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Reduction of Morphine Abstinence in Mice with
a Mutation in the Gene Encoding CREB
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Chronic morphine administration induces an up-regulation of several components of the
cyclic adenosine 5’-monophosphate (cAMP) signal transduction cascade. The behav-
ioral and biochemical consequences of opiate withdrawal were investigated in mice with
a genetic disruption of the « and A isoforms of the cAMP-responsive element-binding
protein (CREB). In CREBaA mutant mice the main symptoms of morphine withdrawal
were strongly attenuated. No change in opioid binding sites or in morphine-induced
analgesia was observed in these mutant mice, and the increase of adenylyl cyclase
activity and immediate early gene expression after morphine withdrawal was normal.
Thus, CREB-dependent gene transcription is a factor in the onset of behavioral mani-

festations of opiate dependence.

Adaptations in the cAMP signal transduc-
tion pathway underlie the mechanisms of
opiate tolerance and dependence, and up-
regulation of these components plays an im-
portant role in the onset of the withdrawal
syndrome (1-3). In particular, the activa-
tion of the transcription factor CREB is
implicated in naloxone-precipitated with-
drawal syndrome (4). Here, the behavioral
manifestations of abstinence were investi-
gated during naloxone-precipitated mor-
phine withdrawal in mice with a targeted
mutation of the gene encoding CREB (5).
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This mutation causes a hypomorphic allele
of the CREB gene such that two of the three
known transcriptionally active isoforms are
disrupted, CREB « and A (6). A minor
isoform of the CREB gene, CREBB, is up-
regulated in these mutant mice. However,
given that the transcriptional activity of
CREBR is lower than that of CREBA and
that the overall level of CREB protein, based
on protein immunoblot and immunohisto-
chemical analysis, is reduced (6), we estimate
that the homozygous mutants have about 10
to 20% of residual CREB activity. In vivo
studies have shown that this reduction in
CREB activity leads to impairment of mem-
ory consolidation in these mice (7).

Opiate dependence was induced by re-
peated morphine injection, and the behav-
ior of the mice was observed in transparent
round plastic boxes with white floors before
and after naloxone administration. The mu-
tant mice treated with saline appeared
healthy and their spontancous behavior
nearly normal, except for the presence of a
lower number of rears (14.54 = 4.68,
mean *+ SEM) compared with control wild-
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type animals [44.61 * 7.43, ¢(1,22) = 3.27,
P < 0.005, two-tailed Student’s ¢ test]. To
further characterize the behavior of mutant
mice, we also evaluated their responses in
the open-field test (8). No significant dif-
ference was observed between wild-type
and mutant mice for any of the behavioral
parameters quantified in this test (only a
tendency of mutant mice to cross more
squares was observed: 317.9 * 30.8 squares
compared with 259.9 + 10.7 in wild type,
mean = SEM). This result indicates that
mutant mice elicit a normal behavioral re-
sponse to a stressful situation. Analgesia was
measured after the first morphine adminis-
tration [20 mg per kilogram of body weight,
administered intraperitoneally (i.p.)] with
the hot plate test in which the animal is
placed on a hot plate and the elapsed time
for several behavioral responses is recorded.
The hot plate was set to shut off after 90 s
(9). There was no difference between the
mutant and the wild-type mice in the la-
tency of either morphine-increased licks
(wild type = 64.9% analgesia, mutant =
54.4% analgesia) or jumps (wild type =
95.1% analgesia, mutant = 100% analge-
sia) (10). Morphine treatment induced clas-
sical responses in both mutant and wild-
type mice, such as the Straub reflex (reflex
posture of the tail exhibited by rodents after
opiate administration) and increased hori-
zontal locomotor activity. Thus, the acute
analgesic responses and the changes in lo-
comotor activity induced by opiates were
not affected in CREBaA mutant mice.

In chronically treated wild-type mice, nal-
oxone administration {1 mg/kg, administered
subcutaneously (s.c.)] precipitated the stan-
dard behavioral signs of withdrawal in mor-
phine-treated animals and did not trigger be-
havioral changes in saline-injected control
groups (Fig. 1). In contrast, a dramatic de-
crease in all nine classical signs of withdrawal
was observed in the mutant mice. Sniffing
and ptosis (drooping of the upper eyelid) were
almost completely absent in the CREBaA
mutant mice. All seven other parameters an-
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alyzed were present in the mutant mice, but to
a much reduced extent compared with the
control groups (Fig. 1). The decrease observed
in the number of rears presumably did not
affect the behavioral expression of withdrawal
in mutants because signs not dependent on
locomotor activity, such as ptosis, weight loss,
and diarrhea, were also strongly attenuated.
The time course of the global abstinence score
plot, which assesses all somatic responses in
the withdrawal syndrome, was dramatically
reduced in the CREBaA mutant mice during
all 5-min intervals (Fig. 2).

This strong attenuation of morphine
withdrawal in CREB mutant mice was not
the result of a change in the total amount
of opioid receptors. The binding proper-
ties of the nonselective (u, 3, and «)
opioid ligand [PH]diprenorphine was in-
vestigated in brain homogenates (11). The
binding of [*H]diprenorphine at two con-
centrations, 0.3 nM (value of the dissoci-
ation constant) and 3 nM, was not signif-
icantly modified in the brains of mutant
mice (decrease of less than 10%).

The development of tolerance to the an-
algesic effects of morphine was evaluated in a
different group of CREBaA mutant mice be-
fore and after a treatment of repeated mor-
phine injections (12). Similar antinociceptive
responses during the hot plate test were ob-
served in wild-type and CREBaA mutant
mice after acute morphine administration
(10). After chronic morphine treatment, the

Fig. 1. Incidence of behavioral

signs of abstinence and weight § 40
loss (mean * SEM) measured & 30
during  naloxone-precipitated 'g, 20 Kokk
morphine withdrawal syndrome g 10
in mutant mice with a mutation g 0

of the gene encoding CREB
(white columns), and their wild-

type littermates (black col- ki
umns). Opiate dependence was 60
induced in mice by repeated in- 40

ery 8 hours during 3 days. The
morphine dose was progres-
sively increased as follows: first
day, 20, 40, and 60 mg/kg; sec-
ond day, 80, 100, and 100 mg/
kg; third day, 100 mg/kg. Con-
trol mice were treated with sa-
line under the same conditions.
Before the behavioral experi-
ments, the genotype of the mice
was determined by Southern
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degree of analgesia at the highest acute dose of
morphine (9 mg/kg) was reduced in wild-type
mice (47.7% compared with 100% in naive
animals) as well as in CREBaA mice (87.7%
compared with 100% in naive animals), but
not to the same extent. At a lower acute dose
similar results were obtained (13). Together
these data indicate that CREBaA mutants
develop tolerance to morphine analgesia, but
to a lesser degree than wild-type mice.
Because changes in the levels of expres-
sion of immediate early genes have been
observed after opiate withdrawal (14, 15),
we examined the expression of c-fos and
cjun mRNA by in situ hybridization in
brains from wild-type and CREBaA mutant
mice after naloxone-precipitated withdraw-
al. Induction of mRNA for c-jun as well as
for c-fos was observed during withdrawal in
both wild-type and mutant mice (16). At the
protein level, an identical increase in immu-
noreactivity for ¢c-FOS (Fig. 3) and c-JUN
(16) was observed 2 hours after naloxone-
precipitated morphine withdrawal, in the lo-
cus coeruleus and the amygdala of both wild-
type and CREBaA mutant animals. Thus, the
increase in immediate carly gene expression
after morphine withdrawal was not affected by
a reduction in the amount of CREB activity.
Furthermore, these increases may not be re-
lated to the associated behavioral manifesta-
tions of the withdrawal syndrome, because in
the CREBaA mice enhancement in the ex-
pression of immediate early genes occurred
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(DNA) blot analysis as previously described (5). Withdrawal was precipitated only once in each animal by
injecting naloxone HCI (1 mg/kg, s.c.) 2 hours after the last morphine administration. The animals were
placed individually into test chambers 30 min before naloxone injection, and the behavioral signs of
withdrawal were evaluated after injection for 30 min (23). Observations were quantified and values were
analyzed by two-way analysis of variance (ANOVA) (mutation and treatment) between animals. Individual
comparisons were made by the two-tailed Student’s ¢ test. The number of animals per group ranged

from 12 to 16. The black stars indicate comparisons

between morphine-treated mice and their respec-

tive saline groups. The white stars show comparisons between wild-type and mutant groups receiving
the same treatment. One star: P < 0.05; two stars: P < 0.01; and three stars: P < 0.001.
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despite the lack of these behavioral symptoms.
Adenylyl cyclase activity is increased in
the cortex of animals after opiate withdrawal
(17). Total adenylyl cyclase activity was mea-
sured in crude membrane preparations from
cortex (18). Naloxone-precipitated morphine
withdrawal syndrome in wild-type animals re-
sulted in a slight increase (10.4%) of adenylyl
cyclase activity. In CREBaA mutant mice, a
similar increase in adenylyl cyclase activity
(28%) was observed after morphine with-
drawal syndrome, but it should be noted that
in saline-treated CREBaA mice there was also
a slight increase (14%) of adenylyl cyclase
activity. However, the relevance of these re-
sults is limited because the regions selectively
implicated in opiate withdrawal, such as the
locus coeruleus, ventral tegmental area, and
amygdala (3, 19), could not be investigated
separately on an individual animal basis.
The CREBaA mutation did not affect the
normal up-regulation of the immediate early
genes c-jun and c-fos nor did it affect the
increase in adenylyl cyclase activity produced
by morphine abstinence. Because no cyclic
AMP response element (CRE) binding sites
have been reported in the promoter of c-jun, it
is not surprising that the CREB&A mutation
did not affect up-regulation induced by mor-
phine withdrawal. However, one reason for
the continued induction of c-fos after absti-
nence in mutant mice could be that this effect
is not mediated solely by CREB binding to
CREs. It has been established that other ele-
ments in the promoter region of this gene,
such as the serum response element, are im-
portant and necessary for its induction after
stimulation by nerve growth factor (20, 21).
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Fig. 2. Evolution of the severity of the withdrawal
syndrome in wild-type (black squares) and mutant
(white squares) mice measured at 5-min intervals
during the 30 min of observation. A global with-
drawal score was calculated for each animal by
using a range of possible scores from 0 to 100 for
the entire observation period as previously report-
ed (24). Values are mean = SEM and were ana-
lyzed by two-way ANOVA (mutation, between an-
imals; time, within one animal). Individual compar-
isons were made with the two-tailed Student’s ¢
test. The stars indicate comparisons between
wild-type and mutant groups at each time point.
Two stars: P < 0.01; three stars: P < 0.001. See
legend to Fig. 1 for details concerning methods.



Withdrawal most likely activates a number of
signal transduction pathways in the brain that
can in turn enhance gene transcription by a
variety of elements within the promoter re-
gion of the immediate early genes. Reduction
in the amount of CREB activity probably
leads to an alteration in the expression of
genes other than c-fos and c-jun, which forms
the basis of an altered behavioral response
upon opiate withdrawal. The results reported
here only reflect the physical component of
opiate abstinence. The effects of chronic mor-
phine treatment on other components of de-
pendence, such as the dysphoric-aversive
properties of withdrawal and the rewarding
effects of opiates, still remain to be elucidated
in the CREB mutant mice.

Here, alterations in the activity of the

Fig. 3. Expression of ¢-FOS immunoreactivity in
the locus coeruleus [panels (A) to (D)] and amyg-
dala [panels (E) to (H)] revealed by immunocyto-
chemistry (25). (A and E) Morphine-treated wild-
type mice; (B and F) morphine-treated CREBaA
mutant mice; (C and G) saline-treated wild-type
mice; (D and H) saline-treated CREBaA mutant
mice. Scale bar = 100 um.

transcription factor CREB occurring during
morphine treatment probably cause the adap-
tive changes responsible for the behavioral
expression of opiate withdrawal. In particular,
mice that lack two of the three functional
isoforms of CREB already show dramatic al-
terations in the classical withdrawal syndrome
and a lower development of tolerance to the
analgesic response. The ideal experimental
animal for these studies is of course a mouse
lacking all three functional isoforms of CREB.
However, these mice (CREB null) die at birth
(22), which prohibits these types of analyses.
Changes in the various components of the
cAMP signal transduction cascade during
morphine treatment and withdrawal are
known. Here, a causal link between a reduc-
tion in the amount of one member of this
cascade, namely CREB, and the behavioral
manifestations of the withdrawal syndrome is
demonstrated. Thus, these CREB mutant
mice can be used to investigate the molecular
mechanisms underlying physical and psycho-
logical aspects of drug addiction.
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