inclusion of 100 

µM Gpp(NH)p produced a similar effect. When the I C50 for SP inhibition of 125!

BH-SP binding was examined in membranes from animals that had recovered 

from the initial effects of SP administration, there was a recovery of the IC50 such 

that 125!-BH-SP specific binding was not different in control versus saline- or SP

treated animals. Therefore, the results of SP receptor binding in the dorsal spinal 

cord supported the notion that the intrathecal administration of SP produced a 

reversible lowering of SP binding affinity that paralleled the behavioral response 

seen following successive administration of SP. The lowering of SP binding affinity 

was remarkably similar to the effect caused by the guanine nucleotide, Gpp(NH)p. 

There is increasing evidence that SP binds to SP receptors only when 

coupled to a G protein (Macdonald and Boyd, 1989; Luber-Narod et al, 1990). In 

the presence of Gpp(NH)p, there is a dramatic decrease in the affinity and an 

increase in the rate of dissociation of 125!-BH-SP to nit submaxillary membranes 

(Luber-Narod et al, 1990). High-affinity SP binding is restored upon removal of 

Gpp(NH)p, suggesting a conversion of the SP receptor to multiple affinity states 

(Luber-Narod et al, 1990). 

These results supported the notion that multiple affinity states of the SP 

receptor exist in the rat central nervous system (Morishima et al, 1989; Nakata et 

al, 1988; Tanaka et al, 1986). In the rat dorsal spinal cord, there were at least two 

affinity sites, existing either as one or more SP receptor subtypes. The evidence 

presented here indicated that the high-affinity binding of 1251-BH-SP to dorsal 

spinal membranes was inhibited by the presence of a guanine nucleotide. 

Successive administration of SP onto the spinal cord produced a similar reduction 

in high-affinity 125!-BH-SP binding. The number of high-affinity SP receptors 
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(Bmax) was reduced and the IC50 of this binding component was increased, 

suggesting a possible change in the affinity of the SP receptor from a high to low 

affinity state. Therefore, desensitization of the SP receptor might have reflected 

an interaction with receptor-G protein complexes. 

Effect of substance Preceptor desensitization on phasic and tonic nociception 

Phasic Nociception 

The results of these experiments confirmed and extended previous reports 

that repeated intrathecal administration of SP results in an initial hyperalgesia 

followed by an attenuated behavior~! response to noxious heat or mechanical 

pressure (Moochhala and Sawynok, 1984; Sawynok and Robertson, 1985; Sweeny 

and Sawynok, 1986). The attenuated responses lasted for at least 90 minutes and 

returned by 150 minutes. Similar effects were not observed with the intrathecal 

administration.of saline. 

The hypothesis that SP is a mediator of phasic nociception was supported 

by these experiments on the-basis that behavioral responses to heat and 

mechanical pressure were initially enhanced and later blocked. In the case of tail

flick test, there was a progressive elevation of the baseline response following SP 

receptor desensitization, suggesting a direct relationship between changes in the 

SP receptor binding and an elevation of the rat's threshold response. Some 

investigators have speculated that a reduction in tail-flick and paw pressure latency 

might be explained qy SP-induced activation of the high-affinity NK-1 receptor 

subtype (Matsumura et al, 1985; Laneuville et al, 1988; Sakurada et al, 1990). 

Other investigators have suggested that a reduction in nociceptive latencies might 

be explained by·sp·. and NKA-induced activation of the NK-1 receptor (Cridland 

and Henry, 1986; Fleetwood-Walker et al, 1990; Gamse and Saria, 1986)., An 

elevation of the rat's threshold response has been explained as an interaction of 

NKB with the NK-3 receptor (Laneuville et al, 1988; Yashpal and Henry, 1983). 

Despite recent interest in this area, the exact role of SP receptor subtypes in the 

expression and regulation of nociceptive responses has been largely unresolved. 
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Other investigators have suggested that SP does not mediate behavioral 

responses to heat, but rather have shown that somatostatin is a better candidate 

for this sensory modality (Kuraishi et al, 1985a; 1989). Kuraishi and coworkers 

have proposed that SP is not actually released until the temperature is raised 

sufficiently to induce tissue damage (Kuraishi et al, 1985a; 1989). Based on this 

information, they have suggested that SP may be a better candidate for the neural 

transmission of mechanical rather than heat information (Kuraishi et al, 1985a; 

1985c; 1989). The results of experiments in this study suggested that both types of 

information were mediated by SP. 

Tonic nociception 

The successive administration of a high dose of SP onto the spinal cord 

reduced the first phase but did not change the second phase of formalin-induced 

stereotypic behaviors. This was consistent with an effect observed with SP 

antagonists and SP antiserum, given prior to formalin treatment in mice (Ohkubo 

et al, 1990; Shibata et al, 1989). It has been suggested that the second phase of 

nociceptive behaviors might be mediated by somatostatin (Ohkubo et al, 1990) or 

excitatory amino acids, such as glutamate or aspartate (Skilling et al, 1988; Smullin 

et al 1989). It is believed that SP and SP fragments influence the release of 

excitatory amino acids either from afferent or descending terminals (Smullin et al 

1989). 

Both phases of stereotypic behaviors following formalin were reduced by 

morphine. These results demonstrated that the second phase of formalin-induced 

nociceptive behaviors could be regulated at the level of the spinal cord via an 

opiate action. It was felt that this effect might be explained by an action on 

presynaptic afferent terminals or postsynaptic dorsal horn neurons (Kitahata et al, 

1974; Piercy et al, 1980). 

The treatment of rats with an ankle-joint injection of monosodium urate 

had been described as an alternate method for inducing tonic nociception 

(Coderre and Wall, 1987; Colpaert et al, 1982; Colpaert, i987). :The MSU test 
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was more desirable than models of adjuvant arthritis since responses reached a 

peak within a short period of time and unlike the formalin test, represented a 

reaction to a noxious stimulus which more closely resembled a naturally occurring 

inflammatory state (Coderre and Wall, 1988; Otsuki et al, 1986). 

The effect of systemically administered morphine in the MSU test had been 

.characterized with two different methods of measurement: pain-related behavior 

and paw pressure ratio (Coderre and Wall, 1988; Okuda et al, 1984; Otsuki et al, 

1986). It was reported that pain-related behaviors were reduced with morphine, 

and that this response was reversed with systemically administered naloxone; paw 

pressure ratio was increased in a dose-dependent manner with morphine (Otsulci 

et al, 1986). Naloxone, administered systemically or via microinjection into the 

brainstem, reversed opiate analgesia in the MSU test in a manner similar to the 

formalin test (Inase et al, 1987; Sugimoto et al, 1985). Thus, the MSU model was 

considered .an appropriate model to study similar reactions to a noxious stimulus. 

In this study, treatment with an ankle-joint injection of MSU increased the 

nociceptive rating and reduced the paw pressure ratio. These results were 

consistent with pre~ous reports (Okuda et al, 1984; Otsuki et al, 1986). The 

duration of responses with both measurements were comparable, supporting that 

both ratings were an appropriate measure of nociception (Otsuki et al, 1986). 

The successive administration of SP did nof alter MSU-induced behavioral 

changes or paw pressure ratio. However, the paw pressure ratio was increased by 

morphine. These results suggested that SP was not involved in. MSU-induced 

nociceptive behaviors and that MSU-induced behaviors could also be regulated by 

morphine at the spinal level. 

The absence of any effect on tonic nociceptive behaviors, using the method 

of substance P receptor desensitization in this study, led to a question about the 

role of SP in the dorsal horn. Recent reports in the literature and observations in 

this laboratory have presented interesting possibilities: Kantner and co-workers 

first reported that noxious stimulation of the rat hindpaw with formalin increased 

substance P-like immunoreactivity (SPLI) in the dorsal horn within 60 min 



69 

(Kantner et al, 1985; 1986). It was later reported that formalin-induced SPLI 

levels during this time were further increased by morphine (10 mg/kg, s.c.) and 

blocked by naloxone (10 mg/kg, s.c. ), suggesting that the increase in SPLI was the 

result of an endogenous opiate system (McCarson and Goldstein, 1989; 1990). The 

changes in SPLI levels following formalin occurred in two phases: the first increase 

was observed within 2 min, and the second increase was observed within 60 min 

(McCarson and Goldstein, 1990). If naloxone was administered prior to the 

formalin treatment, then SPLI levels during the second phase were reduced. On 

the other hand, if naloxone was administered after the formalin treatment, then 

the second increase in SPLI levels was not reduced. These results suggested that 

the second increase in SPLI was dependent on initial changes, induced by 

formalin, within the first 2 min (McCarson and Goldstein, 1990). Using the same 

technique of immunohistochemistry in this study, we determined that if lidocaine 

was administered prior to formalin, then SPLI levels at 2 miri following hindpaw 

treatments with saline or formalin were reduced. Secondary SPLI levels were not 

changed. These results suggested that SPLI changes in the dorsal horn resulting 

from afferent blockade were associated only with the first phase and not the 

second phase of formalin-induced behavior. 

The first increase (2 min) in SPLI levels following formalin treatment might 

have reflected a depletion of SP in nerve terminals since the magnitude of 

reduction ( approximately 40%) in dorsal horn SPLI content ( measured with a 

tissue extraction/radioimmunoassay technique) was large enough to account for 

this (McCarson, 1991 ). If this were the case, it is possible that the second increase 

in SPLI might relect a repletion of SP in dorsal horn terminals. This would 

explain a dramatic increase (greater than 150%) in dorsal horn SPLI content 

(measured with the same tissue extraction technique) at 20 and .80 minutes 

following formalin treatment (McCarson, 1991). 

Thus, two different effects have been observed with the 

immunohistochemical technique: first, late tonic formalin-induced SPLI levels and 

nociceptive behaviors are altered by a high dose of systemically administered 
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naloxone (presumably by an action mediated centrally) only if given prior to 

application of a formalin stimulus and delivered as a bolus injection; and second, 

late tonic formalin-induced SPLI levels are not altered by primary afferent 

blockade (presumably by an action mediated peripherally) despite pretreatment to 

formalin. These data suggest that SPLI levels in the dorsal horn during later time· 

points are not altered by a peripheral blockade of primary afferent activity, but 

rather by a central opiate component being activated directly by the stimulus 

during the initial stages of the formalin response. Interestingly, these SPLI 

changes seem to reflect modulation of the tonic nociceptive response rather than 

direct involvement. 

Release studies performed in the rat have provided an additional source of 

information regarding SP involvement in nociception (Kuraishi et al, 1989; 

McCarson and Goldstein, 1991). Kuraishi and coworkers reported that in an 

anesthetized decerebrate preparation, an initial SPLI release was observed in the 

dorsal horn during the first 20 min following formalin treatment (Kuraishi et al, 

1989). SPLI release was blocked by peripheral application of a local anesthetic.• 

McCarson and Goldstein later reported that in a spinalized decerebrate 

preparation, a reduction in SPLI release was observed during the first 40 min, 

suggesting that the pattern of release was consistent with regulation by an 

endogenous opiate mechanism (Burgoin et al, 1990; Kayser et al, 1990; McCarson 

and Goldstein, 1991 ). The differences in the results of these experiments is 

probably explained by the type of surgical preparation used. Kuraishi and 

coworkers used a decerebrate technique which may have activated descending 

systems that are normally inhibitory (Mathews, 1972). Thus, one expected 

consequence of decerebration is disinhibition of systems that normally control the 

activity of primary afferent neurons and consequently, the release of SP. General 

anesthetics tend to depresses both descending and ascending systems. McCarson 

and Goldstein employed a spinalization technique to completely block descending 

control (McCarson and Goldstein, 1991 ). · Although neither paradigm is ideal, 

techniques have not been developed that will allow for a successful measurement 
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of SP release in the spinal cord of an awake freely moving animal. 

As a result of behavioral, immunohistochemical and release studies, two 

possible functions of SPLI in the dorsal horn have emerged: one function is 

involvement in spinal afferent transmission during the initial nociceptive response 

to a formalin stimulus (Ohkubo et al, 1990; Shibata et al, 1989); the second 

function, dependent on the formalin stimulus, is possible involvement in 

hyperalgesia which is controlled by an endogenous opiate system. Interestingly, in 

rats pretreated with naloxone, an increase in formalin-induced behaviors has been 

observed during a time when SPLI levels are changed (McCarson and Goldstein, 

1990; Sugimoto et al, 1986). Recently, an increased release of SP in the dorsal 

horn was observed following a medium-intensity pinch applied to the hindpaw of a 

rat after the formalin injection, supporting the involvement of SP in hyperalgesia 

(McCarson and Goldstein, 1991). 

Although the MSU test has not been as well-characterized, similar patterns 

of SP release in the dorsal horn have been observed. Lembeck and co-workers 

first reported an increase in the levels of SP in the spinal cord following treatment 

with a hindpaw injection of Freund's adjuvant (Lembeck et al, 1981). This model 

was later modified to induce an acute arthritis in the ankle-joint (Coderre and 

Wall, 1987; 1988). Recently using the adjuvant model described by Lembeck and 

coworkers (Lembeck et al, 1981), a delayed release (several hours) of SPLI in the 

dorsal horn was observed following development of acute arthritis in the knee 

joint of a cat (Schaible et al, 1990). Interestingly, SPLI release developed only 

following periods of mechanical stimulation, for example, flexion of the inflamed 

joint. The release of SPLI was not stimulated by flexion of a normal joint. 

Similar reports have been made by other investigators (Oku et al, 1987). These 

observations were supported in our laboratory using MSU as a nociceptive 

stimulus applied according to the method described by McCarson and Goldstein 

(McCarson and Goldstein, 1991). Hindlimb treatment with MSU induced a 

delayed release of SP in the superficial dorsal horn ( after two hours) following 

flexion of the inflamed joint. These results suggested that the release of SP may 



be activated as a peripheral noxious stimulus proceeds to an inflammatory state 

(Schaible et al, 1990). Further studies will have to be conducted to characterize 

SP changes in the dorsal horn and to determine whether SP mediates 

hyperalgesia. It is clear based on the experiments in this study that SP does not 

mediate tonic nociception but rather may be involved in phasic nociception. 
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SUMMARY AND CONCLUSIONS 

A series of experiments were undertaken to address conflicting data 

regarding the involvement of SP in the dorsal horn as a neuromediator of phasic 

and/or tonic nociception. The results of this study showed that: 

1. Treatment of rats with a hindpaw injection of formalin, employed as an 

inflammatory-producing nociceptive stimulus, resulted in stereotypic 

behavior. This behavior correlated very well with licking, which is 

considered to be nociceptive. A profile of formalin-induced stereotypic 

behavior over time revealed a phasic period of nociception followed by a 

longer lasting tonic phase. Both phases were reduced by morphine and 

!idocaine. However, histochemical changes of formalin-induced SPLI 

changes in the dorsal horn, seen as a result of peripheral !idocaine 

pretreatment, were associated directly with the phasic and not the tonic 

behavioral response. 

2. As demonstrated by radioligand binding, there were multiple populations of 

SP binding sites in the rat dorsal spinal cord. There were two sites of 

affinity existing either as one or two SP receptor subtypes. The high

affinity binding of 125!-BH-SP to dorsal spinal membranes was inhibited by 

the presence of a guanine nucleotide. Successive administration of a high 

dose of SP onto the spinal cord induced a similar reduction in high-affinity 
125!-BH-SP binding. The number of high-affinity SP receptors (Bmax) was 

reduced and the IC50 of this binding component was increased. A change 

in the IC50 was associated with an attenuation of behavioral responses to 

SP. Thus, a possible involvement of receptor-G protein complexes in 
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substance P receptor desensitization was suggested. 

3. Data from experiments designed to examine the role of SP in phasic 

nociception supported a physiological role for SP as a neuromediator of 

behavioral responses to a brief intense heat or pressure stimulus. The 

successive administration of SP reduced the nociceptive threshold, as 

demonstrated with the tail-flick and paw pressure tests. Behavioral 

responses were attenuated for at least 90 minutes. The action of SP was 

probably mediated through interaction with a high-affinity SP binding 

component. 
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4. The role of SP in tonic nociception was investigated using -the method of 

.SP receptor ·desensitization. Two models were employed: the formalin test 

and the monosodium urate (MSU) test. In the formalin test, the repeated 

administration of SP reduced the first phase of pain-related behavior, but 

did not alter the second phase behavior. In the MSU test, the repeated 

administration of SP did not change MSU-induced pain-related behavior. 

In conclusion, the results of this study showed that SP l\:vels were 

associated with the yhasic behavioral changes following noxious stimulation in the 

formalin test model of nociception. In two established models of phasic anc;I tonic 

nociception, alteration of SP receptor activity in the dorsal horn using the method 

of SP receptor desensitization changed phasic nociceptive behavior, but did not 

alter tonic nociceptive behavior. These results supported the hypothesis that SP 

mediates phasic and not tonic nociception. 
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