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Plastic Changes of Calcitonin Gene-Related
Peptide in Morphine Tolerance: Behavioral
and Immunohistochemical Study in Rats
Xiang Zhou, Jin-Ju Li, and Long-Chuan Yu*
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Laboratory of Biomembrane and Membrane Biotechnology, Peking University, Beijing,
People’s Republic of China

The present study was undertaken to investigate the
plasticity of calcitonin gene-related peptide (CGRP) in
antinociception after morphine tolerance in rats. The
hindpaw withdrawal latencies (HWLs) to both thermal
and mechanical stimulation increased signiﬁcantly after
intracerebroventricular injection of 2.5 nmol of CGRP in
opioid-naive rats, indicating that CGRP produces an antinociceptive effect in the brain. Furthermore, there was
an antinociceptive effect after intracerebroventricular injection of 2.5 nmol of CGRP in morphine-tolerant rats.
Interestingly, the antinociceptive effect induced by intracerebroventricular injection of CGRP was lower in
morphine-tolerant rats than that in opioid-naive rats at
the same dose. At the same time, there was downregulation of CGRP-like immunoreactivity in both lateral septal nucleus and central nucleus of amygdala tested by
immunohistochemical methods, whereas no signiﬁcant
changes were observed in arcuate nucleus of hypothalamus and periaqueductal gray after morphine treatment
in rats. The present study demonstrates plastic changes
in both CGRP-induced antinociception and CGRP-like
immunoreactivity in rat brain after morphine tolerance,
suggesting that CGRP may play an important role in
morphine tolerance. © 2003 Wiley-Liss, Inc.
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Calcitonin gene-related peptide (CGRP) is a 37amino acid peptide produced by alternative splicing of
mRNA from the calcitonin gene and is distributed widely
in the central nervous system (CNS) with multiple physiological functions (van Rossum et al., 1997). Studies in
our laboratory demonstrated that CGRP was involved in
the modulation of nociception in the spinal cord (Yu et
al., 1994, 1996a,b). It has been reported that intracerebroventricular injection of CGRP also resulted in antinociceptive effects (Pecile et al., 1987; Welch et al., 1988;
Candeletti and Ferri, 1990). Furthermore, recent studies in
our laboratory demonstrated that CGRP plays an antinociceptive role in some important structures of pain modulation in the rat brain (Huang et al., 2000; Xu et al.,
2000, 2003; Li et al., 2001; Yu et al., 2003).
© 2003 Wiley-Liss, Inc.

A complex relationship between CGRP and opioids
has been suggested. Intrathecal injection of CGRP attenuated analgesia induced by either  or ␦ opioid agonists
(van Rossum et al., 1997), and endogenous opioid peptides were involved in antinociception induced by intracerebroventricular injection of CGRP (Welch et al.,
1988). Although, at the spinal levels, there was a lack of
effect of acute injection of morphine on CGRP release
(Morton and Hutchison, 1990; Collin et al., 1993), it has
been demonstrated that there was a close interaction between CGRP release and stimulation of different opioid
receptors (Collin et al., 1993; Ballet et al., 1998; Bao et al.,
2003). It has also been assumed that a tonic opioid control
of CGRP levels existed in the brain (Welch et al., 1992).
Recent studies have shown that the development of
morphine tolerance was inhibited by either CGRP8-37
(Menard et al., 1996; Powell et al., 2000), a peptide antagonist of the CGRP receptor, or BIBN4096BS (Powell
et al., 2000), a potent nonpeptide antagonist of the CGRP
receptor (Doods et al., 2000). Another study showed that
CGRP suppressed the development of rapid tolerance to
morphine in a dose-dependent manner (Azarov et al.,
1995). The above results implicated a possible involvement of CGRP during morphine tolerance. Data were not
always consistent, however, as CGRP⫺/⫺ mice did not
show changes in morphine tolerance (Salmon et al., 2001).
Moreover, reported data were conﬂicting concerning the
changes of CGRP-like immunoreactivity at the spinal
levels during the development of morphine tolerance
(Nylander et al., 1991; Welch et al., 1992; Belanger et al.,
2002; Gardell et al., 2002). A few studies focused on
possible changes of CGRP-like immunoreactivity at the
supraspinal levels during morphine tolerance, and yielded
different results in different regions (Tiong et al., 1992;
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Welch et al., 1992). The present study was undertaken to
investigate the plastic changes of CGRP in rat brain after
morphine tolerance using behavioral and immunohistochemical methods.
MATERIALS AND METHODS
Animal Preparation
Experiments were carried out on freely moving male
Wistar rats weighing 220 –250 g (Experimental Animal Center
of Academy of Military Medical Sciences, Beijing, China). The
rats were housed in cages with free access to food and water, and
maintained in a room temperature of 24 ⫾ 2°C with a normal
day/night cycle. All experiments were conducted according to
the guidelines of the International Association for the Study of
Pain (Zimmermann, 1983) and every effort was made to minimize animal suffering and the number of animal used.
Chemicals
Solutions for intracerebroventricular injection were prepared with sterilized saline (0.9%), each with a volume of 5 l
of either 2.5 nmol of CGRP (rat-CGRP; Tocris Cookson Ltd.,
Bristol, UK) or 10 g of morphine (morphine HCl; Shenyang
First Pharmaceutical Factory, China). The following chemicals
were used in the immunohistochemistry: ABC Elite kit (Vector
Laboratories, Burlingame, CA), biotinylated goat anti-rabbit
IgG (Vector), 3, 3⬘-diaminobenzidine tetra-HCl (DAB; Sigma,
St. Louis, MO), and rabbit anti-CGRP serum (Phoenix Pharmaceuticals, Belmont, CA).
Nociceptive Tests
Hindpaw withdrawal latencies (HWLs) during thermal
and mechanical stimulation were measured as described previously (Yu et al., 1996a,b). Brieﬂy, the entire ventral surface of
the rat hindpaw was placed manually on a hot plate, which was
maintained at a temperature of 52°C (51.8 –52.4°C). The time
to hindpaw withdrawal was measured in seconds and referred to
as HWL to thermal stimulation. The Randall Selitto Test (Ugo
Basile, Type 7200, Italy) was used to assess the HWL to mechanical stimulation. A wedge-shaped pusher at a loading rate of
30 g/sec was applied to the dorsal surface of the manually
handled hindpaw. The latency required to initiate the withdrawal response was assessed and expressed in seconds. The
average HWL value obtained before intracerebroventricular injection was regarded as the basal HWL. Intracerebroventricular
injection was then carried out over 1 min. HWLs recorded
during subsequent experiments were expressed as percent
change of the basal level for each rat (% change of the HWL).
Each rat was tested with both types of stimulation. All measurements of HWL to thermal and mechanical stimulation on both
hindpaws were completed within 2 min and intervals between
stimulation were long enough for rats to recover from stress. A
cut-off limit of 15 sec per stimulation was set up to avoid tissue
damage. All rats were accustomed to test conditions for 5 days
before the starting of the experiment to minimize stress induced
by handling.
Intracerebroventricular Injection
Animals were anesthetized by intraperitoneal (i.p.) sodium
pentobarbital (50 mg/kg) and mounted on a stereotaxic instru-
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ment. A stainless steel guide cannula (0.8 mm outer diameter)
was directed to the lateral cerebral ventricle (AP ⫺0.9, L 1.5, V
3.6 mm from surface of the skull; AP, anterior (⫹) or posterior
(⫺) to bregma; L, lateral to midline; V, ventral to the surface of
skull) according to Paxinos and Watson (1998) and was ﬁxed to
the skull by dental acrylic. On the experimentation day, a
stainless steel needle (0.4 mm diameter) was inserted directly
into the guide cannula, with 1.5 mm beyond the cannula tip,
and 5 l of solution was infused into the lateral cerebral ventricle
over 1 min.
Tolerance Induction
Rats in the morphine treatment group (n ⫽ 8) received
intracerebroventricular injections of 10 g/5 l of morphine
twice daily (at 10:00 AM and 10:00 PM) for 7 days. For assessment
of tolerance, the antinociceptive effect of morphine was determined daily 30 min after the ﬁrst injection, and was compared
to the effect of morphine on the ﬁrst day. Morphine-induced
increases in HWL decreased in the 2– 4 days after morphine
treatment, and morphine tolerance appeared on Day 7. The rats
were then administrated the drugs designed 6 hr after last injection of morphine on Day 7.
Immunohistochemistry
Opioid-naive rats (n ⫽ 3) and rats with morphine tolerance (n ⫽ 3; 6 hr after last injection of morphine) were used in
the immunohistochemical experiments. Rats were anesthetized
with sodium pentobarbital (50 mg/kg, i.p.) and euthanized by
transcardiac perfusion (saline wash, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). The rat brains were
removed and postﬁxed in the above solution for 3 hr, and then
stored in 0.1 M phosphate-buffered saline (PBS) containing 30%
sucrose for at least 24 hr for cryoprotection. Frozen sections
were cut with a freezing microtome at 35 m and collected for
ﬂoating immunostaining.
Immunohistochemistry was carried out using an avidinbiotin complex (ABC) Elite kit. Sections were preincubated for
30 min in PBS-Triton (0.01 M PBS, pH 7.4, plus 0.3% Triton
X-100), supplemented with 10% normal goat serum at room
temperature. Sections were then incubated with rabbit antiCGRP serum, diluted 1:1,000 with PBS-Triton plus 1% goat
serum, for 36 hr at 4°C. All washes and subsequent incubations
were carried out at room temperature: three 5-min washes in
PBS-Triton, one 1-hr incubation in the secondary antibody of
biotinylated goat anti-rabbit IgG (50 l/10 ml diluent of PBSTriton), three 5-min washes in PBS-Triton, one 30-min incubation in 0.3% H2O2, three 5-min washes in PBS-Triton, one
1-hr incubation in the avidin-biotin-peroxidase complex
(50 l/5 ml diluent of PBS-Triton), and three 5-min washes in
PBS-Triton. Finally, the sections were stained with DAB as the
chromogen according to standard protocol (0.05% DAB in
0.01 M PBS plus 0.3% H2O2) for 5 min at room temperature
and then washed twice for 5 min in 0.01 M Tris-HCl solution.
Control incubations with primary antiserum omitted were included and resulted in a lack of speciﬁc staining (data not
shown).
Digitized images of sections in designated regions were
captured at a resolution of 768 ⫻ 534 pixels with a high
resolution CCD camera (JVC TK-C1380/TK-C1381). The
Image J analysis package (NIH) was used to quantify changes in
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Fig. 1. Effects of intracerebroventricular
injection of 2.5 nmol of CGRP on
HWLs to thermal (A,B) and mechanical
stimulation (C,D) in opioid-naive rats.
HWL of left hindpaw shown in A and
C; HWL of right hindpaw shown in B
and D. Data are presented as mean ⫾
SEM. Statistical difference between
groups was determined by two-way
ANOVA, *P ⬍ 0.05, **P ⬍ 0.01, and
***P ⬍ 0.001 compared to control
group. CGRP, calcitonin gene-related
peptide; HWL, hindpaw withdrawal latency.

immunoreactivity and gray value was applied as described previously (Wu et al., 1999). Six sections were selected randomly
from each region in each rat and all sections from one region
were tested in the same conditions. For each different region, all
images were ﬁrst converted into 8-bit resolution, in which
pixels could have absolute gray values between 0 (pure black)
and 255 (pure white). A standardized rectangle was then positioned over the designated area of morphine-tolerant rats and
the mean gray value (MGV) of the area was calculated; the same
box was positioned over the corresponding position of opioidnaive rats and the MGV of the area was again calculated. For
each region of interest, the average MGV value from six sections
of each rat was determined as result, and the mean ⫾ SEM of the
gray value was obtained from each group.
Statistical Analysis
Data from nociceptive tests were presented as mean ⫾
SEM. Statistical differences between groups were determined by
two-way analysis of variance (ANOVA) for repeated measurements in behavioral experiments and by Student’s two-tailed
t-test in immunohistochemical results. *P ⬍ 0.05, **P ⬍ 0.01,
and ***P ⬍ 0.001 were considered signiﬁcant differences.

RESULTS
Antinociceptive Effect of Intracerebroventricular
Injection of CGRP in Opioid-Naive Rats
Two groups of opioid-naive rats received intracerebroventricular injections of 2.5 nmol of CGRP (n ⫽ 8), or
5 l of 0.9% saline as a control (n ⫽ 8). Results are shown
in Figure 1. Compared to the control group, the HWL
increased signiﬁcantly after intracerebroventricular administration of 2.5 nmol CGRP (thermal test: Fleft/left ⫽
47.44, P ⬍ 0.001; Fright/right ⫽ 33.49, P ⬍ 0.001; mechanical test: Fleft/left ⫽ 28.82, P ⬍ 0.001; Fright/right ⫽
41.77, P ⬍ 0.001). The effect of intracerebroventricular

administration of CGRP lasted about 30 min after the
injection.
Antinociceptive Effect of Intracerebroventricular
Injection of CGRP in Morphine-Tolerant Rats
Rats in the morphine treatment group (n ⫽ 8)
received intracerebroventricular injection of 10 g/5 l of
morphine twice daily. The antinociceptive effect of morphine at 30 min after ﬁrst injection daily was compared to
the effect of morphine on the ﬁrst day. The process of
morphine tolerance is shown in Figure 2.
Two groups of rats with morphine tolerance received intracerebroventricular injection of 2.5 nmol of
CGRP (n ⫽ 8), or 5 l of 0.9% saline as a control (n ⫽ 8).
The results are shown in Figure 3. Compared to the
control group, the HWL increased signiﬁcantly after intracerebroventricular administration of 2.5 nmol of
CGRP (thermal test: Fleft/left ⫽ 11.41, P ⬍ 0.01; Fright/
right ⫽ 6.99, P ⬍ 0.05; mechanical test: Fleft/left ⫽ 7.84,
P ⬍ 0.05; Fright/right ⫽ 26.06, P ⬍ 0.001).
Change of Antinociceptive Effect Induced by
Intracerebroventricular Injection of CGRP After
Morphine Tolerance
Results are shown in Figure 4. Compared to the
antinociceptive effect of CGRP in opioid-naive rats, the
HWL to both thermal and mechanical stimulation attenuated signiﬁcantly in rats with morphine tolerance (thermal test: Fleft/left ⫽ 5.61, P ⬍ 0.05; Fright/right ⫽ 4.93, P ⬍
0.05; mechanical test: Fleft/left ⫽ 12.20, P ⬍ 0.01; Fright/
right ⫽ 14.37, P ⬍ 0.001).
Changes of CGRP-Like Immunoreactivity in Rat
Brain After Morphine Tolerance
Large amounts of CGRP-like immunoreactive ﬁbers
were found in the lateral septal nucleus (LS) and central
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Fig. 2. The process of morphine tolerance after intracerebroventricular injection of 10 g/5 l of morphine. A,B:
HWL to thermal stimulation. C,D:
HWL to mechanical stimulation. HWL
of left hindpaw shown in A and C;
HWL of right hindpaw shown in B and
D. Data are presented as mean ⫾ SEM.
HWL, hindpaw withdrawal latency.

nucleus of amygdala (CeA), whereas moderate CGRPlike immunoreactive ﬁbers were found in the arcuate
nucleus (ARC) of hypothalamus and faint ﬁbers in periaqueductal gray (PAG) in opioid-naive rats, as shown in
Figure 5 (A, C, E, and G, respectively). Quantiﬁcation of
the gray value of CGRP immunoreactivity were conducted using a 256-level gray scale, where a high gray
value represents low immunoreactivity. The results illustrate marked decreases in CGRP-like immunoreactivity in
both LS (t ⫽ ⫺3.20, P ⬍ 0.05, n ⫽ 3; Figs. 5B and 6) and
CeA (t ⫽ ⫺3.59, P ⬍ 0.05, n ⫽ 3; Figs. 5D and 6),
whereas no signiﬁcant changes were observed in the ARC

Fig. 3. Effects of intracerebroventricular
injection of 2.5 nmol of CGRP on
HWLs to thermal (A,B) and mechanical
stimulation (C,D) in rats with morphine
tolerance. HWL of left hindpaw shown
in A and C; HWL of right hindpaw
shown in B and D. Data are presented as
mean ⫾ SEM. Statistical difference between groups was determined by twoway ANOVA, *P ⬍ 0.05, **P ⬍ 0.01,
and ***P ⬍ 0.001 compared to control
group. CGRP, calcitonin gene-related
peptide; HWL, hindpaw withdrawal latency.

of hypothalamus (t ⫽ 1.84, P ⫽ 0.21, n ⫽ 3; Figs. 5F and
6) and PAG (t ⫽ ⫺1.36, P ⫽ 0.26, n ⫽ 3; Figs. 5H and
6) after morphine tolerance in rats.
DISCUSSION
Previous study had shown that CGRP was effective
in enhancing response latencies only at the highest dose,
10 g (about 2.5 nmol)/rat (Pecile et al., 1987); therefore,
the same dose was used in our research. The present study
demonstrated that HWLs to both thermal and mechanical
stimulation increased signiﬁcantly after intracerebroventricular injection of 2.5 nmol of CGRP in opioid-naive
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Fig. 4. Comparison of the antinociceptive effects of intracerebroventricular injection of 2.5 nmol of CGRP on HWLs
to thermal (A,B) and mechanical stimulation (C,D) in opioid-naive rats and rats
with morphine tolerance. HWL of left
hindpaw shown in A and C; HWL of
right hindpaw shown in B and D. Data
are presented as mean ⫾ SEM. Statistical
difference between groups was determined by two-way ANOVA, *P ⬍
0.05, **P l 0.01, and ***P ⬍ 0.001
compared to control group. CGRP, calcitonin gene-related peptide; HWL,
hindpaw withdrawal latency.

rats, indicating that CGRP produces an antinociceptive
effect in the brain. Furthermore, there was also an antinociceptive effect after intracerebroventricular injection of
2.5 nmol CGRP in morphine-tolerant rats. Interestingly,
the antinociceptive effect induced by intracerebroventricular injection of CGRP was lower in morphine-tolerant
rats than that in opioid-naive rats at the same dose. At the
same time, there were downregulations in CGRP-like
immunoreactivity in both LS and CeA as tested by immunohistochemical methods, whereas no signiﬁcant
changes were observed in the ARC of hypothalamus and
PAG after morphine treatment in rats.
The involvement of CGRP in modulation of nociception at the spinal levels has been demonstrated by
previous studies in our laboratory (Yu et al., 1994,
1996a,b). Furthermore, recent studies in our laboratory
found that the antinociceptive effects of CGRP were
mediated through the CGRP1 receptor in some important structures of the brain (Huang et al., 2000; Xu et al.,
2000, 2003; Li et al., 2001; Yu et al., 2003). Our results
also showed that intracerebroventricular injection of 2.5
nmol of CGRP produced an antinociceptive effect to
both thermal and mechanical stimulation, which was consistent with previous results (Pecile et al., 1987; Welch et
al., 1988; Candeletti and Ferri, 1990). The above studies
indicated a possible role of CGRP in transmission and/or
modulation of nociceptive information in the rat brain.
Interestingly, our results found that intracerebroventricular injection of 2.5 nmol of CGRP also produced an
antinociceptive effect to both thermal and mechanical
stimulation in morphine-tolerant rats, indicating that
CGRP produces an antinociceptive effect at the supraspinal levels in rats with morphine tolerance. It is interesting
to note, however, that the antinociceptive effect of CGRP
in the brain was lower in morphine-tolerant rats than that
in opioid-naive rats, suggesting plastic changes in antino-

ciception induced by CGRP during the development of
morphine tolerance.
Studies in our laboratory have reported that antinociception induced by CGRP was attenuated after injection
of naloxone in nucleus raphe magnus (Huang et al., 2000)
and in CeA (Xu et al., 2003). Welch et al. (1988) also
demonstrated that CGRP produced naloxone-reversible
antinociception after intracerebroventricular injection, indicating an involvement of endogenous opioid peptides in
CGRP-induced antinociception. Furthermore, an opioid
pathway involved in antinociception induced by CGRP
has been reported in our laboratory: CGRP activated
met-enkephalinergic neurons, which project from CeA to
PAG, producing an antinociceptive effect in rats (Xu et al.,
2003). The above results suggest strongly that there is a
relation between the CGRP and opioid systems in the
brain. Although the underlying mechanisms for opioid
tolerance remain unclear, early adaptive processes, including receptor phosphorylation, downregulation, or both,
G-protein uncoupling, and adenylyl cyclase superactivation, have been suggested to be crucial to development of
opioid tolerance and result ﬁnally in a downregulation of
opioid system functions (Chakrabarti et al., 2001). It is
possible that the changes in the opioid system during the
development of morphine tolerance may contribute to the
attenuation of CGRP-induced antinociception.
Morphine tolerance may not only trigger the change
of antinociceptive effect of CGRP through the opioid
system, but also through acting on the CGRP system
itself. The relationship between changes of CGRP-like
immunoreactivity and morphine tolerance has been reported previously. Gardell et al. (2002) demonstrated that
sustained morphine induced both the content and the
evoked release of CGRP in both primary afferents and the
spinal cord. Studies have demonstrated an upregulation of
CGRP-like immunoreactivity in the spinal dorsal horn
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Fig. 5. Plasticity of CGRP-like immunoreactivity in
the brain after morphine tolerance. A,C,E,G: Expression of CGRP in LS, CeA, ARC, PAG in opioidnaive rats. B,D,F,H: Expression of CGRP in LS,
CeA, ARC, PAG in morphine-tolerant rats. CGRP,
calcitonin gene-related peptide; LS, lateral septal nucleus; CeA, central nucleus of amygdala; ARC, arcuate nucleus of hypothalamus; PAG, periaqueductal
gray. Scale bar ⫽ 100 m.

during the development of morphine tolerance and in the
cultured dorsal root ganglion neurons after morphine
treatment (Menard et al., 1995a,b; Ma et al., 2000). Further investigations by this research group indicated that
after treatment with any , , and ␦ agonist, the number
of dorsal root ganglion (DRG) neurons with CGRP-like
immunoreactivity increased signiﬁcantly with a
concentration-dependent manner (Belanger et al., 2002).
As a support, another report showed that the levels of
CGRP in the spinal cord were increased at 2 hr and
recovered to normal at 24 hr after the ﬁnal injection
(Nylander et al., 1991). Conﬂicting results also occurred,
however, as some studies reported that there was no
alternation of CGRP levels at the spinal levels after morphine tolerance (Welch et al., 1992). These disparate data
suggested that the CGRP levels in morphine treatment
might depend on procedural differences, treatment duration, and the dose of morphine used, and thus implicated
the complication of morphine tolerance as previous studies

have shown (Yoburn et al., 1990). On the other hand, a
few studies have focused on the role of CGRP at the
supraspinal levels during morphine tolerance. Welch et al.
(1992) reported that tolerance to morphine did not alter
the CGRP levels in the rat brain assessed by radioimmunoassay. Studies using the same method also showed that
subchronic exposure to morphine elevated the content of
CGRP in the medulla oblongata, whereas no alteration
occurred in the hypothalamus and midbrain (Tiong et al.,
1992). No tests of CGRP-like immunoreactivity in speciﬁc nuclei of brain, however, were conducted in those
studies. In the present study, immunohistochemical results
showed signiﬁcant decreases in CGRP-like immunoreactivity in both LS and CeA in rats with morphine treatment, whereas no changes in the ARC of hypothalamus
and PAG were observed. The results in the ARC of
hypothalamus and PAG are somewhat consistent with
previous studies that the contents of CGRP in the midbrain and hypothalamus were not altered (Tiong et al.,
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Fig. 6. Gray value of CGRP-like immunoreactivity in different brain
regions after morphine tolerance. Gray value is expressed on a 256-level
gray scale (0 ⫽ pure black; 255 ⫽ pure white). Data are presented as
mean ⫾ SEM. Statistical difference between groups was determined by
Student’s two-tailed t-test, *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001
compared to control group. CGRP, calcitonin gene-related peptide;
LS, lateral septal nucleus; CeA, central nucleus of amygdala; ARC,
arcuate nucleus of hypothalamus; PAG, periaqueductal gray.

1992; Welch et al., 1992). Our results suggested strongly
that there might be a downregulation of CGRP in several
brain regions during development of morphine tolerance.
It is possible that the plastic changes in CGRP-like immunoreactivity in the rat brain during morphine tolerance
contributed to the change in CGRP function at the supraspinal level.
In conclusion, the results of the present study demonstrated that there was downregulation in CGRPinduced antinociception, which is possibly resulted from
the changes in both the opioid and the CGRP systems.
The latter was implicated partly in the present study, in
that there were plastic changes in CGRP-like immunoreactivity in rat brain after morphine tolerance. All results
above suggested that CGRP might play an important role
in morphine tolerance.
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