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Abstract

In the present study, we demonstrated whether a neuropathic pain-like state induced by sciatic nerve ligation in
rodents could cause a long-lasting change in intracellular signaling in both supraspinal and spinal cord related to
the suppression of morphine’s effect. Mice with sciatic nerve ligation exhibited a significant suppression of the
morphine-induced antinociception. Under this condition, phosphorylated-conventional protein kinase C-like
immunoreactivity (p-cPKC-IR) and phosphorylated-p-opioid receptor {(p-MOR)-IR were clearly increased on the
ipsilateral side in the dorsal homn of the spinal cord of nerve-ligated mice. It is of interest to note that astroglial
hypertrophy as well as its proliferation was also noted in this area of sciatic nerve-ligated mice. Like nerve injury,
the increase in cPKC activities and astroglial hypertrophy/proliferation in this region was observed by repeated
morphine treatment. These findings suggest that the phosphorylation of both ¢cPKC and MOR in the dorsal hor of
the spinal cord by sciatic nerve ligation may play a substantial role in the suppression of morphine-induced
antinociception under a neuropathic pain-like state. Sciatic nerve injury also caused a significant inhibition of
MOR-mediated G-protein activation onto GABAergic neurons and a dramatic reduction in ERK activities onto
dopaminergic neurons in the ventral tegmental area (VTA) regulating the rewarding effect of opioids. Furthermore,
we found that the inhibition of ERK cascade in the VTA by treatment with specific inhibitors suppressed the
morphine-induced rewarding effect in normal mice. These findings provide evidence that the direct reduction in
MOR function and the persistent decrease in ERK activity of dopaminergic neurons in the VTA may contribute to
the suppression of the morphine-induced rewarding effect under a neuropathic pain-like state. Conclusively, our

* Corresponding authors. Tel.: +81-3-5498-5628; fax: +81-3-5498-5628.
E-mail addresses: narita@hoshi.ac.jp (M. Narita), suzuki@hoshi.ac.jp (T. Suzuki).
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recent findings provide novel evidences for the mechanism underlying the less sensitivity to opioids under a
neuropathic pain-like state.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Neuropathic pain; Morphine dependence; Protein kinase C

Introduction

Pain can be an adaptive sensation, an early warning to protect the body from tissue injury.
Multiple molecular and cellular mechanisms operate alone and in combination within the peripheral
and central nervous systems to produce the different forms of pain. Pharmacological studies have
helped to identify many neurotransmitters and neuromodulators involved in pain processes in the
dorsal hormn of the spinal cord. The excitatory amino acids and several kinds of peptides released by
primary afferents play a major role in nociception (Hunt and Mantyh, 2001). Increases in synaptic
transmission in the dorsal horn can begin almost immediately as a result of activity-dependent
phosphorylation and trafficking of receptors or ion channels, Primary afferent nociceptors terminate
primarily in laminae I, II and V, where they connect with several classes of second-order neurons in
the dorsal hom of the spinal cord. Structural alterations in the synaptic contacts of low-threshold
afferents with pain transmission neurons, or a reduction of inhibitory mechanisms due to a loss of
interneurons, and represent persistent changes in the central nervous system (CNS) that eventually
results in a fixed state of sensitization. The resultant action potentials are conducted to the dorsal
homn of the spinal cord, and the input is conveyed via the spinothalamic and spinoparabrachial
pathways to higher centers (Hunt and Mantyh, 2001). Activity in the spinaothalamic tract relays
through the thalamus to the somatosensory cortex and associated areas. The parabrachial nucleus of
the brainstem has connections to the ventral medial nucleus of the hippocampus and the central
nucleus of the amygdala, and the brain regions involved in the affective response to pain. Impulses
from supraspinal centers are integrated in the midbrain periaqueductal gray, which is pivotal in
modulating descending facilitation and inhibition of nociceptive input mainly via the nucleus raphe
magnus (NRM).

A growing body of clinical evidence suggests that when opioid analgesics including morphine
and fentanyl are used to control pain in patients, psychological dependence is not a major concern.
We previously reported that morphine failed to induce rewarding effects in rats that had been
injected with formalin or carrageenan into the hind paw (Suzuki et al., 1996, 1999). Furthermore, it
has been documented that chronic pain attenuates the development of tolerance to the antinociceptive
effect of morphine in rats (Vaccarino et al., 1993). These findings suggest the possibility that pain
could lead to physiological changes at supraspinal levels associated with the suppression of opioid
dependence.

It has been widely recognized that neuropathic pain, which is characterized by spontaneous buming
pain, hyperalgesia (an exaggerated pain in response to painful stimuli} and allodynia (a pain evoked by
normally innocuous stimuli), may result from hypersensitivity due to alteration of primary afferent
neurons and/or spinal dorsal horn neurons followed by nerve injury. Neuropathic pain is particularly
difficult to treat in the clinic, as it is only partially relieved by high doses of opioids such as morphine
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and fentanyl. There are many studies focused on the long-term changes in functions of the spinal cord
dorsal horn neurons, containing some receptors, protein kinases and peptides following nerve injury
(Petersen-Zeitz and Basbaum, 1999; Scholz and Woolf, 2002). However, little is known about the
molecular mechanism of the down-regulation of p-opioidergic function associated with synaptic
plasticity under chronic pain (Bessou and Perl, 1969; Beitel and Dubner, 1976; Woolf, 1983). It,
therefore, is worthwhile to investigate whether a neuropathic pain-like state induced by sciatic nerve
ligation in rodents could cause a long-lasting change in intracellular signaling in both supraspinal and
spinal cord related to the suppression of morphine’s effect. This review attempts to summarize the
molecular mechanism underlying the suppression of morphine’s effect under a neuropathic pain-like
state.

Change in the spinal transmission under a neuropathic pain-like state

Increased spinal proten kinase C (PKC) activity and astrocyte under a neuropathic pain-like state and
morphine-tolerant state

Several lines of evidence have demonstrated that the activation of PKC plays a critical role in the
modulation of synaptic plasticity as characterized by long-term potentiation (Abellovich et al., 1993).
PKC is a key regulatory enzyme that modulates both pre- and post-synaptic neuronal function,
synthesis and release of neurotransmitters, and the regulation of receptors. It has been recognized that
PKC family consists of at least 12 isoforms that possess distinct differences in structure, substrate
requirement, expression and localization, therefore, may underlie diverse physiological functions
(Nishizuka, 1992; Way et al., 2000). Recent studies have provided evidence for an important role of
PKC expressed on dorsal horn neurons in regulating pain hypersensitivity in a number of different pain
models (Codderre, 1992; Sluka and Willis, 1997; Ohsawa et al., 2000). It is considered that the
activation of PKC in the dorsal horn of the spinal cord may be responsible for the release of excitatory
amino acids and neuropeptides, resulting in the initiation of central sensitization. We documented that
thermal hyperalgesia induced by sciatic nerve ligation was markedly suppressed by repeated i.t.
pretreatment with the selective PKC inhibitor (Fig. 1), but not the specific protein kinase A (PKA)
inhibitor, in mice (Yajima et al,, 2003). We also found that the level of membrane-bound PKCry
isoform, which is identified in neurons of the brain and inner part of laminae II of the spinal cord, was
significantly increased in the ipsilateral side of the spinal cord in sciatic nerve-ligated mice (Fig. 2,
Yajima et al., 2002). It is of interest to note that mice lacking PKCry isoform exhibit normal responses to
acute pain stimuli, but they almost completely inhibit the development of neuropathic pain-like
behaviors after sciatic nerve ligation (Malmberg et al, 1997; Ohsawa et al., 2001). We recently
reported that the immunoreactivity to activated form of conventional PKC (¢PKC), including PKCq,
PKCpI, PKCpII and PKCr, was clearly increased on the ipsilateral side of the superficial layers of the
L5 lumbar spinal dorsal horn in sciatic nerve-ligated mice (Fig. 3). The increased phosphorylated-
cPKC-like immunoreactivity (p-cPKC-IR) observed in the spinal dorsal hom was obviously overlapped
with microtubule-associated protein 2a/b (MAP2a/b), which confined to neuronal cell bodies and
dendrites (unpublished data). Collectively, these findings provide further evidence that the activition of
neuronal ¢cPKC in the dorsal horn of the spinal cord by nerve injury may play a key factor for the
development of neuropathic pain-like state in mice.
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Fig. 1. (A) Time course changes in the latency of paw withdrawal from a thermal stimulus induced by partial sciatic nerve
ligation in mice. Partial ligation of sciatic nerve caused a marked decrease in the latency of paw withdrawal from a thermal
stimulus only on the ipsilateral (nerve-ligated) side of the hind paw of mice. Each point indicates the mean * SEM. of 6-7
mice. ***p < 0.001: Sham-Ipsilateral side vs. Ligation-Ipsilateral side. (B) Effect of repeated intrathecal (i.t.) injection of the
selective PKC inhibitor RO-32-0432 on latencies of paw withdrawal from a thermal stimulus on the ipsilateral side of nerve-
ligated mice. Groups of mice were injected it. with RO-32-0432 (RO; 0.3 and 1.0 nmol/mouse) or its vehicle (VEH) 30 min
prior to nerve ligation and once a day for 7 consecutive days. Each column indicates the mean £ S.E.M. of 4-8 mice. ***p <
0.001: VEH-Sham group vs. VEH-Ligation group, ##p < 0.01 and ###p < 0.001: VEH-Ligation group vs. RO-Ligation group.
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Fig. 2. Immunofluorescent staining for protein kinase Cy (PKCy)-IR on the dorsal horn of the L5 lumbar spinal cord in nerve-
ligated rats, The PKCy-IR was clearly increased on the ipsilateral side in the superficial laminae of the L5 lumbar spinal dorsal
hom in nerve-ligated rats (B) as compared to that observed on the contralateral side (A). Scale bars; 50 um.

For years, astrocytes were considered only to have supportive and nutritive functions in the CNS.
However, advanced imaging methods show that glia communicates with one another and with neurons
primarily through chemical signals. The activated glial cells are characterized by decreased ramification,
hypertrophy, proliferation, and the up-regulation of immunoregulatory molecules, including nitric oxide,
prostaglandins, excitatory amino acids and nerve growth factors (Raivich et al., 1999). A growing body
of evidence suggests that synaptic astrocytes regulate synaptic transmission by responding to signaling
molecular. Recently, there are several lines of evidence supporting the hypothesis that spinal cord glia
are implicated in exaggerated pain states created by such diverse manipulations as subcutaneous
inflammation, neuropathy, and spinal immune activation (Watkins et al., 2001). We recently found that
the level of glial fibrillary acidic protein (GFAP)-IR, a specific astrocyte marker, was elevated mostly in
the ipsilateral side of the spinal dorsal hom in sciatic nerve-ligated mice (Fig. 4). The apparent each
individual astrocyte labeled by GFAP was hypertrophied with an enlarged cell body and was not co-
localized with the activated form of ¢cPKC-IR in the spinal dorsal hom of nerve-ligated mice. These
findings suggest that the enhanced cPKC activity in the dorsal homn of the spinal cord is located within
the primary afferent and/or dorsal horn neurons, but not within astroglial cells. It is worthwhile to note
that, like nerve injury, the increase in cPKC activity and the astroglial hypertrophy in this area were

Fig. 3. Immunofluorescent staining for phosphorylated-conventional PKC-IR (p-cPKC-IR) on the dorsal homn of the L5 lumbar
spinal cord in nerve-ligated mice. The p-cPKC-IR was clearly increased on the ipsilateral side in the superficial laminae of the
L5 lumbar spinal dorsal horn in nerve-ligated mice (B) as compared to that observed on the contralateral side (A). Scale bars;
50 pm.
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Fig. 4. Immunofluorescent staining for GFAP-IR on the dorsal hom of the LS lumbar spinal cord in nerve-ligated mice, The
GFAP-IR was clearly increased with morphologic differentiation on the ipsilateral side in the superficial laminae of the L5
lumbar spina! dorsal hom in nerve-ligated mice (B) as compared to that observed on the contralateral side (A). Scale bars;
50 pm.

observed by repeated morphine treatment (Narita et al., 2004). Several studies have demonstrated that
neuronal plasticity associated with hyperalgesia and morphine tolerance has similar cellular and
molecular mechanisms, suggesting predictable interactions between hyperalgesia and morphine toler-
ance through the common mechanism. Taken together, these findings support the possibility that
astroglial hypertrophy and increase in neuronal cPKC activity in the dorsal horn of the spinal cord
induced by either neuropathy or chronic treatment with morphine leads to the change in synaptic
transmission.

Direct evidence for the suppression of morphine analgesia under a neuropathic-pain like state

Although pain produced by tissue injury can usually be controlled by opioids, neuropathic pain is
often refractory to such treatment. This clinical experience can be supported by the finding that the
antinociceptive effect by either s.c. or i.t. treatment with morphine is attenuated in rodents with sciatic
nerve ligation (Mao et al., 1995; Nichols et al., 1995; Ossipov et al., 1995; Yaksh et al., 1995). We
also comfirmed that sciatic nerve ligation caused a significant suppression of the antinociception
induced by s.c. administration of morphine in the mouse (Fig. 5). Furthermore, we found that the
antinociceptive potency and efficacy induced by i.c.v.-administered morphine were not changed by
sciatic nerve ligation (Ozaki et al., 2003), indicating the importance of the spinal area for this
suppression.

It is well-known that prolonged exposure to opioids induces adaptive changes, resulting in tolerance
or reduced responsiveness to opioids. Recent pharmacological and molecular biological approaches have
suggested that the functional change in p-opioid receptor (MOR) is one of the considerable mechanisms
underlying opioid-induced tolerance (Keith et al., 1998). The cloning of MOR reveals several
phosphorylation sites (Knapp et al., 1995). Phosphorylation of MOR at diverse sites of its intracellular
domain by PKC, G-protein-coupled receptor kinase (GRK), mitogen-activated protein kinase (MAPK)
or protein tyrosine kinase has been shown to trigger the phosphorylated (p)-MOR internalization from
the cell surface to the cytosol (Narita et al., 1995, 2001b; Kovoor et al., 1998; Polakiewicz et al., 1998;
Kramer et al., 2000), which is thought to be an important step toward desensitization (Narita et al.,
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Fig. 5. (A) Changes in thermal paw withdrawal latencies of nerve-ligated mice. The measurement of thermal threshold was
performed 7 days after nerve ligation. Each column represents the mean + S.E.M. of 9—12 mice. ***p < (.001; Ipsilateral
side of Naive and Sham group vs. Ipsilateral side of ligation group, **p < 0.001: Contralateral side of all groups vs. Ipsilateral
side of ligation group. (B) Antinociceptive effect produced by morphine under a neuropathic pain-like state. Groups of mice
were treated with morphine (10 mg/kg, s.c.) 7 days afier nerve ligation, The antinociception was measured at 30 min after
morphine injection using the thermal hyperalgesic test. Each column indicates the mean + S.E.M. of 9—12 mice. **p < 0.01:
Ipsilateral side of Naive and Sham group vs. Ipsilateral side of ligation group, *p < 0.01: Contralateral side of all groups vs.
Ipsilateral side of ligation group.

1996). In particular, agonist-specific phosphorylation of Ser375 in the mouse MOR is essential for its
internalization (Kouhen et al., 2001). In our recent study, we found using p-MOR (Ser375) antibody that
p-MOR-IR was clearly increased on the ipsilateral side in the superficial laminae of the L5 lumbar spinal
dorsal horn in nerve-ligated mice as compared to that found on the contrateral side (Fig. 6). These
findings suggest that, although we cannot completely exclude the possibility of long-lasting changes in

Fig. 6. Immunofluorescent staining for phosphorylated-pt opioid receptor-IR (p-MOR-IR) on the dorsal horn of the L5 lumbar
spinal cord in nerve-ligated mice. The p-MOR-IR was clearly increased on the ipsilateral side in the superficial laminae of the
L5 lumbar spinal dorsal horn in nerve-ligated mice (B) as compared to that observed on contralateral side (A). Scale bars;
50 pm.
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the neuronal transmission at the supraspinal site under the neuropathic pain-like state, the phosphor-
ylation of the MOR in the spinal cord under a neuropathic pain-like state may, at least in part, contribute
to the suppression of the antinociceptive effect produced by morphine.

Change in brain dynamics under chronic pain-like state
Direct evidence for spinal PKC in the expression of chronic pain-like state

The neuropathic pain following nerve injury or tissue inflammation depends both on an increase in
the sensitivity of these first synapses at the site of injury and on an increase in the excitability of neurons
in the CNS (Bessou and Perl, 1969; Beitel and Dubner, 1976; Woolf, 1983). A ‘growing body of
evidence suggests that several second messenger systems have been implicated in the development or
maintenance of hyperalgesia induced by nerve injury. As mentioned previously, we demonstrated that
the up-regulation of cPXC in the spinal cord was observed following sciatic nerve ligation in mice.
Furthermore, a specific PKC activator, phorbol 12,13-dibutyrate (PDBu), when given i.t., produced a
long-lasting hyperalgesic behavior as indicated by severe tail-shaking, vocalization, scratching and
biting behaviors in a dose-dependent manner in mice (unpublished data). Collectively, these findings
provide further evidence that the activation of spinal PKC is closely related to the development or
maintenance of central sensitization to nociceptive transmission.

It is considered to be worthwhile to investigate the ascending nociceptive transmission from the
dorsal homn to brain areas involved in the processing of noxious stimuli. Second-order neurons ascend
the spinal cord to terminate in many supraspinal structures throughout the brain stem, thalamus and
cortex. In the thalamus, it is well-known that these systems are divided into two main groups such as
ventrobasal complex and intralaminar nuclei (Siddall and Cousins, 1998). Former including the
ventral posterolateral nuclei and ventral posteromedial nuclet, is involved in the sensory discrimina-
tive component of pain and further projects to the somatosensory cortex (Yen et al., 1989; Casey et
al., 1994; Siddall and Cousins, 1998). Latter including the central medial nuclei and parafascicular
nucleus (PF), is associated with the affective motivational aspects of pain and projects to-the
cingulated gyrus (CG) (Yen et al., 1989; Siddall and Cousins, 1998). To date, many researchers have
expected prompt changes at the supraspinal site during a persistent pain-like state. Previous
immunohistochemical study demonstrated that the expression of COX-2-IR in vascular endothelial
cells throughout the CNS is enhanced during capsaicin-induced allodynia, indicating that the
expression of COX-2 in the brain may be involved in induction of the inflammation-induced
hyperalgesia (Ibuki et al., 2003). Furthermore, recent evidence has indicated that peripheral
inflammation accompanied with hyperalgesia also alters the structure and increases the permeability
of the blood brain barrier (BBB) (Wolka et al., 2003). Taken together, these findings suggest that a
persistent pain-like state may lead to functional changes at the supraspinal level as well as spinal
level.

Augmentation of c-fos expression is a well-established as a marker of neuronal activation in response
to noxious stimuli (Dragunow and Faull, 1989). We previously found that a single i.t. injection of a
specific PKC activator, PDBu, caused a marked increase in the number of c-fos-IR expressing cells in
the PF, CG and amygdala, but not hippocampus (unpublished data). These findings provide evidence
that noxious stimuli activates neurons in the PF, CG and amygdala. Our data support the possibility that
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physiological and functional changes in neurotransmission in the PF, CG and amygdala can be occurred
by spinal PKC-dependent noxious stimulation.

Influence of activated spinal PKC in the morphine-induced rewarding effect

It has been documented that chronic pain attenuates the development of tolerance to the antinoci-
ceptive effect of morphine and some naloxone-precipitated withdrawal signs in rats repeatedly treated
with morphine (Vaccarino and Couet, 1993; Vaccarino et al.,, 1993). Furthermore, various number of
clinical studies have suggested that there are only few cases that psychological dependence on opioids is
considered to be a serious side-effect, when patients were suffered from severe pain. These findings gave
us the idea that pain could lead to physiological and functional changes associated with the decrease in
morphine’s effect at supraspinal levels in mice. We, therefore, investigated whether direct activation of
spinal PKC by PDBu could suppress the place preference induced by morphine in mice using
conditioned place preference (CPP) paradigm. It is of interest to note that, s.c. morphine-induced place
preference was significantly suppressed by a single i.t. pretreatment with PDBu, (unpublished
observation). '

Suppression of the rewarding effect and G-protein activation induced by morphine following nerve
injury

We first assessed whether morphine could produce rewarding effects and supraspinal antinociception
in partial sciatic nerve-ligated mice. As a result, the s.c.-administered morphine-induced place
preference was significantly attenuated following nerve ligation (Fig. 7), whereas the supraspinal
antinociception induced by i.c.v.-administered morphine was not affect by nerve ligation.

It has been reported that the mesolimbic dopaminergic (DAergic) system, projecting from the ventral .
tegmental area (VTA) of the midbrain to the nucleus accumbens (N.Acc.), has been identified as the
critical substrate of the reinforcing effects of morphine (Funada et al., 1993; Narita et al., 2001a). It
should be mentioned that the released dopamine in the N. Acc. following morphine treatment is
dramatically suppressed by sciatic nerve ligation (Ozaki et al., 2003). It is well documented that MOR
located in the VTA has been shown to be critical for opioid reward (Bals-Kubik et al., 1993; Devine and
Wise, 1994). In contrast, high density of MOR binding site has also been observed in the pons/medulla
regions including the NRM, which is considered to be critical sites to regulate the antinociception of
MOR agonists, in rodents (Goodman and Pasternak, 1985; Moskowitz and Goodman, 1985). Consid-
ering these backgrounds, we next assessed changes in the ability of morphine to activate G-proteins in
the lower midbrain including the VTA, limbic forebrain including the N.Acc. and pons/medulla regions
of sham-operated and sciatic nerve-ligated mice by monitoring the binding of guanosine-5-o-(3-
[3*S]thio)triphosphate ([>*S]GTPvS) to membranes. Morphine produced a concentration-dependent
increase in the binding of [*>S]GTP+S to lower midbrain, limbic forebrain and pons/medulla membranes
obtained from sham-operated mice. Interestingly, the increased binding of [>>S]GTP~S stimulated by
morphine in the lower midbrain, but not limbic forebrain or pons/medulla of sciatic nerve-ligated mice,
was significantly decreased as compared to that in sham-operated mice (Fig. 8A). However, there was no
significant difference in MOR production in the lower midbrain between sham-operated and sciatic
nerve-ligated mice (Ozaki et al., 2003). These findings suggest that the MOR function in the VTA area is
down-regulated by sciatic nerve injury. ‘
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Fig. 7. (A) The place preference produced by s.c. administration of morphine (2.5, 5 or 10 mg/kg) in sham-operated and sciatic
nerve-ligated mice using conditioned place preference paradigm. Conditioning sessions (3 for morphine: 3 for saline) were
started at 4 days after surgery and conducted once daily for 6 days. Ordinate: mean difference (s) between time spent during the
post-conditioning test and pre-conditioning test. Immediately after s.c. injection of morphine or saline, mice were placed and
conditioned in either compartment for 1 hr. The data represent the mean £ S.E.M. of 12-16 mice. *p < 0.05, **p < 0.01 vs.
saline group. #p < 0.05 vs. sham group.

A myriad of MOR-mediated responses are diminished by repeated exposure to selective agonists
(Chavkin et al., 2001). One mechanism of the molecular basis of reduction in MOR function may be
the uncoupling of a receptor from its effector system due to receptor phosphorylation. The decrease in
the MOR function is referred to as MOR desensitization. It has been proposed that PKC is implicated
in the desensitization of MOR-mediated actions. pu-Opioids have been shown to stimulate the Ry
subunits of their G-proteins and PKC (Kramer and Simon, 1999). It is of interest to note that repeated
intrathecal administration of the MOR agonist activates PKC and in turn causes the desensitization of
MOR-mediated G-protein activation in the mouse spinal cord, indicating the negative feedback
modulation of MOR-mediated responses by PKC (Narita et al., 2001b). A serine/threonine kinase,
GRK2, has also been shown to promote agonist-induced phosphorylation and to lead to an attenuation
of the morphine-mediated inhibition of adenylyl cyclase (Zhang et al., 1998). It should be mentioned
that GRK2 induces the homologous desensitization of MORs onto the GABAergic neurons in the
NRM (Li and Wang, 2001). In our recent study, we observed that the level of membrane-bound GRK2
in the lower midbrain of sciatic nerve-ligatied mice was significantly greater than that in sham-operated
mice, whereas no change in the protein level of GRK2 was observed in membranes of the pons/medulla
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Fig, 8. (A) Effect of morphine on the binding of guanosine-5-0-(3-[**S]thio) triphosphate (**S1GTPyS) to membranes of the
lower midbrain (left) and pons/medulla (right) obtained from sham-operated and sciatic nerve-ligated mice. ***p < 0.001 vs.
sham groups. (B) Immuncblot analysis of protein levels of the membranous fraction of G-protein-coupled receptor kinase 2
(GRX2) in the lower midbrain (left) and pons/medulla (right) obtained from sham-operated and sciatic nerve-ligated mice. Each
column represents the mean * S.EM. of three samples. ***p < 0.001 vs. sham group.

following sciatic nerve ligation (Fig. 8B, Ozaki et al., 2003). On the contrary, the level of p-cPKC in
membranous fractions of the lower midbrain was not changed by sciatic nerve ligation. These findings
suggest that the increased level of GRK2 in membranes of the lower midbrain may reduce MOR
function in this area under sciatic nerve ligation, leading to the inability of morphine to induce a place

preference.
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Role of extracellular signal-regulated kinase (ERK) in the suppression of morphine-induced rewarding
effect following nerve injury

MAPKSs, which include ERK, p38 and c-Jun N-terminal kinase (JNK)/stress-activated protein kinase
(SAPK), are serine/threonine kinases that play a critical role in cell growth and survival (Davis, 1993).
MAPK signals, especially ERK and p38, have been shown to be directly regulated by opioid receptors
(Belcheva et al., 1998; Zhang et al., 1999). It has been reported that chronic administration of morphine
increases ERK activity in the VTA, and ERK activation in this region is associated with the morphine-
induced increase in activities of tyrosine hydroxylase (TH), which is the rate-limiting enzyme in
dopamine (DA) biosynthesis (Berhow et al., 1996). Therefore, we investigated whether ERK could be
essential for the rewarding effects of morphine, and sciatic nerve ligation could affect the activities of
ERK in the mouse lower midbrain area including the VTA.

Immunoblot analysis with the cytosolic fraction showed that the level of phosphorylated-ERK (p-
ERK) in the region was significantly and maximally decreased at 4 days after sciatic nerve ligation
without any changes in basal protein levels of ERK. The next study was then to investigate whether the
activation of ERK can be directly associated with the development of the morphine-induced rewarding
effect in mice. The i.c.v. pretreatment with PD98059 (2’ -amino-3’ -methoxyflavone) and U0126 (1,4-
diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene), which are the specific inhibitors of ERK
kinase (MEK) and an upstream regulators of ERK, caused a significant reduction in levels of p-ERK in
the lower midbrain of normal mice. Under these conditions, both PD98059 and U0126 significantly
inhibited the place preference induced by morphine in a dose-dependent manner in normal mice (Fig.
9A, Ozaki et al., 2004). These findings indicate the possible involvement of ERK activation in rewarding
processes of morphine, Furthermore, double-immunolabeling experiment with antibodies against the
DAergic neuron marker TH and p-ERK demonstrated that almost all of p-ERK immunoreactivity was
expressed within TH-positive neurons in the VTA of sham-operated mice. Following sciatic nerve
ligation, the drastic decrease in p-ERK immunoreactivity was detected in the VTA (Fig. 9B and C, Ozaki
et al., 2004). The up-regulation of TH activity would be expected to increase the activity of DAergic
neurons, resulting in the substantial increase of DA release. It should be pointed out that activated ERK
can directly activate TH and also regulate TH expression (Guo et al., 1998; Lindgren et al., 2002). Taken
together, these findings rise the possibility that the sustained down-regulation of ERK activity in the
VTA after sciatic nerve injury may decrease the TH activity, resulting in a significant reduction in the
morphine-induced DA release in the N.Acc.

As previously shown in Fig. 8A, we found that sciatic nerve ligation reduced MOR function to
activate G-proteins in the VTA. This functional reduction of MOR may lead to the inhibition of ERK
activity, because the stimulation of MOR can directly activate ERK in a Ras-dependent manner
(Belcheva et al., 1998). However, the double-labeling experiment indicates that many positive responses
for p-ERK-IR were seen within TH-positive cells in the VTA. In contrast, various studies provide
evidence that MORs in the VTA are located mainly within non-DA (TH-negative) neurons (Garzon and
Pickel, 2001). These findings suggest that the reduced ERK activity in the VTA by sciatic nerve ligation
may not be directly linked to the down-regulation of MOR functions under a state of neuropathic pain.

The specific reason why sciatic nerve ligation caused the decrease in ERK activity in the VTA
DAergic neurons remains unclear, however, this could be explained by the fact that the VTA region is
involved in the processing of nociceptive information. Indeed, neurochemical lesion of the VTA DA
neurons produced by injection of 6-hydroxydopamine increases the behavioral response to pain triggered
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