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1 This study examined the role of spinal calcitonin gene-related peptide (CGRP), substance P, and
prostaglandins in the development and expression of opioid physical dependence.

2 Administration of escalating doses (5-100 mg kg=', i.p.) of morphine for 7 days markedly
elevated CGRP and substance P~ immunoreactivity in the dorsal horn of the rat spinal cord.
Naloxone (2 mg kg, i.p.) challenge decreased both CGRP and substance P immunoreactivity and
precipitated a robust withdrawal syndrome.

3 Acute intrathecal pre-treatment with a CGRP receptor antagonist, CGRPg_3; (4, 8 ug), a
substance P receptor antagonist, SR 140333 (1.4, 2.8 ug), a cyclo-oxygenase (COX) inhibitor,
ketorolac (30, 45 pg), and COX-2 selective inhibitors, DuP 697 (10, 30 ug) and nimesulide (30 pug),
30 min before naloxone challenge, partially attenuated the symptoms of morphine withdrawal.
CGRPg_37 (8 pg), but no other agents, inhibited the decrease in CGRP immunoreactivity.

4 Chronic intrathecal treatment with CGRPg_3; (4, 8 ug), SR 140333 (1.4 ug), ketorolac (15,
30 ug), DuP 697 (10, 30 ug), and nimesulide (30 ug), delivered with daily morphine injection
significantly attenuated both the symptoms of withdrawal and the decrease in CGRP but not
substance P immunoreactivity.

5 The results of this study suggest that activation of CGRP and substance P receptors, at the
spinal level, contributes to the induction and expression of opioid physical dependence and that this

activity may be partially expressed through the intermediary actions of prostaglandins.
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Introduction

Morphine and related opioid drugs are widely used as
analgesics in the management of severe pain. However,
repeated administration of these agents leads to the
development of opioid tolerance and physical dependence,
factors that limit their therapeutic usefulness. Opioid
tolerance manifests as a loss in analgesic potency, whereas
physical dependence is indicated by the onset of a
characteristic withdrawal syndrome precipitated by cessation
of opioid drug treatment or a challenge with an opioid
receptor antagonist such as naloxone. The mechanisms
underlying the development and expression of opioid
tolerance-dependence are not completely understood, how-
ever recent evidence suggests that increased activity of spinal
excitatory amino acid (L-glutamate/L-aspartate) and neuro-
peptide transmitters (calcitonin gene-related peptide (CGRP),
substance P) may play an important role in these phenomena
(see Jhamandas et al., 2000).

Considerable attention has been focused on the role of
excitatory amino acids and the activity of the NMDA
receptor (an excitatory amino acid receptor sub-type) in the
development of opioid tolerance and physical dependence.
Several studies have shown that blockade of spinal NMDA
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receptors effectively inhibits development of tolerance to the
antinociceptive actions of morphine (Trujillo & Akil, 1991;
Mao et al., 1994; Dunbar & Yaksh, 1996; Shimoyama et al.,
1996). Additionally, blockade of this receptor also inhibits
the expression of naloxone-precipitated morphine withdrawal
(Trujillo & Akil, 1991; Dunbar & Yaksh, 1996; Dambisya &
Lee, 1996). These and other findings have led to the proposal
that chronic exposure to opioid drugs induces a latent
increase in NMDA receptor activity that physiologically
antagonizes the inhibitory effects of these agents and
compromises the analgesic response (Mao et al., 1994;
Mao, 1999). Cessation of drug treatment unmasks this
increased NMDA receptor activity and gives rise to the
autonomic and behavioural hyperactivity that constitutes the
opioid withdrawal syndrome.

In addition to the excitatory amino acid activity, the
activity of sensory neuropeptide transmitters also contributes
to the genesis of the opioid tolerant-dependent state (Menard
et al., 1995; 1996; Powell et al., 1999; 2000). In nociceptive
primary afferents that terminate in the superficial laminae of
the spinal dorsal horn, L-glutamate is co-localized with
CGRP and substance P (Merighi et al., 1991). In recent
studies, we reported that repeated daily intrathecal adminis-
tration of morphine significantly increased CGRP and
substance P immunoreactivity in the rat spinal cord (Menard
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et al., 1996; Powell et al., 2000) and in dorsal root ganglion
neurons which gives rise to neuropeptide expressing primary
afferent fibres (Ma et al., 2000). Co-treatment with a CGRP
receptor antagonist consistently blocked this effect and
prevented the development of morphine tolerance (Powell et
al., 2000). Preliminary findings indicated that treatment with
an NK-1 receptor antagonist can also inhibit and reverse
spinal morphine tolerance (Powell et al., 2000). These
findings suggest that the activity of spinal CGRP and
substance P contribute to the induction and expression of
opioid analgesic tolerance, however their role in the
development of opioid physical dependence is relatively
unknown. A recent study demonstrating that morphine
withdrawal is attenuated in CGRP deficient transgenic mice
supports the involvement of this neuropeptide in the genesis
of opioid physical dependence (Salmon et al., 2001). Previous
studies have also shown that blockade of the NK-1 receptor
reduces the magnitude of opioid withdrawal associated
contractions in isolated guinea-pig ileum (Johnston & Chahl,
1991) and inhibits some signs of morphine withdrawal in the
rat (Buccafusco & Shuster, 1997, Maldonado et al., 1993).
Thus, these studies suggest the involvement of CGRP and
substance P in the development of opioid physical depen-
dence. The present study examined this possibility by
determining the changes in CGRP and substance P
immunoreactivity that accompany precipitated morphine
withdrawal, and by assessing the effects of spinally adminis-
tered CGRP and NK-1 receptor antagonists on physiological
and behavioural manifestations of the withdrawal syndrome.

The mechanisms by which increased neuropeptide activity
contributes to the development of opioid withdrawal are not
known, but evidence from tolerance studies suggests an
intermediary role of prostaglandins (Powell et al., 1999).
Activation of neuropeptide and amino acid receptor activity
in the spinal cord results in prostaglandin release (Malmberg
& Yaksh, 1992; Hua er al., 1999; Marriott et al., 1991a, b).
Prostaglandins in turn act on terminals of primary afferents
to further release CGRP, substance P, and glutamate,
initiating a positive feedback loop (Vasko et al, 1994;
Malmberg & Yaksh, 1992). Thus, to investigate the potential
role of spinal prostaglandins in opioid withdrawal, we
examined the effects of inhibitors of cyclo-oxygenase
(COX), the enzyme catalysing prostaglandin synthesis, on
the morphine withdrawal associated responses.

Methods
Intrathecal catheterization and drug injection

All experiments were carried out in accordance with the
guidelines of the Canadian Council on Animal Care using
protocols approved by the University Animal Care Commit-
tee. Male Sprague Dawley rats (Charles River, Quebec,
Canada) weighing 250—-300 g were housed in separate cages
and maintained on a 12 h light/12 h dark cycle with access to
food and water ad libitum. Animals were implanted with
indwelling intrathecal catheters using the method previously
described by Yaksh & Rudy (1976). Briefly, the animal was
anaesthetized with halothane (4%), placed in a stereotaxic
frame and the cisterna magna exposed for insertion of the
catheter. A small puncture was made in the atlanto-occipital

membrane and a polythene catheter (PE-10; 7.5 cm long) was
inserted caudally into the subarachnoid space such that the
tip rested on the lumber enlargement of the spinal cord and
the rostral end was exteriorized through the skin to facilitate
drug administration. Surgical wounds were closed with
sutures and the animal allowed to recover for 1 week.
Animals showing signs of motor dysfunction (forelimb or
hindlimb paralysis) were excluded from experiments. Drugs
were injected intrathecally in a 10 ul volume followed by
10 ul of 0.9% saline to flush the catheter.

Induction of morphine dependence and nociceptive testing

Morphine dependence was induced using a dosage protocol
modified from Gray (1996). The agonist was administered
intraperitoneally twice daily, separated by an 8 h interval, in
escalating doses for a period of 7 days as follows; day 1: 5
and 10 mg kg='; day 2: 20, 30 mgkg~'; day 3: 30,
40 mg kg~ '; day 4: 40, 50 mg kg~'; day 5: 50, 60 mg kg~ ';
and day 6: 60, 80 mg kg='. On day 7, animals received a
morning injection of 100 mg kg~' and 3 h later a single
injection of the opioid antagonist, naloxone (2 mg kg='; i.p.),
was administered to produce morphine withdrawal. The
efficacy of morphine was determined by assessing its
antinociceptive action in the tail flick test (D’Amour &
Smith, 1941) 30 min after the first daily injection. The
stimulus strength in the tailflick test was adjusted to yield a
baseline latency of 2—3 s and a 10-s cutoff was employed to
prevent tissue damage.

Assessment of naloxone-precipitated morphine
withdrawal

One hour prior to the naloxone (2 mg kg~'; i.p.) injection,
animals were placed in a plexiglass cylinder for habituation to
the test environment. Following injection of naloxone, signs
of withdrawal were scored at 10 min intervals for a total of
50 min. Scored signs included allodynia to hair deflection or
light touch, chewing and licking, piloerection, and teeth
chattering, and were assigned a standardized score ranging
from 0—3 (0=absent, 1 =mild, 2=moderate, 3 =severe). The
incidence of headshakes, jumping and wet dog shakes was
counted over the 50 min observation period and then
assigned a standardized score of 0—3 (0O=absent; 1=1-3
episodes; 2=4-6 episodes, and 3=7 episodes and greater).
Animals were also weighed before and after naloxone
challenge and weight loss (an indicator of urination and
defecation) was calculated. Assessments of withdrawal signs
were made in blind fashion by two investigators, and the
scores were averaged.

Study 1: Acute drug effect on the expression of opioid
physical dependence

To examine the role of spinal substance P, CGRP and
prostaglandins in the expression of opioid physical depen-
dence, animals were given morphine according to the 7 day
dosing paradigm described above. On the last day of
treatment, animals were administered a single intrathecal
injection of one of the following agents: SR 140333 (1.4,
2.8 ug), CGRPg_37 (4, 8 ug), ketorolac (30, 45 ug), DuP 697
(10, 30 ug) or nimesulide (30 ug), 30 min prior to the
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naloxone challenge. Control groups received a 10 ul injection
of the vehicle. Morphine withdrawal was assessed for 50 min
according to the guidelines outlined above. The ability of
acute drug treatment to influence naloxone-induced morphine
withdrawal was assessed by observing changes in the
cumulative withdrawal scores.

Study 2: Chronic drug effect on the induction of opioid
physical dependence

To examine the role of spinal substance P, CGRP and
prostaglandins in the induction of morphine physical
dependence, spinal injections of SR 140333 (1.4 ug),
CGRPg37 (4, 8 ug), ketorolac (15, 30 ug), DuP697 (10,
30 pg), or nimesulide (30 ug) were administered on a daily
basis in conjunction with the morning injection of systemic
morphine (see above). The control group received a spinal
injection of the vehicle in conjunction with systemic
morphine. At the end of the treatment period, animals were
challenged with naloxone and withdrawal was assessed for
50 min according to the protocol described above. The ability
of these drugs to influence the induction of morphine physical
dependence was assessed by observing their effect on
cumulative withdrawal scores.

Study 3: Relative changes in sensory neuropeptide
immunoreactivity associated with physical dependence

Following naloxone-induced withdrawal, the spinal cords
from animals in studies 1 and 2 were isolated and stained for
CGRP or substance P immunoreactivity using the method
described by Powell er al. (2000). Briefly, animals were
anaesthetized with urethane and perfused intracardially with
cold phosphate buffered saline followed by 4% paraformal-
dehyde in 0.1 M phosphate buffer. The L4—L5 segments of
the spinal cord were removed and postfixed overnight in 4%
paraformaldehyde. Samples were then transferred to 30%
sucrose for cryoprotection and sliced into 40 um sections
using a cryostat. Sections were incubated with 0.3% H,O, for
30 min prior to incubation with 10% NGS for 1 h and then
incubated with rabbit polyclonal anti-CGRP antibody
(1:4000) or anti-substance P antibody (1:8000) diluted in
PBS containing 0.3% Triton-X and 3% NGS for 36 h at 4°C.
Following incubation with biotinylated anti-rabbit secondary
antibody (1:200), sections were processed with Vecastain
ABC kit (Vector, Burlingame, CA, U.S.A.) according to the
manufacturer’s instructions and developed using 3,-3 diami-
nobenzedine (Vector, Burlingame, CA, U.S.A)).

Relative optical density (OD) of CGRP and substance P
immunoreactivity in tissue sections was measured using image
analysis software (Imaging Research Inc., St. Catherine, ON,
Canada). Three spinal cord sections were randomly taken
from three rats in each of the treatment groups outlined
above. Relative OD measurements for CGRP or substance P
immunoreactivity in the spinal dorsal horn region of all
treatment groups were compared to morphine dependent
animals challenged with naloxone to determine the effects of
drug treatment on neuropeptide expression following with-
drawal. Images of the dorsal horn regions were taken at 10 x
magnification using a high-resolution CCD camera. To
minimize variations in staining densities that can result from
tissues stained at different times and/or in different solutions,

spinal tissue from all groups were stained at the same time in
the same solutions. To further ensure consistency, measure-
ments of relative OD were performed at the same time with
identical illumination background intensity settings.

Drugs

Morphine sulphate (BDH Pharmaceuticals, Toronto, Cana-
da), naloxone HCI (DuPont NEN, Rahway, NJ, U.S.A.), and
ketorolac tromethamine (Palo Alto, CA, U.S.A.) were
dissolved in physiological saline (0.9%). SR 140333 (1-[2-[3-
(3,4-dichlorophenyl)-1-(3-isopropoxyphenylacetyl) piperidin-
3-yllethyl-4-phenyl-1-azoniabicyclo [2.2.2] octane, chloride)
(Sigma Chemical company, St. Louis, MO, U.S.A)),
DuP697 (5-Bromo-2[4-fluorophenyl]-3[4-(methyl-sulphonyl)-
phenyl]thiophene) (Sigma Chemical Company, St. Louis,
MO, U.S.A.), and nimesulide (N-[4-Nitro-2-phenoxyphenyl]-
methanesulfonamide) (Sigma Chemical Company, St. Louis,
MO, U.S.A.) were dissolved in 5% cyclodextrin (Sigma
Chemical Company, St. Louis, MO, U.S.A.).

Data analysis

Tailflick values were converted to a maximum per cent effect
(M.P.E.): M.P.E.=100x [post-drug response— baseline re-
sponse]/[cutoff value—Dbaseline response]. Data was expressed
as mean (=+s.e.mean) in the figures. Statistical analysis of
cumulative behavioral data was analysed for homogeneity of
variance using the Cochran’s test, if variance was homo-
genous then a one-way ANOVA followed by appropriate
post hoc tests (Newman-Keuls and Dunnett) was used.
P <0.05 was considered significant.

Results
Effects of chronic morphine

The antinociceptive effects of systemic morphine treatment in
animals receiving ascending doses of morphine alone or in
combination with other agents for 7 days was assessed by
using the tail flick test (see above). Saline produced no
significant effect on nociceptive response over this treatment
period (average M.P.E.=3.7% +0.2%) (Figure not shown).
Morphine effect reached a maximal value on day 2
(10 mg kg~ '; M.P.E.=95.4%44.0%) and this response was
maintained with ascending doses of morphine for the
remaining 5 days (average M.P.E.=97.6+0.7%). Chronic
treatment with SR 140333 (average M.P.E.=98.2+1.0%),
CGRPg_37 (average M.P.E.=98.6+1.1%), ketorolac (aver-
age M.P.E.=98.5+0.6%), DuP 697 (average M.P.E.=98.7+
0.7%), or nimesulide (average M.P.E.=98.2+0.8%) did not
significantly influence the antinociceptive action of morphine
over the 7 day treatment period. Thus, the efficacy of
systemic morphine was not influenced by chronic spinal
injections of the agents tested.

Study 1: Acute drug effect on the expression of opioid
physical dependence

As illustrated in Figure 1, naloxone (2 mgkg™' ip.)
challenge to saline (n=26) treated animals produced minimal
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withdrawal scores (average cumulative withdrawal score of
11). However, a similar challenge to chronic morphine treated
groups resulted in an intense withdrawal that produced a
260% increase in cumulative withdrawal scores as compared
to those obtained in saline treated groups. Acute intrathecal
pre-treatment with substance P receptor antagonist (SR
140333) produced a dose-related reduction in cumulative
withdrawal scores. The lower dose of SR 140333 (1.4 ug,
n=7) did not significantly lower cumulative withdrawal
scores, although the incidence of headshakes and wet dog
shakes were decreased (Table 1). However, a higher dose of
SR 140333 (2.8 ug, n=6) reduced cumulative withdrawal
scores by approximately 66% and markedly attenuated the
incidences of allodynia, chewing/licking, headshakes, and wet
dot shakes. Similarly, the effects of CGRPg_3;, a CGRP
receptor antagonist, were also dose-related. At a higher dose

of 8 ug (n=6), CGRPg 37 lowered cumulative withdrawal
scores by approximately 52% and significantly reduced the
incidence of chewing/licking, headshakes, and wet dog
shakes, whereas no effect on cumulative withdrawal scores
was seen at a lower dose of 4 ug (n=15). Acute intrathecal
administration of COX
symptoms of withdrawal. Ketorolac, a non-selective COX
inhibitor, given at a dose of 45 ug (n=11), but not at 30 ug
(n=11), significantly decreased cumulative withdrawal scores
by approximately 34%, especially reducing the incidences of
chewing/licking, and headshakes. In contrast, the COX-2
selective inhibitor, DuP 697, reduced withdrawal at both
doses, lowering withdrawal scores by approximately 46% at a
10 ug dose (n=5) and 75% at a 30 ug dose (n=06). Treatment
with another COX-2 selective inhibitor, nimesulide (30 ug,
n=17), also decreased withdrawal scores by approximately
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Figure 1

also attenuated the

The effects of acute intrathecal drug pre-treatment on naloxone-induced morphine withdrawal. Animals were given

systemic morphine for 7 days and given a single intrathecal drug injection 30 min prior to a naloxone challenge. The data are expressed
as mean +s.e.mean. Significant difference from morphine treated animals challenged with naloxone; #(P <0.05); ##(P<0.01).

Table 1 Effect of acute intrathecal drug treatment on naloxone-induced withdrawal signs

Withdrawal SR 140333 SR 140333 CGRPg_3;
sign Mor (14 pug) (28 ug) (4 ug)
Allodynia 10+22 7.742.5 0+0* 18.843.3
Chewing/licking 6.6+0.7 54+08* 3.64+09* 3.2+0.8*
Headshakes 4.6+0.7 0.8+04* 0.8+0.7* 0+0*
Jumping 1.740.7 0.4+04 04404 0.240.2
Piloerection 40408 4.640.5 32+1.3 5.441.0
Teeth chattering 23414 2940.5 1.0+0.6 0.8+0.5
Wet dog shakes 2.841.0 0.14+0.1* 0.2+0.2* 0.840.5
Weight loss (grams) 12.3+1.6 8.0+1.6 8.0+2.0 100+14

CGRPs_ 37

(8 ug)

11.3£5.6

2.0+0.4*
0+0*

0.240.2
32415
0.34+0.2
0.24+0.2*
9.7+1.5

KETO
(30 pg)

9.2+3.1
3.1+0.7*
1.6+0.7*
0.9+0.5
3.6+0.8
2.4+0.9
0.9+0.3*
88+1.3

KETO
(45 pg)

4.6+1.6
3.4+0.7*
2.84+0.6%
04+40.2
2.1+0.6
1.6+0.7
1.1£0.4
11.3+1.5

DuP697  DuP697
(10 ug) (30 ug)
54428 1.3+0.4%

2.6+0.5% 2.340.7*
1.0+0.6* 0.1£0.1*
0.6+04 0£0*
2.0+0.9 3.4+0.6
0.6+0.6 0.6+0.4
1.2+0.7  040*
93+1.8 94+1.5

Nim
(30 ng)

9.6+3.2
1.1+0.4*
0.6+0.3*
0.34+0.3
5.6+1.6
1.3£1.0
0.3+0.2*
9.0+2.0

Animals were treated with morphine (i.p.) for 7 days and given a single intrathecal drug injection 30 min before naloxone challenge
(i.p.). Data are expressed as mean+s.e.m. values. *Represents a significant difference from morphine group (P <0.05).
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38%. Both COX-2 selective inhibitors markedly attenuated
the incidences of chewing/licking, headshakes, and wet dog
shakes, with the higher dose of DuP697 having a significant
effect on allodynia and jumping behaviors. The incidence of
piloerection, teeth chattering, and weight loss was not
significantly reduced by acute pre-treatment with COX
inhibitors or the neuropeptide receptor antagonists.

Study 2: Chronic drug effect on the induction of opioid
physical dependence

Figure 2 shows the effects of chronic spinal administration of
a substance P receptor antagonist, CGRP receptor antago-
nist, and COX inhibitors on the naloxone (2 mg kg~', i.p.)
precipitated morphine withdrawal. As illustrated in Figure 2,
naloxone challenge in animals treated with morphine for 7
days produced a 300% increase in average cumulative
withdrawal scores as compared to those obtained in the
saline treated group. Chronic intrathecal administration of
SR 140333 (1.4 ug; n=15), which had minimal effect when
given acutely, reduced cumulative withdrawal scores by
approximately 50%, decreasing allodynia, chewing/licking,
headshakes, jumping, and weight loss (Table 2). Similarly,
chronic treatment with intrathecal CGRPg_3; at doses of
4 ug (n=06) and 8 pug (n=4) decreased cumulative withdrawal
scores by approximately 47 and 61%, respectively. CGRPg_3;
markedly attenuated the incidence of headshakes and
jumping at both doses, while allodynia and teeth chattering
were reduced at higher doses. Treatment with all three COX
inhibitors (ketorolac, DuP 697, nimesulide) also effectively

reduced the symptoms of withdrawal. At doses of 15 ug
(n=5) and 30 ug (n=5), ketorolac decreased cumulative
withdrawal scores by approximately 57 and 65%, respec-
tively. Ketorolac lowered the incidence of headshakes,
jumping, and weight loss, but allodynia was only attenuated
with the higher dose. Interestingly, chronic treatment with
COX-2 selective inhibitors produced the greatest reductions
in cumulative withdrawal scores. DuP 697 at doses of 10 ug
(n=35) and 30 ug (n=4), decreased cumulative withdrawal
scores by approximately 71 and 77%, respectively. Similarly,
nimesulide (30 ug; n=135) reduced these scores by approxi-
mately 71%. Both agents noticeably attenuated withdrawal-
induced allodynia, headshakes, jumping, piloerection, and
weight loss.

Study 3: Relative changes in sensory neuropeptide
immunoreactivity associated with physical dependence

CGRP-like  immunostaining Representative  photomicro-
graphs of CGRP immunoreactive fibres in the L4-L5 dorsal
horn region of rats given chronic intrathecal drug treatment
(Study 2) are shown in Figure 3. The corresponding semi-
quantitative data from measurements of mean optical density
(OD) for CGRP immunoreactivity are represented in Figure
4. As shown in Figure 3A, in saline treated (control) animals,
CGRP immunoreactivity was confined largely in the super-
ficial laminae of the dorsal horn. Chronic morphine
treatment produced a dramatic increase in CGRP immunor-
eactivity that was discernible in both the superficial and
deeper laminae of the dorsal horn (P<0.001) (Figure 3B).
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Figure 2 The effects of chronic intrathecal drug pre-treatment on naloxone induced morphine withdrawal. Drugs were
administered intrathecally in combination with morphine (i.p.) for 7 days. 3—4 h following the final dose on day 7, withdrawal was
induced by naloxone (i.p.). The data are expressed as mean+s.e.mean. Significant difference from morphine treated animals

challenged with naloxone; #(P <0.05); ##(P<0.01).
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Table 2 Effect of CHRONIC intrathecal drug treatment on naxolone-induced withdrawal signs

Withdrawal SR 140333 CGRPg_;; CGRPs_ ;;  KETO KETO DuP697  DuP697 Nim
sign Mor (1.4 ug) (4 ug) (8 pg) (15 ng) (30 ug) (10 ng) (30 ng) (30 ng)
Allodynia 12943.6 64424  9.1+34 40+34% 78424  08+0.8% 35+1.5% 1.0+0.6% 52+1.7%
Chewing/licking 46+0.7 0.4+03* 34405 45423 20407 20405 22409 18+0.6 1.8+0.4
Headshakes 38+1.0  02+02*  03+03*  0.5+0.5%  1.0+0.5% 08+0.7% 0.5+03* 0.3+0.3*% 0.4+0.2*
Jumping 28+0.8 0.2+0.2% 0+0* 0.3+0.3%  02+02% 04+04* 08+0.6%* 0.8+0.6%  0+0%
Piloerection 45409 43+1.1 69+1.8 3.040.9 28+1.0 48407 22409 0+0%  0.4+0.2%
Teeth chattering 14406 1.0+0.5 1.0+0.6 0+0* 0.7+0.5 0.8+04 18+09 20+14 1.6+08
Wet dog shakes 1.6+0.6 0.4+04 0+0% 0.5+0.5 1240.7  02+402% 02+02% 0.5+0.3 0+0*
Weight loss (grams) 12.6+2.0 42+0.8%  51+1.0*  85+3.1 56+1.4% 54+1.0% 68+1.6 50+2.6% 52+1.9%

Animals were given intrathecal drug injections in conjunction with morphine (i.p.) for 7 days and challenged with naloxone (i.p.) on
day 7. Data are expressed as mean+s.e.m. values. *Represents a significant difference from morphine group (P<0.05).

Figure 3 Photomicrographs of CGRP immunoreactive axons in the
dorsal horn of L4-L5 spinal cords in naive rats (A), following daily
systemic injections of morphine for 7 days (B), and 1 h after naloxone
induced withdrawal (C). Withdrawal associated depletion in CGRP
immunoreactivity was attenuated by chronic intrathecal treatment
with SR140333 (1.4 g) (D), CGRPg_37 (8 g) (E), ketorolac (30 g) (F),
DuP 697 (30 g) (G), and nimesulide (30 g) (H). Scale bar 100 pm.

The OD value in these animals showed a 2.4 fold increase
relative to that in the saline treated control group (Figure 4).
Naloxone challenge in morphine treated animals resulted in a
depletion of CGRP immunoreactivity, reflected by a 2.1 fold

decrease in OD value compared to that in morphine treated
animals not receiving naloxone. In marked contrast, animals
that had been treated chronically with morphine and
intrathecal injections of SR 140333 (1.4 ug), CGRPg.3;
(8 ng), ketorolac (30 ug), DuP 697 (30 ug), or nimesulide
(30 ug), a challenge with naloxone produced a much lower
level of peptide depletion (Figure 3). Indeed, as shown in
Figure 4, the OD values for CGRP immunoreactivity in these
groups was comparable to the values in chronic morphine
treated groups that did not receive the naloxone challenge.
Thus, in the chronic study, all agents tested prevented the
depletion of CGRP immunoreactivity from the dorsal cord
and effectively reduced the symptoms of naloxone-precipi-
tated withdrawal. In contrast with the chronic treatment,
acute treatment with these agents (Study 1) was less effective
in preventing naloxone-induced depletion of CGRP immu-
noreactivity (photomicrographs not shown). Examination of
OD values (Figure 5) showed that treatment with SR 140333
(1.4 ug) had no effect on naloxone-induced CGRP depletion
in the dorsal horn. Acute intrathecal injections of COX
inhibitors, ketorolac (30 ug), DuP 697 (30 ug), and nimesu-
lide (30 pg) reduced the peptide depletion but their effects did
not reach statistical significance. In contrast, animals treated
with  CGRPg_3; (8 ug) showed similar OD values as
morphine treated animals, indicating that acute treatment
with this receptor antagonist significantly inhibited CGRP
depletion in the dorsal horn.

Substance P-like immunostaining Representative photomi-
crographs of substance P immunoreactive fibres in the L4-L5
dorsal horn region of rats given chronic spinal drug
treatment (study 2) are shown in Figure 6. The corresponding
semi-quantitative data from measurements of mean optical
density (OD) for substance P immunoreactivity are repre-
sented in Figure 4. As in the case of CGRP, substance P
immunoreactivity in saline treated (control) animals was
observed mainly in the superficial laminae of the dorsal horn
(Figure 6A). Chronic morphine treatment produced a 3.3 fold
increase in substance P immunoreactivity, the increase being
discernable even in deeper layers of the dorsal horn
(P<0.001) (Figure 4). However, examination of the photo-
micrographs and OD values showed that substance P
immunoreactivity in the dorsal horn (Figure 4) was
considerably less intense than CGRP immunoreactivity.
Naloxone challenge in morphine treated animals produced
a significant decrease in substance P immunoreactivity, the
OD values indicating a 2.2 fold-reduction in comparison to
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Figure 4 Effect of chronic spinal drug treatment on the mean optical density of CGRP and SP immunoreactive axons in the dorsal
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Figure 6 Photomicrographs of SP immunoreactive axons in the
dorsal horn of L4-L5 spinal cords in naive rats (A), following daily
systemic injections of morphine for 7 days (B), and 1 h after naloxone
induced withdrawal (C). Withdrawal associated depletion in SP
immunoreactivity was not blocked by chronic intrathecal treatment
with SR140333 (1.4 g) (D), CGRPs_37 (8 g) (E), ketorolac (30 g) (F),
DuP 697 (G), and nimesulfide (30 g) (H). Scale bar 100 um.

the values seen in morphine treated animals not receiving
naloxone (P<0.05) (Figure 6C). In animals given chronic
spinal injections of SR 140333 (1.4 ug), CGRPg_37 (8 ug),
ketorolac (30 pg), DuP 697 (30 ug), or nimesulide (30 pg)
(Figure 6D—H), there appeared to be less depletion of
substance P immunoreactivity following the naloxone-pre-
cipitated withdrawal. However, relative OD measurements
failed to reveal a significant treatment effect on the naloxone-
induced response. Similarly, acute intrathecal injections of the
agents tested in study 1 did not block the depletion of
substance P immunoreactive neurons in the dorsal horn
(Figure 5) (photomicrograph not shown).

Discussion

In a previous study using a combination of immunocyto-
chemical and behavioural techniques, it was found that

sensory neuropeptide and prostaglandin activity contribute to
the development of opioid tolerance (Menard et al., 1995;
1996; Powell et al., 1999; 2000). The results of the present
study provide evidence for the involvement of spinal
neuropeptides (CGRP, substance P) and prostaglandins in
the development of opioid physical dependence. Chronic
treatment with systemic morphine markedly elevated CGRP
and substance P immunoreactivity in the dorsal horn region
of the spinal cord and a naloxone challenge depleted this
immunoreactivity and precipitated a well-defined withdrawal
syndrome. Spinal administration of CGRP and NK-1
receptor antagonists or COX inhibitors (non-selective and
COX-2 selective), blocked both the neuropeptide depletion
and the behavioural manifestations of precipitated morphine
withdrawal. Although these agents were delivered acutely
prior to the naloxone challenge and chronically with
morphine for 7 days, the latter treatment was clearly more
effective in influencing the manifestations of withdrawal. The
results of the present study suggest that increased activity of
spinal neuropepetides and prostaglandins governs the induc-
tion of opioid physical dependence. These results are
interpreted in terms of a model that involves a positive
feedback between the sensory neuropeptide transmitters
(CGRP, substance P) and prostaglandins in the dorsal horn
region of the spinal cord (Figure 7). Chronic morphine
conceivably increases neuropeptide levels, which results in an
over-stimulation of CGRP and NK-1 receptors. This activity
leads to the generation of prostaglandins, which in turn
activate presynaptic prostaglandin receptors and provoke
neuropeptide release from the terminals of primary afferent
fibres. Thus, augmentation of the positive feedback between
neuropeptides and prostaglandins in the dorsal horn, under
the influence of chronic opioid exposure, may be an
important factor in the genesis of tolerance and physical
dependence.

Role of CGRP in opioid physical dependence

Repeated spinal morphine administration was previously
shown to increase neuropeptide immunoreactivity in the
spinal dorsal horn region of rats (Menard et al., 1995; Powell
et al., 2000) and in cultured dorsal root ganglion neurons
(Ma et al., 2000). Chronic systemic morphine administration
in this study reproduced this effect, however, the opioid effect
in this case appeared stronger than seen preivously with
spinal morphine (Powell er al., 1999; 2000). Unlike control
animals, in which the CGRP immunoreactivity was confined
to superficial layers of the dorsal cord, morphine treated
animals showed a wider distribution of CGRP that was
discernable in the deeper laminae of the dorsal horn. This
may reflect de novo expression of CGRP in the fibres of
neurons that do not normally contain this neuropeptide.
Naloxone challenge, at a dose that precipitated an intense
withdrawal syndrome, produced a significant decrease in
spinal CGRP immunoreactivity from superficial as well as
deeper laminae, a response that likely reflects increased
mobilization of peptides from terminals of primary afferent
fibres. The ability of intrathecal CGRPg_3;, a CGRP-
receptor antagonist, to attenuate the symptoms of withdrawal
and to prevent depletion of CGRP immunoreactivity suggests
that activation of CGRP receptors contributes to certain
signs of withdrawal (see below). Other studies performed in
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Figure 7 Model illustrating the reciprocal relationship between
sensory transmitters and prostaglandins in the dorsal horn. (A)
Activity of primary afferents in the dorsal horn releases glutamate,
substance P, and CGRP, which activate specific receptors located on
neurons and astrocytes and mobilizes prostaglandins (PG), which act
on presynaptic receptors to release sensory transmitters. (B) In
response to chronic morphine, there is an increase in neuropeptide
and L-glutamate levels. Naloxone challenge displaces the opioid
ligand from opioid receptors and results in a greater mobilization of
neuropeptides and PG. Activation of tachykinin and excitatory
amino acid receptors leads to the formation of PG, which act as
retrograde second messengers to further augment the release of
sensory transmitters. This increased neuronal activity contributes to
the opioid withdrawal syndrome.

rats have also shown that CGRP levels are markedly elevated
in the medulla oblongata (Tiong et al, 1992) and in the
corpus striatum (Welch er al.,, 1992) during precipitated
opioid withdrawal. More recently, Salmon et al. (2001)
reported that CGRP deficient mice display a marked
reduction in withdrawal associated jumping. These and the
present findings provide evidence for the involvement of
spinal CGRP neurons in opioid physical dependence. How
CGRP activity influences the induction and expression of
opioid physical dependence is not clear. However, studies
have shown that CGRP receptor activation increases cyclic
AMP levels via a G-protein coupled mechanism (van Rossum
et al., 1997). Increased levels of cyclic AMP have been
implicated in the genesis of opioid physical dependence
(Lane-Ladd et al., 1997; Nestler, 1996), thus CGRP-receptor
mediated increases in the levels of this cyclic nucleotide could
play a major role in the expression of opioid withdrawal.
CGRP has also been shown to stimulate the release of L-
glutamate (Kangrga et al., 1990) and previous studies have

provided evidence for increased spinal L-glutamate and L-
aspartate release during naloxone-precipitated morphine
withdrawal (Jhamandas et al., 1996; Dunbar & Yaksh,
1996). CGRP induced increases in cyclic AMP levels could
therefore contribute to the excitatory amino acid release
response elicited during morphine withdrawal. In the spinal
cord, CGRP is co-localized with substance P (Gibbins et al.,
1987; Gibbins & Morris, 1987), and it has been reported that
CGRP potentiates substance P release (Oku et al., 1987),
augments substance P-induced nociception and prolongs the
actions of substance P by inhibiting its degradation (Le
Greves et al., 1985). In view of these observations, CGRP
may contribute to the opioid withdrawal response by
increasing substance P levels and indirectly stimulating
substance P receptors in the dorsal horn of the spinal cord.
Indeed, previous findings and the result of this study strongly
point to the involvement of substance P in the genesis of
opioid physical dependence (Kreeger & Larson, 1993; 1996).

Role of substance P in opioid physical dependence

Like CGRP, substance P-containing primary afferent fibres
terminate in laminae I and II of the lumbar dorsal horn
(Hokfelt et al., 1975). Chronic morphine significantly
increased substance P-like immunoreactivity in these and
deeper laminae of the dorsal horn, which were clearly
depleted following naloxone challenge. The ability of SR
140333, an NK-1 receptor antagonist, to inhibit the opioid
withdrawal response suggests that the release of this peptide
from primary afferents contribute to the opioid withdrawal
response. This finding is in accord with results of a recent
study demonstrating significant reductions in morphine
reward and morphine withdrawal in NK-1 receptor deficient
mice (Murtra et al., 2000). It is also consistent with results of
previous studies implicating supraspinal (Elliott & Iversen,
1986; Jung et al., 1994; Johnston & Chahl, 1991; Yip &
Chahl, 1999) and spinal substance P in opioid withdrawal
(Bergstrom et al., 1984; Ueda et al., 1987; Nylander et al.,
1991). Other studies that have mimicked the depletion of
substance P using capsaicin have also demonstrated a
reduction in the symptoms of opioid withdrawal (Sharpe &
Jaffe, 1986; 1989; Donnerer, 1989). Thus, the evidence
presented in this and in previous studies supports the role
of substance P activity in the genesis of opioid physical
dependence.

Substance P activity induces spinal prostaglandin release

At the spinal level, substance P acts as a potent inducer of
prostaglandin release (Marriott et al., 1991a, b; Hua et al.,
1999). In the rat, substance P induced firing of dorsal horn
neurons (Pitcher & Henry, 1999a, b) and the nociception
produced by intrathecal injections of substance P is effectively
blocked by spinal injections of COX inhibitors (Malmberg &
Yaksh, 1992). As well, intrathecal administration of
prostaglandin E, elicits behaviors not unlike those produced
by substance P or those elicited by opioid withdrawal
(Malmberg et al., 1994). Matsumura et al. (1992) have
demonstrated that prostaglandin receptors are located on
primary afferents, while Vasko et al. (1994) have shown that
activation of these receptors by prostaglandin E, releases
both CGRP and substance P from spinal cord slices.
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Interestingly, this neuropeptide release response in the spinal
cord is attenuated by intrathecal administration of COX
inhibitors (Southall et al., 1998). Thus, these findings provide
strong evidence for an intermediary role of prostaglandins in
substance P-mediated responses. During naloxone-precipi-
tated withdrawal, it is likely that increased substance P
activity promotes the release of prostaglandins, which in turn
activate primary afferents and further release neuropeptides.
This increased neuronal activity contributes to the autonomic
and somatic responses that constitute the opioid withdrawal
syndrome (Rohde ez al., 1996; 1997a, b).

Inhibitors of prostaglandin synthesis reduce opioid
withdrawal

The findings with ketorolac, a non-selective COX inhibitor,
are consistent with results of a previous study by Dunbar et
al. (2000) showing that acute intrathecal administration of
ibuprofen inhibits morphine withdrawal-associated hyperal-
gesia. However, ketorolac is a more potent enzyme inhibitor
(Cryer & Feldman, 1998) and in this study suppressed several
withdrawal signs that included allodynia, chewing/licking,
headshakes, jumping and weight loss. In addition, ketorolac
prevented the depletion of spinal CGRP immunoreactivity
following naloxone challenge. Ketorolac inhibits the forma-
tion of prostaglandins and thereby, block the prostaglandin-
regulated release of spinal neuropeptides from primary
afferents. The effects of ketorolac were reproduced with
COX-2 selective inhibitors, DuP 697 and nimesulide, which
also exerted inhibitory effects on peptide depletion and
withdrawal symptoms. The stronger effects of DuP 697 may
be attributed to the fact that it is a potent and irreversible
COX-2 inhibitor (Kargman et al., 1996; Seibert et al., 1996).
The results of these experiments suggests that the activity of
COX-2 likely mediates opioid withdrawal and the observed
effects of ketorolac may in fact be related to a weaker
inhibition of the activity of this enzyme isoform. Recent
studies have revealed the presence of COX-2 in the spinal
cord (Beiche et al, 1996; Grubb et al, 1997) and
administration of COX-2 inhibitors was found to reduce
pain behaviours associated with inflammation (Hay & de
Belleroche, 1997). Thus, it is likely that an adaptive increase
in the expression or activity of COX-2 at the spinal level
contributes to the state of opioid physical dependence,
however, this possibility needs to be evaluated in future
experiments.

Common underlying mechanism of neuropeptides and
prostaglandins in opioid physical dependence

Intrathecal treatment with CGRP and substance P receptor
antagonists, and inhibitors of COX exerted similar effects on
the opioid withdrawal response. Behaviourally, acute treat-
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