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Opioid-receptor activation in cell lines results in phosphorylation of p42/44 mitogen-activated protein kinase (MAPK), which contributes
to agonist-induced desensitization of adenylate cyclase signaling. In this study, morphine-induced MAPK modulation was examined in
the mouse brain using antibodies against phosphorylated MAPK. Thirty minutes after systemic morphine, MAPK modulation was
observed in brain areas associated with analgesia and reward. Activation of MAPK was increased in the anterior cingulate (Acc), somato-
sensory and association cortices, and locus ceruleus (LC). In contrast, MAPK activation was decreased in the nucleus accumbens and
central amygdala (CeA). Double-label confocal microscopy revealed that morphine-induced MAPK modulation occurred predominantly
in cells not expressing p-opioid receptors, with the exception of the LC. Furthermore, the NMDA receptor antagonist 3,3-(2-
carboxypiperazine-4-yl)-propyl-1-phosphonate blocked morphine-induced MAPK modulation in several cortical areas including the
Acc. We then examined morphine-induced MAPK modulation during expression of either analgesic tolerance or locomotor sensitization,
which were differentiated by two repeated morphine regimens. Analgesic tolerance was accompanied by tolerance to morphine-induced
MAPK modulation in all of the brain areas examined except the CeA. Locomotor sensitization resulted in sensitization to morphine-
induced MAPK activation in the posterior basolateral amygdala. Additionally, a pronounced instatement of morphine-induced MAPK
activation was observed in CA3 hippocampal processes. This instatement was observed during expression of tolerance; however, it was
not significant during sensitization. In summary, these results provide distinct, region-specific mechanisms for morphine-induced
MAPK modulation in the mouse brain and give insight into the brain circuitry involved in acute and adaptive opioid behaviors.
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Introduction cades such as those containing protein kinase C (PKC), CaM kinase
Opiates are the most effective and commonly used analgesics in 11, p42/44 mitog.en—.activated protein kinase. (MAPK), and Akt [also
treating moderate-to-severe pain. However, their use is compro- ~ known as protein kinase B (PKB)] (for review, see Law et al., 2000;

mised by analgesic tolerance and their high potential for abuse. In Williams etal,, 2001). Stimulation of several. GPCR§> in'cludipg (?Pi‘
addition to tolerance, repeated opiate administration in rodents ~ 0id receptors, leads to MAPK phosphorylation (activation) in vitro.
also results in locomotor sensitization, a model for drug craving ~ MAPK can also be activated by ionotropic receptors including

and relapse (Robinson and Berridge, 1993). NMDA receptors (Gutkind, 2000). Phosphorylation of MAPK leads
Opioid receptors are G-protein-coupled receptors (GPCRs) that  to signaling in the cytoplasm as well as modulation of gene expres-
modulate many signaling pathways including several kinase cas-  Sion after nuclear translocation [e.g., cAMP response element-

binding protein (CREB)] (Adams et al., 2000).
Several types of synaptic plasticity require MAPK activation,
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al., 2002; Pu et al,, 2002) and induces persistent changes in exci-
tatory transmission in the ventral tegmental area (VTA) (Saal et
al., 2003). Thus, localizing brain areas in which morphine mod-
ulates MAPK activation and determining the potential role of
NMDA receptor activation in this process may identify areas of
synaptic plasticity that contribute to opiate adaptive behaviors.

In cell lines, MAPK phosphorylation is critical for opioid-
receptor desensitization (Polakiewicz et al., 1998a) and regula-
tion of B-arrestin translocation to the membrane (Eisinger et al.,
2002). With respect to in vivo function, an involvement of MAPK
in opioid analgesia and sedation has also been proposed (Gut-
stein et al., 1997). However, in vivo studies of opioid modulation
of MAPK are limited. In an early study, chronic, but not acute,
morphine administration increased MAPK activity in the VTA
(Berhow et al., 1996). Chronic morphine diminished phospho-
MAPK staining in the cortex (layers II/III), median eminence,
amygdala, and hypothalamic nuclei (Schulz and Hollt, 1998).
Naloxone-precipitated withdrawal produced a dramatic increase
in phospho-MAPK in areas involved in stress including the locus
ceruleus (LC), solitary tract, and hypothalamus (Schulz and
Hollt, 1998).

Here, we first examined the acute effect of morphine on
MAPK activation in the brain under conditions in which animals
were habituated to the stress of handling and the injection pro-
cedures. We then determined whether there was coexpression of
phosphorylated MAPK with u-opioid receptors and whether
morphine-induced MAPK activation required NMDA receptor
activation. Finally, we examined the patterns of MAPK modula-
tion after two repeated morphine administration protocols that
result in either analgesic tolerance or locomotor sensitization at
the time of assessment.

Materials and Methods

Animals and drugs. Male C57BL/6] mice (7-9 weeks of age; The Jackson
Laboratory, Bar Harbor, ME) were used for all of the experiments and
housed four per cage with food and water ad libitum. All of the proce-
dures were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee. Separate
animal groups were used for behavioral analysis and immunohistochem-
istry. Morphine sulfate was obtained from National Institute on Drug
Abuse (Bethesda, MD). 3,3-(2-Carboxypiperazine-4-yl)-propyl-1-
phosphonate (CPP) was purchased from Sigma (St. Louis, MO).

Acute morphine and CPP administration. For studies of acute mor-
phine administration, mice (n = 5-12) were habituated to the injection
procedure by injections twice daily for 6 d of saline (subcutaneous). On
day 7, mice were injected subcutaneously with saline, 10 mg/kg mor-
phine, or 100 mg/kg morphine. For the CPP studies, mice (n = 4-8)
were habituated by injections of saline intraperitoneally and subcutane-
ously once daily for 6 d. On day 7, mice were injected intraperitoneally
with saline or 30 mg/kg CPP followed by subcutaneous injection of saline
or 10 mg/kg morphine. All of the drugs were injected in a volume of 10
ml/kg.

Administration protocols. We used two protocols of repeated morphine
administration over 6 d. The first protocol is termed “twice daily ascend-
ing doses” (TAD), in which mice were injected twice daily (A.M. and
P.M.) for 6 d with ascending doses of morphine (10—40 mg/kg, s.c.) for
a total of 12 injections. Specifically, on days 1 and 2, mice were injected
with 10 mg/kg. On days 3 and 4, mice were injected with 20 mg/kg. On
days 5 and 6, mice were injected with 40 mg/kg. In the second protocol,
termed “every other day” (EOD), mice were injected every other day
once per day in the A.M. over the course of 6 d with 20 mg/kg morphine
(subcutaneous) for a total of three injections. Thus, on days 1, 3, and 5,
mice were injected with morphine. Control mice for TAD and EOD
protocols were injected with saline, using the same schedule as for mor-
phine injections to control for injection stress and handling.
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Nociceptive testing. Mice (n = 7—8) were transported to a separate
procedure room in close proximity to the vivarium, habituated for 1 hr,
and injected with saline or morphine according to TAD or EOD proto-
cols. On day 7, mice were transported to the procedure room and habit-
uated for 1 hr. They were then tested for baseline nociception and mor-
phine analgesia with the 52.5°C hot-plate assay. In this assay, mice were
placed inside a Plexiglas cylinder (7.5 cm diameter X 13 cm height) on
top of a hot plate. The small size of the cylinder reduces the possibility
that locomotor activity interferes with the application of the nociceptive
stimulus. The nociceptive response was defined as the latency to lick or
flick the hindpaw. In measuring analgesia, a cutoff latency of 60 sec was
used to minimize tissue damage. Thirty minutes after baseline measure-
ments, mice were injected with 10 mg/kg morphine (subcutaneous) and
tested for analgesia every 30 min for a total of 180 min.

Locomotor sensitization. Locomotor activity was evaluated in the home
cage using video monitoring. Mice (n = 6—8) were identified by striping
their tails with a white marker. For video monitoring, the cage tops were
removed and transparent Lexan tops, perforated with several holes, were
taped 1.4 cm above the cages to provide adequate ventilation. The tops
were divided into six squares (~9.5 X 9.5 cm) using 6.5-mm-wide tape.
Mice were habituated to video monitoring 2 d before injections. During
experimentation, video monitoring was conducted every other day (days
1, 3, and 5) for 180 min. After 90 min of habituation, mice were injected
with either saline or morphine according to TAD or EOD protocols and
monitored for an additional 90 min. On day 7, mice were habituated for
90 min, injected with 5 mg/kg morphine (subcutaneous), and monitored
for an additional 90 min.

In measuring locomotor activity, the number of crossovers per 15 min
was recorded for each mouse. A crossover was defined as the placement
of all four paws into one of six possible squares. The experimenters who
recorded the locomotor activity were blind to the conditions.

Phospho-MAPK staining. Pentobarbital (100 mg/kg, i.p.) was injected
27 min after saline or morphine injection. Three minutes later, mice were
perfused with 50 ml of ice-cold PBS followed by 200 ml of 4% parafor-
maldehyde. Brains were removed, postfixed overnight in 4% paraformal-
dehyde at 4°C, cryoprotected in 30% sucrose at 4°C for 2 d, and frozen
embedded in Tissue-Tek optimal cutting temperature (OCT) compound
(Sakura Finetek, Torrance, CA). Brains were then cryosectioned at 40
pm and stored in PBS containing 0.1% thimerosal at 4°C. Immunohis-
tochemistry was performed simultaneously on control and treated brain
sections using the free-floating method. Briefly, sections were incubated
overnight with antibodies against phospho-p42/44 MAPK (Cell Signal-
ing Technology, Beverly, MA) diluted 1:300 at 4°C. Sections were then
washed and incubated with biotin-conjugated anti-rabbit antibodies fol-
lowed by ABC enhancement (Vector Laboratories, Burlingame, CA), and
staining was revealed using 3,3’-diaminobenzidine (DAB) tablets
(Sigma).

After staining, digital pictures were taken using an Olympus Optical
(Tokyo, Japan) BX60 microscope using a Spot digital camera (Diagnostic
Instruments, Sterling Heights, MI) and stored using Adobe Photoshop
(Adobe Systems, San Jose, CA). Particle analysis was performed in re-
gions of interest using NIH Image 1.62 for either the total pixels stained
per brain area and/or the average optical density of the stained pixels,
depending on the region. For each mouse and brain area, 5-12 consecu-
tive sections (depending on the size of the brain area) were analyzed and
averaged. Results are presented from 5-12 mice per treatment group.

For double labeling, tissue was processed as it was for peroxidase la-
beling, and immunohistochemistry was performed using the free-
floating method. Sections were incubated overnight with antibodies
against phospho-p42/44 MAPK (Cell Signaling Technology) and anti-
bodies against a previously characterized C-terminally directed rabbit
anti-u-opioid receptor (Unterwald et al., 1998) diluted 1:300 at 4°C.
Sections were then washed and incubated with FITC-conjugated anti-
rabbit (Jackson ImmunoResearch, West Grove, PA) diluted 1:100 and
cyanine 3-conjugated anti-mouse (Jackson ImmunoResearch) diluted
1:600. Staining was visualized using a Leica (Nussloch, Germany) TCS SP
MP inverted confocal microscope.

Data analysis. In analyzing morphine analgesia, hot-plate latencies
after morphine administration were normalized to baseline latencies ac-
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Figure1.

Acute morphine administration modulates MAPK activation in the brain. Mice were habituated to injections for 6 d and, on day 7, were injected with either saline or 10 mg/kg morphine

(subcutaneous). Thirty minutes after injection, mice were perfused, and brains were processed forimmunohistochemistry. A morphine-induced increase in MAPK activation was observed in the Acc
(A), somatosensory cortex ( B), association cortex ( (), and the LC (D). A decrease in MAPK activation was observed in the NAc (£) and CeA (F). For each panel, the top photographs are representative
DAB-stained sections for each brain area, and the bottom photographs are pseudocolor presentations of these images. Scale bars, 300 m.

cording to the percentage of maximum possible effect (% MPE) using the
following formula: % MPE = (postmorphine latency — baseline laten-
cy)/(cutoff latency — baseline latency) X 100. All of the locomotor ac-
tivity, including baseline and morphine-induced locomotor activity, was
normalized to the interval that produced the maximum morphine loco-
motor effect (maximum interval) (45—-60 min) in the saline-pretreated

group. The formula is as follows: (number of crossovers per 15 min/
number of crossovers at maximum interval) X 100. Each experimental
group was normalized to the corresponding saline-pretreated group. For
analgesic tolerance and locomotor sensitization, we used two-way
repeated-measures ANOVA (SuperANOVA).

In analyzing morphine-induced MAPK modulation, staining in each
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brain area in the experimental group was normalized to the correspond-
ing staining in the saline control group. The change in staining compared
with saline controls was calculated using the following formula: [(exper-
imental value/saline control average) X 100] — 100. Statistical analysis
was conducted using one-way ANOVA and Tukey’s post hoc
comparisons.

Results

Acute morphine administration modulates MAPK activation
in the brain

After 6 d of habituation to the injection procedure, modulation of
MAPK activation was observed 30 min after 10 or 100 mg/kg
morphine administration. We initially stained sections through
the entire brain and looked for modulation in phospho-MAPK
immunostaining. Surprisingly, modulation was not observed in
many areas rich in opioid receptors, such as the habenular, peri-
aqueductal gray (PAG), raphe magnus, and VTA. In areas in
which we observed modulation, changes in phospho-MAPK
staining were semiquantified, as described in Materials and
Methods. After 10 mg/kg morphine, a significant increase in ac-
tivation of MAPK was observed in the anterior cingulate (Acc)
(Figs. 1 A, 2A), somatosensory cortex (Figs. 1B, 2 B), association
cortex (Figs. 1C, 2C), as well as the LC (Figs. 1 D, 2D). In the LC,
but not in the cortical regions, there was a significant increase in
activation between 10 and 100 mg/kg (Fig. 2D). The posterior
basolateral amygdala (BLA) was less sensitive to morphine and
showed significant MAPK activation only after 100 mg/kg (p <
0.05) (Fig. 2G). In contrast, a significant decrease in MAPK acti-
vation was observed after 10 mg/kg in the nucleus accumbens
(NAc) (Figs. 1 E, 2E) and central amygdala (CeA) (Figs. 1F, 2F),
with no additional decrease between 10 and 100 mg/kg mor-
phine. In CA3 of the hippocampus, there was no acute effect of
morphine on MAPK activation (Fig. 2 H).

Morphine-induced MAPK activation is completely localized
in cells that contain p-opioid receptors in LC, but not

in the cortex

Confocal analysis revealed u receptor staining on both cell bodies
and processes with the anticipated cellular membrane-like distri-
bution. Phospho-MAPK staining appeared primarily cytosolic
and was observed in large cell bodies with processes. Double-label
immunohistochemistry indicated that, in the cortical areas, the ma-
jority of morphine-induced MAPK activation did not occur in cells
expressing the u-opioid receptor (Fig. 3A—C). In contrast, MAPK
activation colocalized with the u receptor in the LC (Fig. 3D).

Dependency of morphine-induced MAPK modulation on
NMDA receptor activation

The NMDA receptor antagonist CPP (30 mg/kg, i.p.), when given
simultaneously with morphine (10 mg/kg, s.c.), blocked
morphine-induced MAPK modulation in some, but not all, of
the brain areas (Fig. 4). In the Acc and the somatosensory cortex,
there was a large reduction in baseline phospho-MAPK staining
after CPP and a complete blockade of morphine-induced MAPK
activation (Fig. 44, B). In the association cortex, there was also a
reduction in baseline phospho-MAPK staining, but the effect of
morphine was retained (Fig. 4C). In the LC, a significant eleva-
tion of baseline MAPK activation was observed after NMDA re-
ceptor blockade, and morphine-induced MAPK activation was
unaltered (Fig. 4D). The morphine-induced decrease in MAPK
activation in both the NAc and CeA was unaltered with CPP, and
there were no associated baseline changes (Fig. 4E,F).
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Figure 2.  Acute morphine-induced MAPK modulation. Mice were habituated and then injected
with saline, 10 mg/kg morphine, or 100 mg/kg morphine (subcutaneous). Thirty minutes after injec-
tion, mice were perfused, and brains were processed forimmunohistochemistry. Digital images were
quantified using NIH Image. Results are presented from 512 mice per treatment group, and for each
brain area, at least five consecutive sections were analyzed. One-way ANOVA revealed a main effect of
morphine for the Acc (total pixels stained, £, ,5) = 11.72; p << 0.001), somatosensory cortex (total
pixels stained, F, 1) = 5.02; p << 0.05), association cortex (total pixels stained, F, o) = 6.42;p <
0.05), LC (average optical density, f;, ;) = 44.80; p < 0.0001), NAc (total pixels stained, £, 5 =
11.07;p < 0.001), CeA (total pixels stained, , ,) = 54.39; p < 0.0001), and posterior BLA (total
pixels stained, , ,5) = 6.42; p << 0.01). There was no main effect of morphine in the hippocampus
(total pixels stained, F, ,5) = 1.47; p > 0.05). Tukey’s post hoc comparisons revealed a significant
increase after 10 and 100 mg/kg morphine in the Acc (A), somatosensory cortex (B), association
cortex (), and LC(D). In the posterior BLA, a significant increase was observed only after 100 mg/kg
(G). Asignificant decrease in MAPK activation after morphine treatment was observed in the NAc (£)
and CeA (F). No significant difference was observed in CA3 of the hippocampus (H). *Significant
difference from saline ( p << 0.05). **Significant difference from 10 mg/kg morphine (p << 0.05).
Results are presented as mean == SEM.

Dissociation of analgesic tolerance and locomotor
sensitization after different morphine regimens

(TAD vs EOD)

It has been reported previously that injection intervals of at least 24
hr are required to produce locomotor sensitization to morphine in
mice (Kuribara, 1996). We therefore reasoned that shorter intervals
using escalating doses would produce robust analgesic tolerance and
eliminate the expression of locomotor sensitization, whereas longer
intervals (48 hr) would maximize locomotor sensitization. We es-
tablished two drug regimens, TAD and EOD, in which the animals
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Morphine-induced MAPK activation is predominantly not localized in cells expressing the w.-opioid receptor, except in the LC. Mice were habituated to injections for 6 d and, on day 7,

were injected with 10 mg/kg morphine (subcutaneous). Thirty minutes after injection, mice were perfused, and brains were processed for double-labeled immunohistochemistry. Confocal analysis
revealed that, in the Acc (A), somatosensory cortex (B), and association cortex ( (), the majority of morphine-induced MAPK activation occurred in cells not expressing the p.-opioid receptor.
However, there was complete localization of MAPK activation with the w receptor in the LC (D). Scale bar, 30 wm.

demonstrated exclusively analgesic tolerance or locomotor sensiti-
zation, respectively, at the time of assessment.

Analgesic tolerance

After TAD and EOD administration, mice were tested for analgesia
using 10 mg/kg morphine (subcutaneous), which produced ~75%
MPE in control mice (Fig. 5A). With respect to TAD administration,

two-way repeated-measures ANOVA indicated that significant an-
algesic tolerance developed ( p = 0.001). In contrast, after EOD ad-
ministration, no significant tolerance developed ( p > 0.05).

Locomotor sensitization
After TAD and EOD administration, mice were tested for loco-
motor activity after 5 mg/kg morphine (subcutaneous), a dose
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Figure4. Brain region-specific NMDA receptor blockade of acute morphine-induced MAPK mod-

ulation. Mice were habituated and then injected intraperitoneally with saline or CPP, followed imme-
diately by subcutaneous injection of saline or 10 mg/kg morphine. Thirty minutes later, mice were
perfused, brains were processed for immunohistochemistry, and images were analyzed. Results are
presented from four to eight mice per treatment group. One-way ANOVA revealed a main effect of
morphine for the Acc (total pixels stained, £ 5 ) = 25.10;p < 0.0001), somatosensory cortex (total
pixels stained, £ 1,y = 8.09;p << 0.05), assodiation cortex (total pixels stained, F 5 1) = 17.76;p <
0.001), LC (average optical density, £ ;) = 37.22; p << 0.0001), NAc (total pixels stained, F 5 ,5) =
9.52;p <0.001),and CeA (total pixels stained, F 5 ;) = 8.42;p < 0.05). S-S, Saline (intraperitoneal)
followed by saline (subcutaneous); S-M, saline (intraperitoneal) followed by morphine (10 mg/kg,
s.c.); CPP-S, CPP (30 mg/kg, i.p.) followed by saline (subcutaneous); CPP-M, CPP (30 mg/kg, i.p.)
followed by 10 mg/kg morphine. *Significant difference from 5-S (p << 0.05). %ignificant difference
from CPP-S (p < 0.05). Results are presented as mean == SEM.

that produces submaximal locomotor stimulation in drug-naive
mice (Fig. 5B). Significant sensitization developed to the
locomotor-stimulating effect of morphine after EOD adminis-
tration (p < 0.05). In contrast, morphine-induced locomotor
stimulation was significantly attenuated after TAD administra-
tion ( p = 0.0001).

In summary, TAD administration produces analgesic toler-
ance and attenuated morphine-induced locomotion, whereas
EOD administration does not produce significant analgesic tol-
erance but does produce marked sensitization to locomotor ac-
tivity. Thus, TAD and EOD administration dissociate expression
of tolerance and sensitization, which allows comparison of
changes in morphine-induced MAPK modulation that are spe-
cifically associated with each behavior.

Tolerance to morphine-induced MAPK modulation after
TAD administration
There was no change in baseline MAPK activation after either
TAD or EOD administration. TAD administration resulted in
complete tolerance to morphine-induced MAPK activation (10
mg/kg) in both the Accand LC (S-M > TAD-M; p < 0.001) (Fig.
6A,B). In the NAc, partial tolerance developed to the morphine-
induced reduction in MAPK phosphorylation (Fig. 6C).

After EOD administration, partial tolerance to morphine-
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Figure 5.  Dissociation of analgesic tolerance and locomotor sensitization after TAD or EOD

morphine regimens. Morphine was administered according to TAD or EOD protocols as detailed
in Materials and Methods. On day 7, analgesia was measured after 10 mg/kg morphine (A), or
locomotor activity was recorded after 5 mg/kg morphine (B). Results were analyzed using
two-way repeated-measures ANOVA. 4, Significant analgesic tolerance developed in TAD pre-
treated mice (p = 0.001). Analysis revealed a significant effect of pretreatment (F; ;5 =
16.96; p = 0.001) and time (F, 5, = 44.04; p = 0.0001), and an interaction of pretreatment
and time (F; 5, = 5.10; p << 0.001). In contrast, no significant tolerance developed after EOD
administration ( p > 0.05). Analysis revealed no main effect of pretreatment (F; ;) = 2.30;
p > 0.05). Although there was a main effect of time (F, ;) = 48.02; p = 0.0001), there was no
interaction of pretreatment and time (F; 5y = 1.95; p > 0.05). B, Locomotor sensitization
developed after EOD administration ( p << 0.05). Analysis revealed a main effect of pretreat-
ment (F; 19) = 8.59;p << 0.05) and time (F; ;) = 8.00; p = 0.0001). In contrast, tolerance to
the locomotor-stimulating effect of morphine was observed after TAD administration (p =
0.0001). Analysis revealed a main effect of pretreatment (F; 1, = 29.90; p = 0.0001) and time
(Fa6) = 10.91; p = 0.0001). pre-tx, Pretreatment. Results are presented as mean * SEM.

induced MAPK activation developed in the LC (S-M > EOD-M;
p < 0.05) (see Fig. 8B). No significant MAPK activation was
observed in the Acc after 5 mg/kg morphine, preventing the as-
sessment of tolerance after EOD administration ( p > 0.05) (see
Fig. 8A).

In summary, the TAD protocol, which produces robust anal-
gesic tolerance, produces significant tolerance to morphine-
induced MAPK modulation in the Acc, Nac, and LC.

Lack of tolerance to the morphine-induced decrease in MAPK
activation in the CeA after TAD administration

In contrast to the tolerance observed in the Acc, NAc, and LC,
morphine retained the same ability to reduce MAPK activation in
the CeA after TAD administration ( p > 0.05) (Fig. 6 D). Simi-
larly, the morphine-induced reduction in MAPK activation did
not change after EOD administration ( p > 0.05) (see Fig. 8C).
No significant alteration in baseline MAPK activation was ob-
served in the CeA after TAD or EOD administration ( p > 0.05).

Instatement of morphine-induced MAPK activation in CA3 of
the hippocampus after TAD administration

After acute morphine administration (10 or 100 mg/kg), no
change in MAPK activation was observed in CA3 of the hip-
pocampus (Fig. 2H). However, mice that received a morphine
challenge after TAD administration exhibited a pronounced in-
statement in phospho-MAPK staining (Fig. 6 F). This induction
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Figure 6.  Morphine-induced MAPK modulation after TAD administration. Mice were in-
jected according to the TAD protocol, and on day 7, mice were injected with either saline or 10
mg/kg morphine. Results are presented from 5—12 mice per treatment group. One-way ANOVA
revealed a main effect of treatment in the Acc (F 50 = 10.38; p << 0.0001), NAC (3 59 =
5.63;p <<0.01), LC(F(3 59 = 15.9;p << 0.0001), CeA (total pixels stained, F 5 3, = 10.38;p <
0.0001), and CA3 of the hippocampus (total pixels stained, 5 3;) = 6.07; p << 0.01), and no
main effect of treatment in the posterior BLA (total pixels stained, 3 3;) = 0.68; p > 0.05).
Tukey’s post hoc comparisons indicated complete tolerance to morphine-induced MAPK activa-
tion in the Acc (A) and LC (B) and partial tolerance in the NAc (C). However, no tolerance
developed in the CeA (D). No effect was observed in the posterior BLA (£). A striking instate-
ment of morphine-induced MAPK activation was observed in CA3 of the hippocampus ( F). S-S,
Saline pretreatment followed by saline on test day; S-M, saline pretreatment followed by acute
morphine (10 mg/kg) treatment; TAD-S, TAD pretreatment followed by saline treatment;
TAD-M, TAD pretreatment followed by 10 mg/kg morphine. *Significant difference from S-S
(p<<0.05). 6Signiﬁcantdifference from S-M ( p << 0.05). Results are presented as mean =
SEM.

of MAPK activation in CA3 was significantly different from both
saline-treated mice and mice acutely treated with morphine ( p <
0.05). The increase in immunolabeling was found exclusively in
the processes and was accompanied by a reduction in CA3 cell
body staining (Fig. 7). No significant change in baseline MAPK
activation was observed in CA3 after TAD administration (Fig.
6F) (S-S = TAD-S; p > 0.05). A similar trend was observed in
EOD-treated mice but did not reach significance (data not
shown).

Sensitization to MAPK activation in the posterior BLA after
EOD but not TAD administration

Acute administration of 100 mg/kg morphine, but not 5 or 10
mg/kg, caused a significant increase in MAPK activation in the
BLA (Fig. 2G). After EOD administration, 5 mg/kg morphine
produced marked MAPK activation ( p < 0.01) (Figs. 8D, 9). In
contrast, TAD administration did not induce any change in BLA
MAPK activation in response to a 10 mg/kg morphine challenge
(Fig. 6 E). No significant change in baseline MAPK activation was
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observed after EOD or TAD administration in the BLA. Thus,
sensitization to morphine-induced MAPK activation occurred
after EOD, but not TAD administration.

Discussion

The results demonstrate that MAPK is activated after acute sys-
temic morphine administration in many cortical areas and the
LC, whereas activation is suppressed in limbic areas such as NAc
and CeA. Changes in total MAPK protein levels are unlikely after
30 min, and previous studies found no change in total MAPK
protein levels even after repeated morphine administration (Ber-
how et al., 1996; Schulz and Hollt, 1998). Interestingly, MAPK
modulation was not observed in many brain areas rich in opioid
receptors including the PAG, raphe magnum, and VTA. Further-
more, except for the LC, MAPK activation was predominantly
undetected in cells expressing u-opioid receptors. One plausible
explanation is that competing intracellular signaling pathways
suppress MAPK activation. Akt is activated by the w receptor in
vitro (Polakiewicz et al., 1998b), and activation of the Akt path-
way inhibits MAPK signaling (Zimmermann and Moelling,
1999). Alternative explanations include technical limitations of
phospho-MAPK detection, temporal differences in activation, or
the possibility that opioid receptors do not couple to MAPK in
some cells.

Given this lack of colocalization, we questioned whether the
modulation was occurring through a different neurotransmitter
system. Because it is well established that NMDA receptor antag-
onists block the development of morphine tolerance and that
both NMDA receptors and MAPK are involved in synaptic plas-
ticity, we used the competitive NMDA receptor antagonist CPP
to determine whether glutamate transmission plays a role in
morphine-induced MAPK modulation. We found that NMDA
receptor activation was critical for both baseline and morphine-
induced MAPK activation in the Acc and somatosensory cortex.
In contrast, although baseline MAPK activation was perturbed in
the LC and association cortex, morphine-induced MAPK activa-
tion was unaffected by CPP. In the NAc and CeA, there was no
effect of CPP on either baseline or the morphine-induced de-
crease in MAPK activation. In summary, we observed region-
specific NMDA receptor-dependent and -independent mecha-
nisms of acute morphine-induced MAPK modulation.

Most studies indicate that systemic administration of NMDA
receptor antagonists either has no effect or increases acute sys-
temic morphine analgesia (Carlezon et al., 2000). Therefore, it is
unlikely that the NMDA receptor-dependent MAPK activation
we observed in the cortical regions is involved in morphine anal-
gesia. However, previous experiments have shown that NMDA
receptors are necessary for the development of morphine toler-
ance (Trujillo, 2000). This suggests that the NMDA receptor-
dependent activation in cortical areas may represent induction of
long-term plasticity that contributes to tolerance. A possible con-
tribution of specific cortical areas to NMDA receptor-mediated
attenuation of morphine tolerance has yet to be investigated.

In the NAc, a key structure of the mesolimbic reward pathway,
acute morphine administration produced an NMDA receptor-
independent decrease in MAPK activation. This decrease has also
been reported in rats using Western blot. This may reflect the
inhibition of GABAergic interneurons, which could lead to an
increase in the excitability of dopaminergic neurons. In contrast
to morphine, acute, systemic A9-tetrahydrocannabinol (THC)
results in an increase in MAPK activation in the NAc (Valjent et
al., 2001). Although administration of either drug results in ad-
aptations indicative of reward (e.g., place preference), unlike
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Instatement of morphine-induced MAPK activation in CA3 processes of the hippocampus after TAD administration. Mice were injected according to the TAD protocol and, on day 7, were

injected with either saline or 10 mg/kg morphine. Morphine-induced MAPK activation was not observed in CA3 of control mice (S-5) ( A) or mice acutely treated with morphine (10 mg/kg) (S-M) (B).
TAD pretreatment produced a dramatic instatement of MAPK activation in processes after morphine (10 mg/kg) (TAD-M) (D) but not saline (TAD-S) (C). There was no change in baseline MAPK
activation after TAD pretreatment (S-S vs TAD-S). Representative photographs of CA3 of the hippocampus are shown. The frame inside the photograph on each left panel indicates the magnified area

in the photograph on the right. Scale bars: left photographs, 300 m; right photographs, 60 m.
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Figure 8.  Morphine-induced MAPK modulation after EOD administration. Mice were in-

jected according to the EOD protocol, and on day 7, mice were injected with 5 mg/kg morphine.
Results are presented from 5—12 mice per treatment group. There was a trend for morphine-
induced MAPK activation in the Acc in both S-M and EOD-M (A), although there was no main
effect of treatment (Fj3 g = 2.39; p > 0.05). One-way ANOVA revealed a main effect of
treatment in the LC (F ;) = 6.04; p << 0.01), CeA (total pixels stained, F; ,,) = 33.04; p <
0.0001), and the posterior BLA (total pixels stained, F 5 ,;) = 8.83;p << 0.001). Tukey's post hoc
comparisons indicate partial tolerance in the LC ( B) and no tolerance in the CeA ( (). Significant
sensitization developed to morphine-induced MAPK activation in the posterior BLA (D). S-S,
Saline pretreatment followed by saline on test day; S-M, saline pretreatment followed by acute
morphine (10 mg/kg) treatment; EOD-S, EOD pretreatment followed by saline treatment;
EOD-M, EOD pretreatmentfollowed by 5 mg/kg morphine. *Significant difference from S-S
(p << 0.05). Results are presented as mean = SEM.

morphine, the effect of THC in mice is initially dysphoric, and the
demonstration of reward requires careful experimental manipu-
lations (Valjent and Maldonado, 2000). Thus, the disparate sig-
naling observed between morphine and THC in the NAc may
reflect the differences between opiate and cannabinoid reward.

Because we found brain areas of MAPK modulation related to
analgesia and reward in response to acute morphine, we next
looked for biochemical correlates of MAPK activation with adap-
tive behaviors. For this purpose, we developed protocols that
isolate the expression of either morphine analgesic tolerance
(TAD) or locomotor sensitization (EOD) at the time of assess-
ment of MAPK modulation. After TAD, but not EOD, adminis-
tration, complete tolerance to morphine-induced MAPK activa-
tion was observed in the Acc and LC, areas of pain processing that
exhibited NMDA receptor-dependent and -independent MAPK
activation. No changes in baseline MAPK activation were ob-
served in any of the brain areas examined after TAD administra-
tion, suggesting that the tolerance observed is a specific decre-
ment in morphine-induced signaling. The adaptation in MAPK
signaling is probably not attributable to w-opioid receptor desen-
sitization, because stimulated GTP+yS binding after chronic mor-
phine has been shown to be unperturbed in areas other than the
brainstem (Sim-Selley et al., 2000).

In the amygdala, the CeA showed an NMDA receptor-
independent decrease in MAPK activation after acute morphine
and was the only area examined that did not show tolerance to
morphine-induced MAPK modulation. The CeA contributes to
morphine analgesia (Pavlovic et al., 1996), reward (Rezayof et al.,
2002), and conditioned opioid analgesia (Watkins et al., 1993).
Thus, this structure may be an important target for producing
opiate analgesia without triggering tolerance.

Locomotor sensitization is a model for drug relapse and crav-
ing and, for opiates, is thought to be caused by an inhibition of
GABAergic interneurons in the VTA that disinhibit dopaminer-
gic neurons, thus leading to dopamine release in the NAc (for
review, see Vanderschuren and Kalivas, 2000). Lesion experi-
ments have established the importance of the amygdala for sen-
sitization to drugs of abuse (Squillace et al., 1982; Kalivas and
Alesdatter, 1993). This area may contribute to sensitization
through the convergence of extensive sensory input of environ-
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Sensitization to MAPK activation in the posterior BLA after EOD administration. Mice were injected according to the EOD protocol, and on day 7, mice were injected with 5 mg/kg

morphine. Morphine-induced MAPK activation was not observed in control mice (S-S) (A) or those acutely treated with 5 mg/kg morphine (S-M) (B). There was no change in baseline MAPK
activation after EOD pretreatment (EOD-S) ( (). Sensitization to morphine-induced MAPK activation was observed in mice receiving EOD pretreatment followed by 5 mg/kg morphine treatment

(EOD-M) (D). Photographs are representative DAB-stained sections. Scale bar, 300 m.

mental cues from reciprocal connections with sensory neocortex
(e.g., somatosensory and auditory cortices) and frontal lobe (e.g.,
Acc, insular cortex, and orbitofrontal cortex). One result that
distinguishes different patterns of MAPK modulation during
sensitization and tolerance was the marked potentiation of
morphine-induced MAPK activation in the BLA after EOD, but
not TAD, administration. A previous study found a correlation
between locomotor sensitization and morphine-induced in-
creases in SPARC (secreted protein acidic rich in cysteine) in the
BLA (Ikemoto et al., 2000). Together, these results provide cor-
relative evidence that plasticity in the BLA contributes specifically
to locomotor sensitization.

The increased MAPK activation in the posterior BLA repre-
sents a selective, sensitized signaling response to morphine that
parallels the locomotor sensitization, but not analgesic tolerance.
This could reflect an increase in excitatory transmission in the
NACc that contributes to this behavior, because excitatory projec-
tions from the BLA synapse on dopaminergic neurons of the NAc
(Johnson et al., 1994). Recent work shows that tetanic stimula-
tion of the BLA results in potentiation of evoked firing in the NAc
(Floresco et al., 2001). Moreover, high-frequency stimulation of
the BLA, but not the CeA, produces a long-lasting glutamate
receptor-dependent increase in dopamine efflux into the NAc (Flo-
resco et al., 1998; Howland et al., 2002). Together, this suggests that
the effect of morphine on the BLA may contribute to locomotor
sensitization via influencing dopamine release in the NAc.

Another striking result was the instatement of morphine-
induced MAPK activation in CA3 processes of the hippocampus
after TAD administration. This instatement could be explained
either by modulation of opioid receptor mediated coupling di-
rectly to the MAPK pathway, or more likely, by activity-
dependent synaptic plasticity. Future experiments will determine
the cell types containing the phospho-MAPK-stained processes,
the types of processes, and whether this potentiated response to
morphine in CA3 is dependent on NMDA receptor signaling.

Adaptive behaviors such as analgesic tolerance are known to
have alearned component in which the context of administration
becomes associated with the effects of the drug and thus contrib-
utes to the adaptation (Siegel, 1975). Because of the role of the
hippocampus in associative learning, the results observed in CA3
may be attributable to learning or memory processes that are
instated by the context and/or the onset of drug administration.
Mice lacking the NR1 subunit of the NMDA receptor in CA3
exhibit normal spatial memory when cues are fully presented in
the Morris water maze but are unable to demonstrate pattern
completion when only a fraction of the cues are presented (Na-
kazawa et al., 2002). Thus, the instatement of morphine-induced

MAPK activation after repeated administration may represent
the integration of contextual cues with interoceptive cues from
the onset of the drug. Future experiments that differentiate asso-
ciative and nonassociative adaptive behaviors will determine
whether the effect in CA3 is dependent on the context of mor-
phine administration.

Although opiates are commonly used for treating pain, the
mechanisms underlying adaptive processes (e.g., tolerance,
abuse, withdrawal, and relapse) remain somewhat elusive. The
purpose of this study was to identify brain pathways and signaling
cascades involved in both the acute and chronic actions of mor-
phine. We focused on the MAPK pathway and NMDA receptors,
because both play important roles in synaptic plasticity and have
been implicated in the chronic adaptations to opiates. This study
demonstrates brain region-specific mechanisms regulating
MAPK activation after acute morphine administration. Different
brain areas showed tolerance, sensitization, instatement, or re-
tention of morphine-induced MAPK modulation after repeated
morphine administration. Dissociation of analgesic tolerance
and locomotor sensitization enabled the identification of brain
circuitry and biochemical changes that may contribute specifi-
cally to each behavior. Future studies will examine links between
NMDA receptor activation, MAPK signaling, and discrete behav-
ioral adaptations.
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