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Opioids remain the most effective analgesics despite their poten-
tial adverse effects such as tolerance and addiction. Mechanisms
underlying these opiate-mediated processes remain the subject of
much debate. Here we describe opioid-induced behaviors of Lmx1b
conditional knockout mice (Lmx1bf/f/p), which lack central seroto-
nergic neurons, and we report that opioid analgesia is differen-
tially dependent on the central serotonergic system. Analgesia
induced by a � opioid receptor agonist administered at the su-
praspinal level was abolished in Lmx1bf/f/p mice compared with
their wild-type littermates. Furthermore, compared with their
wild-type littermates Lmx1bf/f/p mice exhibited significantly re-
duced analgesic effects of � and � opioid receptor agonists at both
spinal and supraspinal sites. In contrast to the attenuation in opioid
analgesia, Lmx1bf/f/p mice developed tolerance to morphine anal-
gesia and displayed normal morphine reward behavior as mea-
sured by conditioned place preference. Our results provide genetic
evidence supporting the view that the central serotonergic system
is a key component of supraspinal pain modulatory circuitry
mediating opioid analgesia. Furthermore, our data suggest that
the mechanisms of morphine tolerance and morphine reward are
independent of the central serotonergic system.
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It has been well established that neurons producing serotonin
(5-hydroxytryptamine, 5-HT) contribute to descending pain con-

trol pathways (1). However, the role of the central 5-HT system in
opioid analgesia is less clear. For the past several decades numerous
pharmacological and behavioral studies have indicated that mor-
phine-induced descending inhibition of nociceptive transmission
depends on supraspinal 5-HT neurons (2–4). Despite these studies,
many contradictory results concerning the role of central 5-HT
neurons in morphine analgesia have also been reported, making it
a long-standing controversial issue in pain research (5). More
recently, the notion that central 5-HT neurons are involved in
morphine analgesia has further been challenged by electrophysio-
logical studies in rats that indicated a lack of firing responses of
5-HT neurons to morphine treatment (6, 7). In contrast to the
‘‘textbook’’ explanation, these findings have strengthened the view
that 5-HT neurons are neither necessary nor sufficient for the
analgesic effect of opioids and thus are not an integral part of
opioid-mediated pain-modulatory circuits (8–10). Not surprisingly,
these opposing results are difficult to reconcile, probably because of
technical issues such as the difficulties of identifying 5-HT neurons
in vivo, incomplete depletion of 5-HT or 5-HT neurons, nonspecific
effects of drugs or surgical treatments, and the use of different
species across the studies (5, 11, 12). The varying experimental
paradigms that have been used in different studies make it difficult
to compare the results between laboratories, further confounding
the issue.

Although opioid analgesics are still the primary treatment for
moderate to severe pain, prolonged use of opioids is known to result
in an attenuated analgesia, also known as tolerance (13). There is

evidence showing a correlation between the synthesis rate or
release of 5-HT in the brain and the development of tolerance,
supporting a role of 5-HT in morphine tolerance (14–16). On the
other hand, some studies suggest that 5-HT might not be involved
in morphine tolerance (17). Repeated use of opioids may also result
in their abuse. Pharmacological studies regarding whether a 5-HT
mechanism is involved in morphine-induced reward are inconsis-
tent (18). The aforementioned discrepancies are difficult to recon-
cile based solely on the use of pharmacological experimental
manipulations.

We have generated a line of conditional knockout mice called
Lmx1bf/f/p mice in which the transcription factor Lmx1b, which is
essential for the development of 5-HT neurons in the hindbrain, is
selectively deleted in cells expressing Pet1 (19–21). Because 5-HT
neurons lacking Lmx1b fail to survive, the deletion of Lmx1b results
in the specific loss of the central 5-HT neurons in Lmx1bf/f/p mice
(21). While the central 5-HT system is ablated, Lmx1bf/f/p mice have
normal expression levels of peripheral 5-HT, dopamine, and nor-
epinephrine (21). These mutant mice display normal locomotor
activity, acute thermal pain, and enhanced inflammatory pain (22)
and thus provide a unique model for assessing the involvement of
central 5-HT neurons in opioid-mediated processes. In the present
study we evaluated the role of the central 5-HT system in opioid-
mediated analgesic effects and investigated the contribution of
this neurotransmitter to morphine tolerance and reward using
Lmx1bf/f/p mice.

Results
Opioid Receptor Agonist’s Analgesia Differentially Relied on the
Central 5-HT System. We first examined the analgesic effect of
morphine [a � opioid receptor (MOR) agonist] using the tail-flick
test. Consistent with our previous work (22), no significant differ-
ence in the baselines of tail-flick latencies were found between
Lmx1bf/f/p mice and their wild-type littermates (mean � SEM:
4.15 � 0.53 sec for wild-type and 4.23 � 0.32 sec for Lmx1bf/f/p mice;
P � 0.05, two-tailed t test). The analgesic effect presented as the
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percentage of maximum possible effect (%MPE) after vehicle
administration was similar between wild-type and Lmx1bf/f/p mice
(Figs. 1 A–C and 2A). Wild-type mice displayed a dose-dependent,
naloxone-reversible analgesia after systemic administration of mor-
phine, but this analgesic effect was significantly attenuated in
Lmx1bf/f/p mice (Fig. 1 A and D). The strong attenuation of
analgesia in the mutant mice reveals an important role for 5-HT
neurons in morphine analgesia. We further examined the sites of
action (spinal vs. supraspinal) of 5-HT neurons in morphine anal-
gesia. Both intrathecal (i.t.) and intracerebroventricular (i.c.v.)
injection of morphine evoked a dose-dependent, naloxone-

reversible analgesic effect in wild-type mice, but the effects were
much less pronounced in the mutants (Fig. 1 B, C, E, and F). In
particular, supraspinal administration of morphine had only mild or
weak effect in the mutants (Fig. 1 C and F). Thus, the central 5-HT
system mediates morphine analgesia at both spinal and supraspinal
sites.

We next investigated analgesia induced by a selective � opioid
receptor (KOR) agonist, U50,488H. Systemic administration of
U50,488H evoked a robust dose-dependent analgesia in wild-type
mice but only weak analgesia in Lmx1bf/f/p mice (Fig. 2A). Even at
the highest dose (30 mg/kg), Lmx1bf/f/p mice only showed weak

Fig. 1. Morphine-induced analgesia in Lmx1bf/f/p and wild-type mice. (A–C) Saline and escalating doses of morphine (3, 6, 10, and 30 mg/kg, multiple s.c.
injections, n � 10–12 per genotype) or multiple doses of morphine (0.1, 0.2, and 0.3 nmol i.t. or 0.3 and 0.6 nmol i.c.v., n � 8–12 every dose per genotype) were
administered to wild-type and Lmx1bf/f/p mice, and morphine analgesia was measured with the tail-flick assay. Immediately after the withdrawal latency
measurement after 30 mg/kg s.c., 0.3 nmol i.t., or 0.6 nmol i.c.v. morphine injections, mice were injected with naloxone (1 mg/kg i.p.), and antinociception was
assessed again after 15 min. The analgesic effect was presented as the percentage of maximum possible effect [%MPE � (drug latency � baseline latency) �
100/(cutoff latency � baseline latency)]. (D–F) Time course of morphine-induced analgesia of wild-type and Lmx1bf/f/p mice in the tail-flick test after a single
morphine dose of 6 mg/kg s.c. (D), 0.2 nmol i.t. (E), or 0.3 nmol i.c.v. (F). All data are presented as the mean � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001
(repeated-measures ANOVA compared with wild type). Nal, naloxone.

Fig. 2. Analgesia evoked by KOR or DOR agonists in Lmx1bf/f/p and wild-type mice. (A) Saline and escalating doses of the KOR agonist U50,488H (1, 3, 6, 10,
and 30 mg/kg s.c.) were administered to wild-type and Lmx1bf/f/p mice, and the analgesic effect was measured with the tail-flick assay. (B and C) The analgesic
effect of the i.t. injection of U50,488H (60 �g) in Lmx1bf/f/p mice was comparable to wild-type mice (B), whereas effect of the i.c.v. injection of U50,488H (60 �g)
was almost absent in Lmx1bf/f/p mice compared with that in wild type (C). (D and E) The analgesic effect of i.t. (D) and i.c.v. (E) injections of the DOR agonist [D-Pen2,
D-Pen5]enkephalin (5 �g) in wild-type and Lmx1bf/f/p mice. All data are mean � SEM. *, P � 0.05; **, P � 0.01 (repeated-measures ANOVA compared with wild
type).
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analgesia relative to controls (Fig. 2A). Remarkably, the analgesic
effect of i.t. U50,488H (60 �g) was indistinguishable between
wild-type and Lmx1bf/f/p mice (Fig. 2B). In wild-type mice, the i.c.v.
injection of U50,488H showed long-lasting analgesic effect, whereas
this effect did not occur in Lmx1bf/f/p mice. These data suggest that
5-HT neurons contribute to KOR analgesia at a supraspinal site
(Fig. 2C).

� opioid receptor (DOR) analgesia was also evaluated. The i.t. or
i.c.v. injection of the selective DOR agonist [D-Pen2,
D-Pen5]enkephalin produced strong analgesic effects in wild-type
mice, but this effect was significantly attenuated in Lmx1bf/f/p mice
(Fig. 2 D and E). Thus, the DOR mediates its analgesic effect
through the central 5-HT system at both spinal and supraspinal
levels. Given the known cross-talk between MOR and DOR and
the possible interaction of [D-Pen2, D-Pen5]enkephalin with either
of these receptors in the induction of thermal analgesia (23, 24), the
finding that both MOR and DOR agonists require central 5-HT
neurons for their analgesia in the spinal cord of the mutant mice
may not be surprising.

Development of Morphine Tolerance in Lmx1bf/f/p Mice. To determine
whether the central 5-HT system is necessary for morphine toler-
ance, we assessed morphine analgesia after daily injection of
morphine for 7 days at a dose of 15 mg/kg. In wild-type mice the
analgesic effect was gradually reduced over days; analgesia was
significantly lower after 7 days of morphine injection compared with
the first day of treatment, indicating a development of morphine
tolerance (Fig. 3A). In Lmx1bf/f/p mice, although the degree of
initial morphine analgesia was reduced compared with wild-type
mice, the analgesic effect of identical morphine injections also
declined over the 7 days of repeated injections (Fig. 3A). The
least-squares slope of the %MPE across 7 days showed no signif-
icant difference between the two groups (Fig. 3B). This suggests
that morphine tolerance developed similarly in both Lmx1bf/f/p and
wild-type mice. Thus, we conclude that the central 5-HT system is
not required for the development of morphine tolerance (17).

Normal Morphine Reward in Lmx1bf/f/p Mice. To evaluate whether the
central 5-HT system contributes to the rewarding properties of
morphine, we examined Lmx1bf/f/p and wild-type mice using a
conditioned place preference (CPP) paradigm (18). Both Lmx1bf/f/p

and wild-type mice spent significantly more time and traveled a
significantly longer distance in the morphine-paired chamber on the
posttest day than the pretest day at three doses tested (5, 10, and 20
mg/kg), but there was no significant difference between Lmx1bf/f/p

and wild-type mice in place preference under any condition (saline
or different doses of morphine) as measured in both time and travel
distance (Fig. 4 A and B). Insofar as wild-type and Lmx1bf/f/p mice
displayed similar preference for the chamber paired with morphine,
our data are consistent with the hypothesis that the central 5-HT
system is dispensable for the acquisition and expression of
morphine-induced reward. We further examined the extinction of
morphine CPP in the same group of animals used in the acquisition.
No significant difference in the number of days required for
extinction of the place preference was found between wild-type and
Lmx1bf/f/p mice (Fig. 4 C–F). Similarly, subsequent reinstatement of
the place preference was normal in the mutant mice (Fig. 4G).
Because acute administration of morphine is known to facilitate
locomotor activity in rodents by inducing dopamine release in the
brain (25), and because 5-HT acts through several 5-HT receptors
to modulate dopamine release (26), the role of the central 5-HT
system in morphine-induced locomotion was examined by record-
ing the travel distance of wild-type and Lmx1bf/f/p mice after acute
morphine injection. Morphine increased the travel distance of
wild-type mice in a dose-dependent manner (5, 10, and 20 mg/kg)
(Fig. 4H). In Lmx1bf/f/p mice, the travel distance induced by 20
mg/kg morphine was significantly longer than all other doses (Fig.
4H). In all tests after vehicle or any doses of morphine adminis-
tration, however, there was no significant difference between
wild-type and Lmx1bf/f/p mice (Fig. 4H).

Expression of MOR in the Brains of Lmx1bf/f/p Mice. To assess whether
a loss of central 5-HT neurons may result in an alteration of MOR
expression in the brain that may subsequently contribute to the
attenuated analgesia in Lmx1bf/f/p mice, we compared MOR ex-
pression between wild-type and Lmx1bf/f/p mice by in situ hybrid-
ization and Western blot studies. Consistent with previous anatom-
ical evidence indicating the high levels of MOR expression in the
midline raphe nuclei of rodents (27, 28), MOR mRNA distribution
in wild-type mice exhibited a characteristic pattern along the
midline of the hindbrain similar to 5-HT neuronal clusters (Fig. 5
A and C). In contrast, we found that MOR in Lmx1bf/f/p mice was
lost mainly in the raphe nuclei (Fig. 5 B and D, and data not shown),
presumably because of the loss of 5-HT neurons. However, MOR
expression was maintained in areas surrounding the raphe nuclei in
the mutants (Fig. 5D). In other brain regions of wild-type and
Lmx1bf/f/p mice, including several pain-associated areas such as the
hippocampus, the periaqueductal gray, the parabrachial nucleus,
and the locus ceruleus (Fig. 5 E–L), no discernable differences in
MOR expression were found between wild-type mice and
Lmx1bf/f/p mice. Consistent with these findings, Western blot anal-
ysis showed comparable MOR protein levels in various regions of
wild-type and Lmx1bf/f/p mice including caudate putamen and
spinal cord to which 5-HT fibers heavily projected (Fig. 5 M and N).
Thus, our results suggest that, with respect to either level of
expression or distribution pattern, no gross alteration of MOR
expression in pain-associated areas outside the raphe system oc-
curred in Lmx1bf/f/p mice.

Discussion
In this study we report opioid-mediated behaviors of Lmx1bf/f/p

mice in which central 5-HT neurons fail to survive because of the
genetic elimination of Lmx1b in Pet1-expressing neurons (21). By
taking the advantage of this animal model, we provide genetic
evidence indicating that central 5-HT neurons are necessary for the

Fig. 3. Morphine tolerance developed in parallel in Lmx1bf/f/p and wild-type
mice. (A) Wild-type and Lmx1bf/f/p mice were treated with morphine (15 mg/kg
s.c.) daily for 7 days. The analgesic effect was assessed 30 min after the
injection by water-immersion tail-flick assay. *, P � 0.05; **, P � 0.01; ***, P �
0.001 (repeated-measures ANOVA followed by Newman–Keuls test compared
with the first-day data of the same genotype). ###, P � 0.001 (repeated-
measures ANOVA compared with wild type). (B) The rate of development of
morphine tolerance denoted by the slope of the %MPE across 7 days (P � 0.05,
two-tailed t test, genotype effect). All data are presented as means � SEM.
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full expression of opioid analgesia. Compared with a large body of
pharmacologic and lesion studies, which often showed poor selec-
tivity and partial depletion of 5-HT when para-chlorophenylalanine
or 5,7-dihydroxytryptamine was used (2, 5), our approach is unique
because the deletion of central 5-HT neurons is highly specific and
complete in Lmx1bf/f/p mice. Although the ablation of the central
5-HT system from early developmental stages may have resulted in
compensatory changes in the brain, the findings that several major
monoaminergic systems are not affected in any significant manner
and that pain behaviors of Lmx1bf/f/p mice are largely in accordance
with many pharmacological studies (21, 22) suggest that any de-
velopmental compensation in the Lmx1bf/f/p mice has less impact on
pain behaviors than might be predicted.

Although a spinal mechanism has previously been implicated in
the analgesic actions of all three classes of opioid receptors (29),
whether spinally projecting 5-HT neurons are involved remains
unclear. Our data delineate the role of spinal 5-HT in opioid
analgesia and reveal that 5-HT neurons are required for MOR- and
DOR-induced spinal analgesia, but not for KOR-induced spinal
analgesia. Importantly, the absence of KOR analgesia in the mutant
mice demonstrates that KOR analgesia completely depends on
supraspinal 5-HT neurons. This striking result suggests that a
central serotonergic mechanism is a key component in the neural

circuits that mediate KOR analgesia and provide genetic evidence
in support of an earlier pharmacological study (30).

Because all three classes of opioid receptors are expressed in
5-HT neurons (4, 31, 32), it remains to be determined to what
degree and in what way the loss of each individual opioid receptor
in 5-HT neurons may have contributed to the altered behavioral
phenotype of Lmx1bf/f/p mice. Obviously, it is possible that the
attenuation of morphine analgesia in Lmx1bf/f/p mice could be due
to a secondary change of MOR expression in other regions of the
brain. However, a general or global alteration of MOR expression
and/or activity in Lmx1bf/f/p mice appears unlikely for several
reasons. First, our data indicate that there is no obvious change in
the levels of MOR mRNA and protein expression except in the
raphe nuclei. Second, Lmx1bf/f/p mice develop morphine tolerance
and exhibit normal morphine reward, which are known to be
initiated or mediated by the MOR (33, 34). Last, our results
showing the requirement of the central 5-HT system for morphine
analgesia are in line with some pharmacological studies (1).

On the other hand, given that 5-HT neurons are known to
produce many other neurotransmitters and peptides that may
interact with the opioid system to mediate analgesia (8, 35), it is
noteworthy that our findings reflect the net effect of a loss of central
5-HT neurons on opioid analgesia in a physiological context. Future
targeted deletion of each opioid receptor in spinally projecting

Fig. 4. Morphine-induced CPP and locomotor activity in Lmx1bf/f/p and wild-type mice. (A and B) Dose–response study of morphine as measured by percentage
of time spent (A) or travel distance ratio (B) comparing time or travel distance in the morphine-paired chamber before (pretest) and after (posttest) conditioning.
(C–E) Extinction of morphine-induced CPP in Lmx1bf/f/p and wild-type mice at doses of 5 (C), 10 (D), and 20 (E) mg/kg. Data are described as the percentage of
mice meeting the extinction criterion [see supporting information (SI) Methods] (P � 0.05, Fisher’s exact test, genotype effect). (F) Days of extinction at doses
of 5, 10, and 20 mg/kg morphine. Data are shown as mean � SEM (P � 0.05, unpaired t test, genotype effect). n � 6–7 in each genotype per dose in C–F. (G)
Reinstatement of CPP at different doses of morphine. (H) Locomotor activity reflected by travel distance during the 30-min period after injection of saline or
different doses of morphine. In all experiments morphine was administered i.p. n � 9–14 in each genotype per dose in A, B, and H, and n � 6–7 in G. Except
in C–E, all data are means � SEM (P � 0.05, two-tailed paired or unpaired t test comparing genotypes within treatment in A, B, G, and H). *, P � 0.05; **, P �
0.01; ***, P � 0.001 (two-tailed paired or unpaired t test, compared with pretest within the same genotype and dose in A, B, and G, or ANOVA followed by
Newman–Keuls tests compared with different doses in H).
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5-HT neurons is required to delineate the involvement of opioid
receptors in opioid analgesia. Nevertheless, by examining Lmx1bf/f/p

mice in which central 5-HT neurons are genetically ablated, we are
able to provide the genetic evidence suggesting that the central
5-HT neurons are an essential component of the supraspinal
modulatory circuit that is required for the full expression of opioid
analgesia.

The mesolimbic dopamine system has been considered to be
important in the reinforcing effects of drugs of abuse and in
morphine-induced alterations in locomotion (36–39). In addition,
norepinephrine has been implicated in morphine-related reward
(40). In the present study we found no major difference in morphine
reward between wild-type and Lmx1bf/f/p mice, suggesting that the
central 5-HT system is not required for hedonic responses to
morphine or morphine reward-related learning (41). Our finding
that morphine-induced reinstatement is not altered in the mutant
mice is unexpected because reinstatement has been tightly associ-
ated with the function of the forebrain to which 5-HT� and
dopamine� fibers densely project (42). Previous studies have shown
that morphine can increase extracellular 5-HT and dopamine
transmission in the ventral tegmental area, nucleus accumbens, and
the forebrain (38, 43); possible synergistic interactions between the
5-HT system and the dopamine system have also been reported (26,
44, 45). For example, 5-HT can regulate the activity of the ventral
tegmental area dopaminergic neurons and dopamine release in the
nucleus accumbens and the prefrontal cortex, which are important
for drug-induced reinstatement (44, 46, 47). Our results suggest that

central 5-HT neurons are not required for the development of the
opioid responsiveness in the forebrain. The present findings that the
morphine-induced reward and locomotor activity are not altered in
Lmx1bf/f/p mice raise an intriguing possibility that the dopamine and
norepinephrine systems are not significantly altered in Lmx1bf/f/p

mice even after morphine treatment. Although we cannot rule out
the possibility that an effect resulting from possible alterations of
dopamine and/or norepinephrine after morphine treatment on
reward-related behaviors may be developmentally compensated for
in Lmx1bf/f/p mice, we consider this unlikely (22). Nevertheless,
future conditional temporal knockout studies are required to
distinguish these possibilities.

The observation that morphine tolerance develops independent
of central 5-HT neurons may also be unexpected, given that
synergistic interactions between spinal and supraspinal actions are
believed to be important for spinal morphine potency (48). Fur-
thermore, because morphine exerts its effect via MORs at multiple
sites including 5-HT neurons of the central nervous system (24), our
results suggest that supraspinal 5-HT neurons expressing MORs are
not part of the neural circuit that mediates morphine tolerance and
morphine reward despite their likely involvement in opioid anal-
gesia. Collectively, these studies suggest that the role of the central
5-HT system in opioid analgesia can be disassociated from its role
in morphine tolerance and morphine reward.

Materials and Methods
Animals. Lmx1bf/f/p mice were generated by crossing homozygous
floxed Lmx1b mice and ePet-cre mice maintained in a mixed genetic
background (C57BL/6 and 129SvEv) and genotyped as described
previously (21). Because our pilot studies indicated no significant
molecular, anatomic, or behavioral differences between wild-type
mice and Lmx1bf/�/p or Lmx1bf/� mice, wild-type or Lmx1bf/�/p or
Lmx1bf/� littermate mice were used as the control group in the
present study and were referred to as wild-type mice throughout the
text. Male mice aged between 8 and 12 weeks were acclimated to
the experimental room and were used for behavioral tests by
observers blind to both the genotype and the treatment of the
animals. All experiments were performed in accordance with
experimental protocols approved by the Animal Studies Commit-
tee at Washington University School of Medicine.

Tail-Flick Assays. For analgesia studies of different opioid receptor
agonists, we used the radiant tail-flick assay. A noxious heat
stimulus was applied via a focused, radiant heat source (IITC,
Woodland Hills, CA) to the dorsal surface of the tail. The time from
initiation of the light beam until the time at which the mouse flicked
its tail was recorded. For the morphine tolerance study we per-
formed the tail-flick assays using the 52°C water tail-immersion
approach. All tail-flick results were expressed as %MPE � (post-
drug latency � pre-drug latency) � 100/(cutoff time � pre-drug
latency).

Agonists’ Administration. Systemic injection. Morphine sulfate (Sigma,
St. Louis, MO) and U50,488H (Sigma) were injected s.c. 30 min
before the tail-flick assays in doses of 3, 6, 10, and 30 mg/kg and 1,
3, 6, 10, and 30 mg/kg, respectively. Because [D-Pen2,
D-Pen5]enkephalin (Sigma) exhibits a poor blood–brain barrier
permeability (49), no systemic injection was attempted. For mor-
phine-induced tolerance and reward experiments, morphine was
administrated s.c. and i.p., respectively.
i.t. and i.c.v. injection. Injections were performed as previously
described (50). For ascertaining the areas in the brain ventricular
system into which the drugs penetrated, the i.c.v. injection site was
confirmed after the experiment by using a 10-�l injection of 0.1%
Fast Green, and the brains were sectioned and studied histologi-
cally. Only those with correct injection sites were included in the
analysis.

Fig. 5. MOR expression in Lmx1bf/f/p and wild-type mice assessed by in situ
hybridization and Western blotting assays. (A–L) MOR expression detected in
various brain areas of wild-type and Lmx1bf/f/p animals by in situ hybridization.
Except the raphe system including dorsal raphe nucleus (DRN) (A and B) and
caudal raphe nuclei (CRN) (C and D) where 5-HT neurons are clustered along
the midline, no major differences of MOR expression was detected (E–L) in
various brain regions between wild-type and Lmx1bf/f/p mice. Asterisks in A, B,
G, and H indicate the cerebral aqueduct. Arrows in A–D and I–L indicate the
typical MOR expression areas. (Scale bar: 100 �m.) (M and N) Western blot
analysis showing no significant difference in MOR protein levels found in four
brain areas of wild-type (left sample in M and open bars in N) and Lmx1bf/f/p

(right sample in M and black bars in N) mice (n � 4 per genotype). Data are
expressed as the ratio of MOR band densities to band densities of the corre-
sponding �-actin on the same film. Error bars represent mean � SEM (P � 0.05,
one-way ANOVA followed by Newman–Keuls post hoc test; the difference in
the same areas between genotypes were compared). HP, hippocampus; PAG,
periaqueductal gray; PB, parabrachial nucleus; LC, locus ceruleus; BS, brain
stem; CPu, caudate putamen; SC, spinal cord.
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Tolerance Induction. Morphine tolerance induction was performed
according to methods described previously (51) with slight modi-
fication. Mice received daily morphine sulfate injections (15 mg/kg
s.c. between 1500 hours and 1600 hours) for 7 days. For assessment
of tolerance, the antinociceptive effect of morphine was determined
daily 30 min after the morphine injection by warm water tail-
immersion tests as described above, and the effect of morphine
(%MPE) was compared.

CPP Experiment. The same custom-made apparatus was used as
previously described (36), and the acquisition, extinction, and
reinstatement of morphine CPP (52) were examined (see details in
SI Methods). The design of the CPP paradigm was as described (40).
The animals’ activities were recorded by a video camera (Creative
Technology, Milpitas, CA), and the travel distance and time in each
compartment were analyzed by using ANYMAZE software
(Stoelting, Wood Dale, IL). The extinction of morphine CPP was
determined in the same group of animals used in the acquisition of
morphine CPP. Once the extinction criterion was met, on the
following day the animals were injected with morphine (the same
dose used in the training of expression of morphine CPP), and the
time spent in each chamber was recorded. The horizontal locomo-
tion of mice in the morphine-paired chamber was also measured
after different doses of morphine injection during the conditioning
procedure.

In Situ Hybridization. In situ hybridization was performed as previ-
ously described (19). For the mouse MOR probe, the MOR plasmid
was cut with HindIII and transcribed with SP6 RNA polymerase to
produce the antisense cRNA probe (53).

Western Blot Analysis. Western blot analysis was performed on
protein samples isolated from brain regions of 2-month-old male
wild-type and Lmx1bf/f/p animals using a modified protocol (54).

After protein concentration was measured, aliquots of protein
extract (150 �g of total protein for MOR) were separated by gel
electrophoresis on 5–10% precast polyacrylamide gels (Bio-Rad,
Oakland, CA). Bands were transferred to a nitrocellulose mem-
brane for immunoblotting with a rabbit polyclonal antibody against
the N-terminal domain of MOR (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA). Horseradish peroxidase-linked IgG (goat anti-
rabbit, 1:2,000; Cell Signaling Technology, Beverly, MA) was
applied as the secondary antibody. Bands were visualized by
chemiluminescence detection as described (55), and band intensi-
ties were normalized to those for a mouse monoclonal antibody
against �-actin (1:500,000; Chemicon, Temecula, CA) on the same
film as a loading control. Band intensities were determined by
densitometric analysis using a OneTouch 9220 USB scanner (Vi-
sioneer), MagnaFire software (version 2.1C; Olympus, Melville,
NY), and NIH ImageJ version 1.34e.

Statistical Analysis. All details for statistical methods and subjects
for comparisons can be found in SI Methods. Statistical comparisons
were performed by using Prism Software (GraphPad, San Diego,
CA) and STATISTICA 7 (StatSoft, Tulsa, OK). Except for the
mentioned exceptions, data are expressed as the mean � SEM and
error bars represent SEM. P � 0.05 was considered statistically
significant.
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