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Abstract

CGRP8-37 is a truncated version of calcitonin gene-related peptide (CGRP) that binds to the CGRP receptor with similar af®nity but does

not activate the receptor and is a highly selective CGRP receptor antagonist. CGRP and activation of its receptor appear to play a role in

peripheral in¯ammatory and neuropathic models of pain although there is considerable controversy. The aim of this study was to examine

possible anti-nociceptive effects of CGRP8-37 on a model of chronic central neuropathic pain known to develop weeks after spinal hemi-

section. Adult male Sprague±Dawley rats were given a spinal hemisection (N � 34) or a sham surgery (N � 10) at the T13 spinal segment.

An externally accessible PE-10 intrathecal catheter that terminated at T13 was used for drug delivery. Animals were allowed to recover for 4

weeks at which time the hemisected animals displayed mechanical and thermal allodynia bilaterally, in both forelimbs and hindlimbs.

CGRP8-37 was delivered just prior to a testing session in 1, 5, 10, or 50 nM doses in arti®cial cerebral spinal ¯uid in 10 ml volumes. CGRP8-37

was effective in alleviating mechanical and thermal allodynia in a dose-dependent manner (P , 0:05). The 50 nM dose was most ef®cacious

for both forelimb and hindlimb responses (P , 0:05). The period of ef®cacy was 10 min to onset for a duration of 20 min. Post-drug washout

responses were not statistically signi®cant compared to pre-drug responses. The sham control groups demonstrated no statistically signi®cant

difference at any dose of CGRP8-37 when compared to pre-surgical baseline values. In conclusion, CGRP8-37 is effective in abolishing

mechanical and thermal allodynia produced by spinal hemisection. Consequently, the CGRP receptor may play a role in chronic central

neuropathic pain and offers a novel therapeutic approach to managing chronic central pain. q 2000 International Association for the Study of

Pain. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

CGRP is a peptide 37 amino acids long that can be

divided into two types, i.e. a-CGRP and b-CGRP (Mulderry

et al., 1988), where a-CGRP is the product of tissue-speci®c

alternative RNA splicing of the calcitonin gene (Rosenfeld

et al., 1983) and b-CGRP is encoded by a separate gene

(Amara et al., 1982, 1985). With respect to the primary

afferent sensory system, a-CGRP is located in peripheral

projections (Ishida-Yamamoto and Tohyama, 1989; HoÈkfelt

et al., 1992), in the somata of small diameter dorsal root

ganglion neurons (Cameron et al., 1988; HoÈkfelt et al.,

1992), and in central projections in laminae I, II outer

(IIo), and V of the dorsal horn (Gibson et al., 1984; McNeill

et al., 1988; Ishida-Yamamoto and Tohyama, 1989; HoÈkfelt

et al., 1992). CGRP is also located in the intermediolateral

and ventral horns of the spinal cord in sympathetic and

motor neurons, respectively (Marti et al., 1987; Senba and

Tohyama, 1988). Selective surgeries have established that

CGRP in the dorsal horn is of primary afferent in origin in

normal and chronically deafferented mammalian spinal

cords (Chung et al., 1988; McNeill et al., 1991). Both immu-

nocytochemical and in situ hybridization techniques

con®rm that CGRP is produced in small diameter neurons

in the dorsal root ganglion (DRG) which give rise to unmye-

linated (C) and thinly myelinated (Ad) ®bers (Willis and

Coggeshall, 1991). This subpopulation of primary afferent

®bers has been implicated in the transmission of pain,

temperature sensation, and other modalities including

noxious and non-noxious mechanical stimuli (Willis and

Coggeshall, 1991).

The observation that CGRP is involved in nociceptive

behavior is supported by several experiments. For example,

intrathecal injections of CGRP produce signi®cant reductions

in the latency of hindpaw withdrawal in response to noxious

thermal and mechanical stimulation (Oku et al., 1987; Crid-
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land and Henry, 1988, 1989). In other examples, CGRP deliv-

ered to the spinal cord results in thermal hyperalgesia and

other nociceptive behavior in rats (Oku et al., 1987; Christen-

sen et al., 1996a,b). Our laboratory found that intrathecal

injection of 10 ml of 100 nmol of CGRP into naive adult rats

produced writhing, spontaneous biting and vocalization,

evidence that CGRP alone can produce nociceptive beha-

viors. By contrast, intrathecal administration of antiserum

developed against CGRP normalizes the responses to thermal

and mechanical noxious stimuli in rats rendered experimen-

tallyhyperalgesicbyeitheradjuvantorcarrageenaninjections

into the paw (Kuraishi et al., 1988; Kawamura et al., 1989;

Satoh et al., 1992). In addition, intrathecal administration of

the CGRP antagonist, CGRP8-37, into normal rats inhibits both

thermal and mechanical nociception (Yu et al., 1994). More

speci®cally, these data suggest that intraspinal CGRP is

directly involved in mediating nociceptive behavior of either

central or peripheral origin.

Previous work from our lab using a rodent model of

chronic central pain produced by spinal hemisection demon-

strated an increase in CGRP immunoreactivity in the dorsal

horn of several thoracic segments 2 weeks after surgery,

which persisted for at least 108 days post-injury (Christen-

sen and Hulsebosch, 1997a,b). Work by others demon-

strated an increase in CGRP immunoreactivity in the

dorsal horn of thoracic and lumbar segments (T1 through

L6) after spinal thoracic transection (Krenz and Weaver,

1998; Krenz et al., 1999). However, there is no direct

evidence in the literature that indicates the involvement of

CGRP in chronic central pain behavior. The present study

tests whether blockade of the CGRP receptor, by a selective

antagonist, reduces the abnormal nociceptive behavior

observed in this rodent model of chronic central pain

produced by spinal hemisection (Christensen et al., 1996a;

Christensen and Hulsebosch, 1997a). We used the antago-

nist CGRP8-37, which is a truncated version of CGRP that

binds to the CGRP receptor with approximately the same

af®nity as CGRP, but does not affect the receptor signal

transduction sequence (Chiba et al., 1989; Van Rossum et

al., 1994). Previous behavioral studies demonstrated that

spinal hemisection produces mechanical and thermal allo-

dynia in both forelimbs and hindlimbs that develops over

several weeks, is stable by 28 days and persists for up to 108

days (Christensen et al., 1996a; Christensen and Hulse-

bosch, 1997a). In the present set of experiments, we admi-

nistered CGRP8-37 in rats spinally hemisected and after the

development of behavior consistent with chronic central

pain, to test for attenuation of the mechanical and thermal

allodynia behaviors.

2. Materials and methods

2.1. Surgical procedures

Male Sprague±Dawley rats (175±200 g) were obtained

from Harlan Sprague-Dawley, Inc. and housed with a

reversed light/dark cycle of 16 h/8 h where the dark cycle

began at 07:00 h. Since the rats are nocturnal animals, the

behavioral tests occurred during the dark cycle or their

`awake' period in the circadian rhythm. The rats were accli-

mated and given behavioral tests to determine baseline

behavior as described later, and then divided into two

groups, i.e. sham controls (N � 10) and spinal hemisected

rats (N � 7±10 per dose; N � 7 each for the 1 and 5 nM

doses, and N � 10 each for the 10 and 50 nM doses for a

total of 34 rats). Rats were deeply anesthetized by intraper-

itoneal injection of ketamine and xylazine (75 and 15 mg/

kg, respectively) as determined by the absence of the tail

and paw withdrawal re¯ex to pinch and the absence of

corneal blink re¯ex. The spinal cord was hemisected at

T13 on the left side by the following procedure: following

palpation of the dorsal surface to locate the cranial borders

of the sacrum and the dorsal spinous processes of the lower

thoracic and lumbar vertebrae, the T11, T12 and T13 lami-

nae were determined by locating the last rib, which attaches

to the cranial end of the T13 vertebrae. The surgical ®eld

was shaved and prepared with betadine, and a longitudinal

incision was made exposing several segments. A laminect-

omy was performed at vertebral level T11, the lumbar spinal

cord was identi®ed with accompanying dorsal vessel, and

the spinal cord was hemisected at T13, cranial to the L1

dorsal root entry zone with a #11 scalpel blade without

damage to the major dorsal vessel or vascular branches.

Iridectomy scissors were used to ensure the completeness

of the hemisection. For the sham group, similar procedures

were performed with the exception that the spinal cord was

not hemisected.

At the time of surgery, a sterilized, arti®cial cerebrospinal

¯uid (ACSF; pH 7.4) ®lled PE-10 intrathecal catheter was

threaded through the intrathecal space, after partial lami-

nectomy through a dural slit, three vertebral segments

rostral (T9) to the hemisection site. The end of the catheter

terminated at the hemisection site. Visual con®rmation of

the end of the tube assured correct placement. A loose knot

was placed in the tubing cranial to the dural entry zone,

®xed by application of cyanoacrylic glue, and anchored in

place with two polypropylene sutures (5-0) to the erector

spinae musculature. The musculature and the fascia were

then sutured and the skin was apposed by autoclips. An 8

cm length of tubing leader was left exposed through the skin

of the surgical site and the end was heat sealed closed with

heated forceps. Intrathecal delivery tubes were inserted in

both sham and hemisected groups. The rats were eating and

drinking within 3 h after surgery. Animals had to be housed

individually after surgery to prevent catheter removal by

cage mates. To ensure the general health of the rats, the

animals were weighed daily. Weight loss was minimal,

occurred acutely over the ®rst 2 postoperative days and

was not greater than 5% of the total body weight. By the

third postoperative day, the animals demonstrated normal

weight gains. The protocols used were approved by the
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University of Texas Medical Branch Animal Care and Use

Committee (UTMB-ACUC).

2.2. Behavioral procedures

Locomotor function was observed and recorded using the

modi®ed open ®eld test ®rst developed by Tarlov and Klin-

ger (1954) and recently modi®ed into the Basso, Beattie,

and Bresnahan (BBB) Locomotor Rating Scale (Basso et

al., 1995) to ensure that motor recovery occurs and does

not impair the somatosensory behavioral tests. The score

is based on locomotor ability following experimental SCI

in rodent models. Brie¯y, the BBB scale is a 21 point scale

which ranges from 0, which is no observable hindlimb

movement, to 21, which is consistent and coordinated

gait, hindlimb parallel paw with consistent trunk stability.

Scores from 0 to 7 rank the early phase of recovery with the

return of isolated joint movements of the three joints (hip,

knee, ankle), scores from 8 to 13 describe the intermediate

recovery phase with the return of paw placement, stepping

and forelimb±hindlimb coordination, and scores from 14 to

21 rank the late phase of recovery with the return of toe

clearance during the step phase, predominant paw position,

trunk stability and tail position. Thus, the BBB score for

spinally injured rats allows assessment of hindlimb recov-

ery. In addition, any decrease in the BBB score in response

to a drug test would suggest sedation. On the day after

surgery, all animals scored 0 or 1 for the hindlimb ipsilateral

to the hemisection. Animals with higher scores, or animals

with contralateral hindlimb impairment were excluded from

the study. Left and right hindlimbs were assessed separately.

Forelimbs demonstrated no changes in locomotion due to

surgery or in antagonist/vehicle experiments. The recovery

of the hindlimb ipsilateral to the hemisection allows a

temporal measure of the status of functional recovery. The

somatosensory tests begin once the locomotor recovery

period has reached maximum recovery and has stabilized

as determined by the BBB scores, considered to be an indi-

cator of motor recovery after spinal cord injury (Basso et al.,

1995).

Behavioral tests representing mechanical and thermal

allodynia were performed preoperatively and postopera-

tively for both forelimbs and hindlimbs. Sham animals

were tested for allodynia-like behavior as a control for the

criteria used by the behavioralist and to control for the

possibility that a learned response from a repeated stimuli

could produce an increased number of paw withdrawals

unrelated to the development of allodynia. Prior to the

onset of behavioral testing, all animals were environmen-

tally acclimated to the clear Plexiglas cubicle testing appa-

ratus (8 £ 8 £ 18 cm) for 4 h daily for 3 days. The

preoperative testing began 3 days prior to surgery and was

used to establish both individual and group baseline beha-

viors. The data from each limb were collected indepen-

dently. Because there was no statistically signi®cant

difference between left and right forelimbs, the data were

combined. Only data from the contralateral hindlimbs were

analyzed. The tests were performed postoperatively once a

week for 4 weeks prior to the drug tests. The development of

mechanical and thermal allodynia after hemisection is found

to be well established bilaterally in forelimbs, hindlimbs and

on the dorsal trunk by 4 weeks postoperatively (Christensen

et al., 1996a; Christensen and Hulsebosch, 1997a). Mechan-

ical allodynia of the glabrous skin of the paw was quanti®ed

by measuring the number of brisk paw withdrawals in

response to normally innocuous mechanical stimuli (Choi

et al., 1994). The subthreshold mechanical stimuli were von

Frey ®laments with bending forces of 4.78 and 9.96 mN. In

addition, suprathreshold mechanical stimuli, a von Frey ®la-

ment with a bending force of 49.9 mN, and a mechanical

noxious stimulus, a pin, were used. In human perceptual

terms, these mechanical forces represent a subthreshold

stimulus, a light touch, a poke, and a noxious prick, respec-

tively. The pin did not cause overt tissue damage and was

selected to control for sedation effects and unwanted drug-

induced changes in behavior in response to stimuli that were

noxious.

To perform these tests, rats were placed inside the Plex-

iglas boxes on an elevated, ®ne metal screen and acclimated

for 60 min prior to testing. The von Frey ®lament was

applied from underneath the metal mesh ¯oor, through the

mesh, to the plantar surface of the glabrous skin of the paw

for each limb. A single trial consisted of 10 applications of

von Frey ®lament, applied once every 3±4 s. A response is

de®ned as a withdrawal of the stimulated paw with accom-

panying attention of the rat to the stimulus mediated by

supraspinal pathways such as head turning, disengaging

behavior from ongoing activity, biting the von Frey hair,

etc. The mean occurrence of paw withdrawal in each of

the trials was taken for each limb in each rat as a repeated

measure and was expressed as a mean number of responses

where 0 indicated no paw withdrawal and 10 indicated the

maximum number of paw withdrawals. The occurrence of

paw withdrawal of the 10 trials was recorded and this value

was then normalized to the pre-surgical baseline at the level

of the individual animal to derive the change in response to

the surgery and the surgery with drug treatment (number of

paw withdrawals ± baseline). The changes were analyzed

and graphed as group data for between group comparisons

where the pre-surgical baseline is zero.

Thermal allodynia was measured by the latency of paw

withdrawal to noxious stimuli as previously described by

Bennett and Xie (1988) and Hargreaves et al. (1988).

Animals were placed in a Plexiglas box on an elevated

glass plate under which a light box is placed. A radiant

heat stimulus was applied by concentrating a beam of

light through a hole in the light box onto the plantar surface

of the paw of each limb through the glass plate. The light

beam is turned off automatically by a photocell when the

animal lifts the limb, allowing the measurement of time

between the start of the light beam and the paw withdrawal.

A response is de®ned as a paw withdrawal with head turning
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and paw licking. The time is de®ned as the paw withdrawal

latency. Five minutes were allowed between each trial and

three trials were averaged for each limb. The results for the

thermal tests were then normalized to the pre-surgical base-

line at the level of each individual animal to determine the

change in paw withdrawal latency in response to the surgery

and the surgery with drug treatment. These data were

analyzed and graphed as group data where pre-surgical

baseline is displayed as 0, and the data were compared as

change relative to the pre-surgical baseline responses for

between group comparisons.

2.3. Drug testing

Both drug and vehicle injections were administered blind

and the injection schedule was randomized as to the order

given and with regard to drug or vehicle. Dilutions of 1, 5,

10, and 50 nM were made for CGRP8-37 in ACSF (pH 7.4). A

test dose of 10 ml of one concentration was injected into the

intrathecal catheter followed by a wash of 10 ml ACSF and

the behavior was immediately assessed. Drug challenges

began after 28 days post-surgery, at which time the

responses to the mechanical and thermal stimuli were maxi-

mal and stable, as determined empirically (Christensen et

al., 1996a). Prior to the tests of the various drug concentra-

tions, the onset and duration of drug effect were empirically

determined to be 10 min for onset and 20 min for duration of

the drug effect for the doses of CGRP8-37 used in this study.

Consequently, each behavioral test was done within the 20

min window of drug ef®cacy. At all tested doses, the post-

drug responses always returned to pre-drug responses, even

for the high doses (see Section 3); thus, there was no

evidence for long-term desensitization. Some animals

received more than one test injection, to test for possible

desensitization, sensitization or morbidity with repeated

doses (data not shown). The results were not statistically

signi®cant from the results for each dose and for drug wash-

out responses. For these animals, at least 24 h were allowed

between each drug challenge to allow suf®cient time for

physiological washout of the drug. Behavioral testing was

done blind to the surgical status or the vehicle or dose injec-

tion being tested. The sham data control for a learned

response from repeated peripheral stimuli that might result

in an increased number of paw withdrawals unrelated to the

development of allodynia and for behavioral changes that

might occur due to injection stress of either the vehicle or

the vehicle containing CGRP8-37. The effects of stress might

be either hypersensitivity or analgesia. Vehicle alone injec-

tions were given as a control to both groups and the

responses were not statistically signi®cant when compared

to uninjected vehicle behavioral data for either sham control

or spinal hemisected groups. Post-drug testing was

performed and behavioral values were not statistically

different when compared to 30 day post-surgical, pre-injec-

tion behavioral values for both sham control and spinal

hemisected groups. Finally, as a control for the speci®city

of CGRP8-37 in the observed response, a group of hemisected

animals (N � 5) was tested after mechanical and thermal

allodynia was established with a combination of 5 ml of 100

nM CGRP8-37 and 5 ml of 1000 nM CGRP. In these animals,

the behavioral data in the mechanical behavioral tests for all

von Frey strengths and the pin demonstrated no statistically

signi®cant difference between behavioral data collected pre-

injection, during the 20 min period of drug ef®cacy, and

post-injection for either forelimbs or hindlimbs. For the

thermal behavior tests, there were similarly no statistically

signi®cant differences.

CGRP was administered by intrathecal catheter in naive

rats as a control to directly demonstrate a nociceptive role

for CGRP. A dose of 100 nmol in 10 ml buffered ACSF

resulted in spontaneous vocalization and writhing accompa-

nied by biting and scratching at the dermatomes correspond-

ing to the termination site of the catheter. This behavior

continued for 7 min. A mechanical stimulus (von Frey ®la-

ment of 4.78 mN) was applied to the trunk and the number

of vocalizations (out of 10 stimuli) increased from 0 (pre-

injection) to 10 by 15 min post-CGRP injection (data not

shown). Additionally, the latency of paw withdrawal to the

radiant heat stimulus decreased from an average of 22 s

(pre-injection) to 12 s. Only two animals were tested as

the UTMB-ACUC prohibits experiments that are `painful

or distressful'; thus, these experiments were terminated for

humane reasons. Since CGRP8-37 is a potent vasoconstrictor

(Jansen-Olesen et al., 1996; Perren et al., 1996; Kagstrom

and Holmgren, 1998) and intrathecal injections of CGRP8-37

produce a rapid decrease in body temperature in normal

mice (Saxen et al., 1994) which, if this occurs in rats, may

confound the somatosensory tests in the present experi-

ments, we tested for possible changes of temperature on

the glabrous skin of the fore and hindpaws and additionally,

monitored rectal temperatures. We found no evidence of a

statistically signi®cant difference in temperatures pre-drug

compared to during the therapeutic window of drug ef®cacy

in shams or hemisected animals even at the 50 nM dose

(data for the hemisected 50 nM group (mean ^ SE): fore-

paws, pre-drug 31.6 ^ 0.98C, drug effect 30.5 ^ 0.88C;

hindpaws, pre-drug 30.9 ^ 0.38C, drug effect 30.8 ^

0.38C; rectal temperature, pre-drug 38.8 ^ 0.48C, drug

effect 39.2 ^ 0.28C).

2.4. Statistical analysis

All statistical tests were evaluated at the alpha level of

signi®cance of 0.05. The data from these procedures were

tested for statistical signi®cance using more conservative

non-parametric tests, thus avoiding issues of normality

and equal variance of the data distribution. We used Krus-

kal±Wallis ANOVA on ranks followed by a pairwise

comparison using Dunn's method since the numbers of indi-

viduals per group were different. Data management and

statistical analyses were performed using SigmaState soft-

ware. Correlations of behavioral outcomes with doses were
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tested by either Spearman rank order correlation or Pearson

product moment correlation tests. All values are graphed as

means (X) ^ standard errors (SE).

3. Results

3.1. Locomotor scores

All animals started with hindlimb BBB scores of 21 (Fig.

1). Spinal cord hemisection resulted in ipsilateral hindlimb

paralysis. On the day after surgery, the hemisected group

scored 0.7 ^ 0.3 on the ipsilateral hindlimb. By post-surgi-

cal day 7, animals recovered considerable motor function

(17.4 ^ 5.3 out of 21). The BBB scores decreased slightly at

post-surgical day 14 from 17.4 ^ 5.3 to 15.2 ^ 0.4, which

was not statistically signi®cant, and remained at similar

values for the remainder of the study. In order to determine

whether CGRP8-37 had an adverse effect on motor function,

BBB scores were assessed at every drug injection concen-

tration. There was no statistically signi®cant difference in

BBB scores at any dose, including the 50 nM dose at which

maximum analgesia was observed.

3.2. Intrathecal catheter

It has been suggested that the presence of intrathecal

catheters induces a progressive development of gliosis,

®brosis and scarring in the vicinity of the terminus of the

indwelling catheter in rats and patients (Mercadante, 1999).

We have not seen evidence of ®brosis at the terminus of the

indwelling catheter in rats that we have autopsied although

histological sections do demonstrate a thin layer of ®brosis

surrounding the tube but not encroaching on the cord. The

indwelling catheter does not appear to affect the spinal

hemisection response to injury (®brosis, tethering, etc.)

and does not change the behavioral outcomes as compared

to responses for groups of spinal hemisectioned rats without

indwelling catheters. Additionally, no blockage of the tube

was observed that could have resulted from ®brosis at the

catheter opening. The only blockage occurred at the

exposed end due to crystallization from evaporation; other-

wise all injections ¯owed easily through the tube.

3.3. Mechanical sensitivity

Spinal cord hemisection produced a three-fold increase to

3.4 ^ 0.2 and 2.8 ^ 0.2 (compared to a baseline of 0) in the

forelimb paw withdrawals to the low intensity von Frey

®laments, 4.78 and 9.96 mN (Fig. 2A,B), respectively,

and this increase is statistically signi®cant (P , 0:05). All

four concentrations of CGRP8-37 created statistically signi®-

cant decreases in the paw withdrawals when compared to

post-surgical values (P , 0:05), with the most effective

concentration being 50 nM, which brought the forelimb

paw withdrawals back to responses that were not signi®-

cantly different compared to pre-surgical baseline values.

The post-drug test time point shows the paw withdrawals

at 2.6 ^ 0.4 and 3.8 ^ 0.7 for each stimulus strength, which

are not signi®cantly different from the post-surgical time

points recorded prior to the drug tests. The decreased

responses were related to the increased doses in a dose-

dependent manner as determined by Spearman rank order

correlation analyses (P , 0:05). By contrast, the control

responses for these same doses show that the CGRP8-37

did not signi®cantly affect the paw withdrawals in the

sham control rats.

The responses to the 49.9 mN von Frey were somewhat

different in that the number of forelimb paw withdrawals at

the post-surgical time point were two-fold higher (1.7 ^

0.3) than baseline values and this increase is statistically

signi®cant (P , 0:05, Fig. 2C). The 1 or 5 nM dose of

CGRP did not statistically alter the post-surgical response,

whereas both the 10 and 50 nM concentrations decreased

the number of paw withdrawals to values that were not

statistically signi®cant compared to pre-surgical values,

i.e. 21.41 ^ 1.2 and 21.28 ^ 1.4, respectively. The drug

treatment did not signi®cantly change the paw withdrawal

values for the control group. For the pinprick test, responses

were maximal at baseline (10 out of 10), and hemisection

did not alter the response to this stimulus. Treatment with

CGRP8-37 resulted in no statistically signi®cant differences
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Fig. 1. Motor scores for the ipsilateral hindlimb of the hemisection animals

displayed as the mean ^ SE. Twenty-one represents normal locomotion

and 0 represents no observable movement. On post-surgical day 1, the

animals scored a 0.7 ^ 0.3. By day 7 motor scores had increased signi®-

cantly, and by day 19 evened-out to remain signi®cantly improved for the

remainder of the study. Note that even the high dose of 50 nM CGRP8-37 did

not produce a measurable change in limb function which suggests no seda-

tive effect from this dose.



in pinprick response at any dose for either the spinal hemi-

sected or the sham control groups (Fig. 2D).

Fig. 3 graphs the change in paw withdrawals of the

hindlimbs for the hemisected group compared to the

hindlimbs for the control group. The post-surgical paw with-

drawals increased three- and four-fold (2.7 ^ 0.2 and 4.5 ^

0.43) for the 4.78 and 9.96 mN von Frey ®laments, respec-

tively (Fig. 3A,B). The 1 nM dose of CGRP8-37 decreased

the paw withdrawals to 1.6 ^ 0.0 and 2.3 ^ 0.3, respec-

tively for each stimulus and this is statistically signi®cantly

different from the post-surgical time point (P , 0:05);

however, these responses are signi®cantly above the base-

line and control values. The 5 nM dose decreased the paw

withdrawals further to 1.2 ^ 0.5 and 1.87 ^ 0.9. However,

unlike the forelimb responses, both the 10 and 50 nM doses

decreased the paw withdrawal responses to values that were

not signi®cantly different from baseline or control values.

That the paw withdrawals were dose-dependent in the hemi-

sected group is supported by Spearman rank order correla-

tion statistics (P , 0:05). No signi®cant changes occurred

in the sham control group at any dose tested.

The pattern of drug interaction for the high intensity 49.9
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Fig. 2. Forelimb responses to various mechanical stimuli for the hemisected group (®lled circles) and the sham control group (®lled squares) displayed as the

mean ^ SE. Each of the von Frey stimulus strengths that were tested are displayed by the milli Newtons (mN) bending force generated. Note that the response

to the tested doses of CGRP8-37 were dose-dependent (P , 0:05) for the 4.78 mN (A), the 9.96 mN (B), but not for the 49.9 mN or the pin stimuli. The 50 nM

dose reduced the number of paw withdrawals to values that were not statistically different from baseline values for both the 4.78 mN (A) and 9.96 mN (B)

stimuli. The 10 and 50 nM doses were effective in reducing paw withdrawals for the 49.9 mN (C) stimulus. The pinprick stimulus (D) was maximally aversive

and drug delivery did not produce any behavioral alterations, thus suggesting preservation of normally noxious responses. The post-drug recovery values

demonstrated the reversible nature of the response and the speci®city of the change in behavior to CGRP8-37. The sham control groups did not have statistically

signi®cant changes compared to pre-surgical values for any dose tested. The asterisk (*) denotes statistical signi®cance (P , 0:05) compared to pre-surgical

control values.



mN von Frey ®lament was very similar to that seen for the

low intensity ®laments (Fig. 3C). The 5, 10 and 50 nM doses

reduced the number of paw withdrawals to a point not

signi®cantly different from pre-surgical or control

responses, to 0.5 ^ 0.8, 20.41 ^ 0.8 and 20.94 ^ 0.7,

respectively. This implies that for the hindlimbs, the 5, 10

and 50 nM concentrations of CGRP8-37 were suf®cient to

reduce the mechanical allodynia to the baseline, pre-surgi-

cal levels. The responses for the hemisected group, but not

the sham control group, were dose-dependent as determined

by Spearman rank order correlation statistics (P , 0:05). As

in the forelimbs, treatment with CGRP8-37 resulted in no

statistically signi®cant differences in pinprick response at

any dose for either the spinal hemisected or the sham control

groups. Thus, the tested doses of CGRP8-37 did not signi®-

cantly affect the paw withdrawal response to this blatantly

noxious stimulus (Fig. 3D). With regard to the concern that

repeated intrathecal injections affect subsequent responses,

we have no evidence that this occurs since all responses

beyond the temporal window of drug ef®cacy returned to

values that were not signi®cantly different when compared

to post-surgical allodynic conditions. In addition, hemi-

sected animals that were exposed to multiple doses of

CGRP8-37 showed a similar decrease in response and post-

drug washout response as the animals in the treatment

group.
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Fig. 3. Hindlimb responses to mechanical stimuli for the hemisected group (®lled circles) and the sham control group (®lled squares) displayed as the mean ^

SE. Each of the von Frey stimulus strengths that were tested are displayed by the milli Newtons (mN) bending force generated. Note that the response to the

tested doses of CGRP8-37 were dose-related. Both the 10 and 50 nM doses were effective at reducing paw withdrawals in the 4.78 mN (A) and 9.96 mN (B) tests.

In the 49.9 mN (C) test these same doses reduced paw withdrawals to below baseline responses. For the 4.78, 9.96 and 49.9 mN von Frey strengths, there was a

statistically signi®cant dose-dependent response (P , 0:05) to the different doses tested. The drug delivery did not produce any alteration in response to the

pinprick (D) test. The post-drug recovery values demonstrated the reversible nature of the response and the speci®city of the change in behavior to CGRP8-37.

The sham control groups did not have statistically signi®cant changes compared to pre-surgical values for any dose tested. The asterisk (*) denotes statistical

signi®cance (P , 0:05) compared to pre-surgical control values.



As a control for the speci®city of CGRP8-37 in the

observed response, a group of hemisected animals (N � 5)

was tested after mechanical and thermal allodynia was

established with a combination of 5 ml of 100 nM CGRP8-

37 and 5 ml of 1000 nM CGRP. In these animals, the beha-

vioral data in the mechanical behavioral tests for all von

Frey strengths and the pin demonstrated no statistically

signi®cant difference between behavioral data collected

pre-injection, during the 20 min period of drug ef®cacy,

and post-injection for either forelimbs or hindlimbs. The

changes in responses compared to pre-surgical values for

the forelimb withdrawal response during the period of

CGRP8-37/CGRP effect were 2.8 ^ 0.47, 2.6 ^ 0.38, 3.4 ^

0.53 and 0.0 for the 4.78, 9.96, 49.9 mN and pin, respec-

tively. For the hindlimb responses, the change in withdrawal

responses during the period of CGRP8-37/CGRP effect were

3.3 ^ 0.38, 4.7 ^ 0.4, 2.4 ^ 0.8 and 0.0 for the 4.78, 9.96,

49.9 mN and pin, respectively.

3.4. Radiant heat sensitivity

Spinal hemisection resulted in post-surgical paw withdra-

wal latencies that were signi®cantly decreased when

compared to pre-surgical values for both forelimbs and

hindlimbs (P , 0:05, Fig. 4A,B). Thus, limb withdrawals

occurred at a shorter latency and consequently a lower

temperature as determined by direct measurements of the

glass over time. All CGRP8-37 doses changed the forelimb

responses such that paw withdrawal latencies for the hemi-

sected group were statistically signi®cant compared to base-

line and the control group. The 50 nM dose of CGRP8-37

raised the latency above baseline to 4.0 ^ 1.5 s, a response

consistent with hypoalgesia. For the hindlimbs, the 10 and

50 nM doses resulted in responses that were not statistically

signi®cantly different from pre-surgical baselines or control

values with the 50 nM dose having the greater ef®cacy with

response times of 24.9 ^ 3.9 and 1.0 ^ 2.5 s, respectively.

Post-drug tests were not statistically different compared to

post-surgical values for the hemisected group. The

responses were correlated with dose for both forelimbs

and hindlimbs, indicating a dose-dependent response as

determined by Pearson product moment correlation statis-

tics (P , 0:05). By contrast, the sham control group values

were not statistically signi®cant compared to pre-surgical

values at all doses tested. As a control for the speci®city

of CGRP8-37 in the observed response, a group of hemisected

animals (N � 5) was tested after mechanical and thermal

allodynia was established with a combination of 5 ml of 100

nM CGRP8-37 and 5 ml of 1000 nM CGRP. For the thermal

behavior tests, the change in foot withdrawal latency during

the period of CGRP8-37/CGRP effect was not statistically

signi®cantly different compared to uninjected values with

a change in paw withdrawal latency of 24.0 ^ 1.8 and

26.04 ^ 1.3 s for forelimb and hindlimb, respectively.

4. Discussion

The data presented in this study support the hypothesis

that the CGRP receptor antagonist, CGRP8-37, attenuates

both mechanical and thermal allodynia that occurs bilater-

ally in both forelimbs and hindlimbs after spinal hemisec-

tion in a spinal hemisection model of chronic central pain

(Christensen et al., 1996a). CGRP8-37 initiated a return to

pre-surgical baseline levels for the mechanical and thermal

responses tested in this study that was dose-dependent, i.e.

the greater the CGRP8-37 concentration the closer the

responses were to baseline values. The same doses produced

no signi®cant changes in responses in the sham control

group, or in both groups in responses to noxious stimuli or

in responses to locomotor tests. These data suggest that

CGRP plays an important role in the altered nociceptive

neurotransmission after spinal cord injury under conditions

that are not sedative. To our knowledge, this is the ®rst

direct demonstration of CGRP involvement in behavioral
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Fig. 4. Forelimb (A) and hindlimb (B) responses to radiant heat stimuli for

the hemisected group (®lled circles) and the sham control group (®lled

squares) displayed as the mean ^ SE. The response of the hemisected

groups to the tested doses of CGRP8-37 were dose-dependent (P , 0:05).

The 50 nM dose increased the withdrawal latency to above baseline levels

in the forelimbs indicating hypoalgesia. The same dose increased the with-

drawal latency to baseline levels for the hindlimbs. The post-drug recovery

values demonstrated the reversible nature of the response and the speci®city

of the change in behavior to CGRP8-37. The sham control groups did not

have statistically signi®cant changes compared to pre-surgical values for

any dose tested. The asterisk (*) denotes statistical signi®cance (P , 0:05)

compared to pre-surgical control values.



changes in a chronic central neuropathic pain model. CGRP

is thought to be involved in normal nociception (Yu et al.,

1994) and a variety of other pain models, such as joint

in¯ammation (Neugebauer et al., 1996; Schaible, 1996),

dermal, intradermal or subcutaneous in¯ammation

(Galeazza et al., 1995; Seybold et al., 1995; Malcangio

and Bowery, 1996; LoÈfgren et al., 1997) and peripheral

nerve injury (Miki et al., 1998). Therefore, it can be

concluded that CGRP plays a role in both normal and abnor-

mal nociceptive transmission.

In contrast to the studies in which injection of CGRP8-37

produced anti-nociceptive effects in normal rats on the hot

plate and paw pressure tests (Yu et al., 1994), our sham

control rats showed no signi®cant changes in response to

mechanical or thermal behavioral tests at the doses of

CGRP8-37 tested, which is consistent with results in normal

mice using the tail ¯ick test (Saxen et al., 1994). Our results

are consistent with previous studies in which intrathecal co-

injections of CGRP and CGRP8-37 did not inhibit the ¯exor

re¯ex in acutely decerebrate rats suggesting that the spinal

facilitatory effect of CGRP is not antagonized by CGRP8-37

in the non-neuropathic spinal circuit (Xu and Wiesenfeld-

Hallin, 1996). Differences in the studies may be attributed to

differences in species, doses and route of delivery. However,

we interpret our data to indicate that the spinal hemisection

resulted in a chronic change in CGRP receptor activation

such that the same doses that are necessary to attenuate the

allodynia responses in the chronic pain model are not effec-

tive in altering the responses to both mechanical and thermal

stimuli in the sham control group. This suggests that the

CGRP receptor activation is greater in animals from the

spinal hemisection group and that similar CGRP receptor

activation does not occur in the transmission of nociception

through normal spinal pathways. One mechanism that could

account for an increased receptor activation would be an

increase in the amount of transmitter released during soma-

tosensory stimulation of rats in the spinal hemisected group

compared to the sham control group.

Evidence of an increase in CGRP protein expression and

distribution bilaterally in the low thoracic and lumbar dorsal

horn after spinal hemisection or spinal transection has been

reported (Christensen and Hulsebosch, 1997b; Krenz and

Weaver, 1998; Krenz et al., 1999). CGRP is normally

found in laminae I and II; however, CGRP distribution

increased after thoracic spinal hemisection and transection

into deeper dorsal horn laminae, laminae III and IV (Chris-

tensen and Hulsebosch, 1997b; Krenz and Weaver, 1998;

Krenz et al., 1999), which is where the projections of

primary afferents associated with touch, pressure and

kinesthesia are classically held to project (Willis and

Coggeshall, 1991). These data taken together with previous

ultrastructural studies demonstrating an increase in the

number of centrally projecting ®ne primary afferent ®bers

after spinal hemisection (Hulsebosch and Coggeshall, 1983)

and an increase in the number of CGRP containing synaptic

terminals after spinal deafferentation (McNeill et al., 1988,

1991) compared to sham control values suggest that CGRP

spinal circuits subserving nociception are altered after

spinal injury.

One predicted result of an increased CGRP projection

pattern would be that an incoming peripheral volley

would be ampli®ed by the increased number of central

projections and synapses. The mechanistic basis for this

would be comparable to wind-up. Wind-up is de®ned as

an increased responsiveness of dorsal horn neurons by repe-

titive C-®ber stimulation (Mendell, 1966). For example, in

the case of an increased number of C-®ber central terminals

onto a single dorsal horn neuron from a single C-®ber, an

incoming peripheral volley could produce one mechanism

for the permanent equivalent of wind-up, with resultant

central sensitization. In normal spinal circuits, the increased

responsiveness due to wind-up lasts for several minutes and

is dependent on activation of NMDA receptors (Davies and

Lodge, 1987; Dickenson and Sullivan, 1987, 1990; Wilcox,

1993). CGRP is known to stimulate the release of aspartate

and glutamate (Kangrga et al., 1990), which act on the

NMDA receptor and this ®nding is not modi®ed by capsai-

cin. Thus, Kangrga et al. (1990) suggest that the observed

CGRP stimulated increases in aspartate and glutamate are

not from primary afferent sources of EAA but are achieved

through activation of CGRP receptors on EAA interneurons.

EAA synapses, of course, are found on spinal thalamic tract

(STT) cells (Willis and Coggeshall, 1991). It has been

demonstrated that increased primary C-®ber input can result

in mechanical allodynia to touch and is NMDA-dependent

(Ma and Woolf, 1995). Since the majority of C-®bers

contain CGRP, it is not unreasonable to hypothesize that

the CGRP receptor may be indirectly involved in the

observed response of the Ma and Woolf report. In this

case, a peripheral stimulus which results in increased

responsiveness after a manipulation (as in the case of the

hemisection model) might be blocked by an antagonist at

the level of primary afferent to interneuron in the spinal

circuit. Additionally, CGRP terminals project directly onto

STT cells in the monkey (Carlton et al., 1990) and can

directly in¯uence STT excitability by an increased number

of terminal projections as could occur with CGRP sprouting.

Thus, both indirect and direct STT circuit changes can

provide an alternate, non-exclusive mechanism for peptider-

gic involvement in maintained central sensitization of dorsal

horn neurons.

The mechanism of CGRP action is not clear. The CGRP

receptor exists in several forms (Chatterjee and Fisher,

1991; Gray et al., 1991; Poyner, 1992) and there is evidence

for both pre-synaptic and post-synaptic receptor location

(Oku et al., 1987; Ryu et al., 1988; Poyner, 1992; Yu et

al., 1994) which would affect its mode of action. CGRP

produces delayed, but prolonged, depolarization in single

cell recordings of dorsal horn neurons, even in the presence

of tetrodotoxin (Ryu et al., 1988). Additional evidence of

CGRP involvement in nociception, although indirect, is

based on studies of the effects of CGRP antiserum (anti-
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CGRP). Anti-CGRP increased the nociceptive threshold in

both normal rats and adjuvant-induced arthritic rats

(Kuraishi et al., 1988), increased the paw withdrawal

latency in adjuvant in¯amed rats (Kawamura et al., 1989)

and alleviated cold stress-induced hyperalgesia in rats

(Satoh et al., 1992). It is of interest to note that the normal,

noxious stimulus response was not altered by the CGRP

receptor antagonist as evidenced by the absence of change

in response to the pinprick in the present study. Thus, while

CGRP8-37 administration at the doses tested reduced the

abnormal mechanical allodynia, these doses did not in¯u-

ence the number of withdrawals to pinprick stimulation for

either the experimental or the control animals. Thus, it may

be that only the polymodal nociceptive primary afferent

population and not the high or low threshold nociceptive

population responds by an increased CGRP release after

spinal injury-induced reorganization.

One possible interpretation is that the behavioral responses

are not directly a result of CGRP8-37 injections, but an indirect

effect due to the stress of an injected peptide in solution.

There are several lines of evidence that do not support this

interpretation. The physical properties of the test doses in

terms of the pH value were the same while the effect of a

test peptide would be negligible unless it is highly selective

as is the case for the selective CGRP antagonist, CGRP8-37

(Jansen-Olesen et al., 1996; Perren et al., 1996; Kagstrom and

Holmgren, 1998). The best vehicle addition would be an

inactive isomer; however, inactive isomers are not available

for many compounds, including the CGRP8-37. Furthermore,

the animals receiving 10 ml of vehicle injection would

receive the same general `stress' as the animals receiving

10 ml of a nM solution of a peptide in vehicle, which could

be either hypersensitivity or analgesia. If the peptide induced

stress, then both the sham control and the spinal hemisected

groups would behave similarly (either hypersensitivity or

analgesia). Our data did not support a change in data that

was related to `stress' due to peptide injection alone since

only the spinally hemisected group, and not the sham control

group, demonstrated behavioral changes in response to the

CGRP8-37. Along this line of reasoning, both groups demon-

strated no signi®cant behavioral changes at all to vehicle

injections compared to pre-injection behavior or post-injec-

tion behavior, which would seem to rule out effects of stress

on the behavioral measures tested that might result from 10

ml of volume injected into the intrathecal space. Finally, the

most compelling fact supporting the speci®city of the

CGRP8-37 behavioral results was the neutralization of

CGRP8-37 by a 10-fold excess of CGRP that prevented the

attenuation of allodynia.

Other possible anti-nociceptive mechanisms are indirect

mechanisms such as those through other transmitter path-

ways. For example, CGRP is thought to interact with the

substance P (SP) neurotransmitter and prolong the action of

SP. Speci®cally, capsaicin treatment stimulates release of

SP from the dorsal spinal cord. While CGRP alone does not

stimulate SP release, CGRP given just prior to capsaicin

treatment potentiates the SP release, producing greater SP

levels than capsaicin alone (Oku et al., 1987). Additionally,

intrathecal (i.t.) CGRP delivery just prior to i.t. SP delivery

produces a more intense decrease in withdrawal latency than

SP alone in the tail ¯ick test (Cridland and Henry, 1989).

CGRP's modulatory effects on responses to SP have been

demonstrated at the level of single cell recordings (Biella et

al., 1991), in the ¯exion withdrawal re¯ex (Woolf and

Wiesenfeld-Hallin, 1986), and in nociceptive behaviors

such as self-directed biting (Wiesenfeld-Hallin et al.,

1984). The method by which CGRP alters the SP signal

has not been de®ned, but evidence suggests that CGRP

inhibits the enzymatic breakdown of SP to SP(1-7) (Le GreveÁs

et al., 1985), since the same endopeptidases degrade both SP

and CGRP (Chen et al., 1996). Excess CGRP would inhibit

degradation of SP, thereby potentiating the effects of SP in

the synaptic cleft (Le GreveÁs et al., 1985).

In addition to SP, other transmitter systems may be

involved. CGRP action may include the excitatory amino

acids which are associated with nociceptive spinal circuits

(Willis and Coggeshall, 1991). For example, CGRP stimu-

lates the release of aspartate and glutamate, which are exci-

tatory amino acids involved in nociceptive circuits

(Kangrga et al., 1990). Additionally, recent work suggests

that CGRP receptor activation is in¯uenced by opioid levels

(MeÂnard et al., 1995; Yu et al., 1996) and CGRP release is

in¯uenced by cytokines, with release inhibited by at least

one cytokine, interleukin-1b (Malcangio et al., 1996).

Finally, CGRP receptors in spinal cord cultures of neurons

and of astrocytes appear to be coupled to adenyl cyclase by

G-proteins which induce the formation of cAMP and, at

high doses, to activate guanyl cyclase to form cGMP;

however, they have no effect on the formation of inositol

phosphates (Parsons and Seybold, 1997). Thus, second

messenger systems in both neuronal and glial cells are acti-

vated by CGRP which can act by increasing the excitability

of dorsal horn neurons (Parsons and Seybold, 1997), provid-

ing a basis for central sensitization (Neugebauer et al., 1996)

which is known to occur after spinal hemisection (Christen-

sen and Hulsebosch, 1997a).

It is possible that CGRP's action as a primary modulator

of nociception may involve the development of sensitization

rather than short-lived (millisecond) excitation of spinal

circuits that is related to dose, species or the absence or

presence of in¯ammation or of neuropathy. For example,

CGRP when injected in pmol doses intrathecally in mice did

not produce any obvious pain-related behaviors such as self-

directed biting, scratching, or grooming (Gamse and Saria,

1986), although we found that a single 10 ml intrathecal

injection of 100 nM of CGRP into adult rats produced

writhing, spontaneous biting and vocalization (Hulsebosch,

unpublished data). Multiple 0.1 fmol doses of CGRP injec-

tions peripherally into the hindpaw over 3 h produced a

hyperalgesic response (Nakamura-Craig and Gill, 1991).

In other experiments, adjuvant induced in¯ammation of

the hind paw led to an increase in CGRP in the sciatic
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nerve on day 5 (Donnerer and Stein, 1992). Finally, several

spinal cord lesion studies demonstrate increased CGRP-like

immunoreactivity in the dorsal horn that persists for several

months after injury (Christensen and Hulsebosch, 1997b).

While CGRP's role, acutely, may be limited to a supportive

function for SP, our data support the hypothesis that CGRP

plays a greater role in chronic central neuropathy, perhaps

by chronic sensitization of dorsal horn nociceptive neurons

(Christensen and Hulsebosch, 1997a).

In summary, chronic central pain syndromes are charac-

terized by the presence of persistent pain (Vierck, 1991;

Lenz et al., 1994) with concomitant changes in peripheral

somatosensory responses (Vierck, 1991). The data in the

present manuscript demonstrate behavior consistent with a

decrease in mechanical and thermal allodynia in response to

peripheral stimuli after intrathecal administration of CGRP8-

37. Intrathecal administration of CGRP8-37 at the 50 nM dose

alleviates the abnormal nociceptive state in both the fore-

limbs and the hindlimbs, indicating a primary role for CGRP

in this model of chronic central pain. Thus, since the present

study demonstrates decreased abnormal somatosensory

responses to peripheral stimuli after CGRP8-37 administra-

tion, we conclude that this agent may be ef®cacious in the

treatment of chronic central pain syndromes.
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