The Journal of Neuroscience, May 1, 2002, 22(9):3663-3672

Regional and Cellular Mapping of cAMP Response Element-
Mediated Transcription during Naltrexone-Precipitated

Morphine Withdrawal

Tamara Z. Shaw-Lutchman,’2 Michel Barrot,” Tanya Wallace,?2 Lauren Gilden,? Venetia Zachariou,'4
Soren Impey,® Ronald S. Duman,2 Daniel Storm,? and Eric J. Nestler?

1Department of Psychiatry and Center for Basic Neuroscience, The University of Texas Southwestern Medical Center,
Dallas, Texas 756390-9070, 2Interdepartmental Neuroscience Program and Laboratory of Molecular Psychiatry, Yale
University School of Medicine, New Haven, Connecticut 06508, 3Department of Pharmacology, University of Washington,
Seattle, Washington 98195, and 4Department of Pharmacy, University of Patras School of Health, Patras, Greece 26500

Chronic opiate exposure is associated with upregulation of the
cAMP signaling pathway and the transcription factor cAMP
response element-binding protein in the locus ceruleus (LC)
and certain other brain areas. To determine whether these
adaptations ultimately affect transcription mediated by the
cAMP response element (CRE), we induced morphine depen-
dence in CRE-LacZ transgenic mice and performed a regional
and cellular mapping of B-galactosidase (B-gal) expression
during naltrexone-precipitated withdrawal. Consistent with our
model of opiate dependence, B-gal expression increased in the
LC, but decreased in the lateral ventral tegmental area (VTA)
and dorsal raphe nucleus (DRN). In addition, withdrawal in-
creased B-gal expression in the continuum of the extended
amygdala and nucleus accumbens, macrostructures associ-
ated with the coupling of emotional stimuli to motor and auto-
nomic responses. At the cellular level, in the central nucleus of
the amygdala, B-gal was found in cells both with and without

opioid receptors as well as in corticotropin-releasing factor-
expressing cells. In nucleus accumbens, B-gal was expressed
in several major subpopulations of neurons. In LC, B-gal ex-
pression was induced predominantly in tyrosine hydroxylase-
expressing cells, whereas in the VTA and DRN the majority of
cells expressing B-gal were nonmonoaminergic. These results
show that molecular adaptations to chronic morphine alter
CRE-mediated transcription during opiate withdrawal in phys-
iologically salient regions involved in arousal, reward, mood,
and affective responses. We propose that CRE-mediated tran-
scription serves as a functional marker for neuronal plasticity
during withdrawal. CRE-mediated transcription may itself con-
tribute to re-establishing homeostasis in the organism through
target gene regulation in these regions.
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Chronic use of drugs of abuse is thought to induce homeostatic
neuronal adaptations and synaptic plasticity in specific brain
regions, changes that ultimately contribute to the addictive phe-
notype (Nestler et al., 1993; Berke and Hyman, 2000; Nestler,
2001). In the principal noradrenergic nucleus of the hindbrain,
the locus ceruleus (LC), chronic morphine increases levels of
cAMP response element-binding protein (CREB) (Widnell et al.,
1994), a transcription factor whose activity has been implicated in
the development of morphine dependence (Maldonado et al.,
1996; Lane-Ladd et al., 1997). CREB binds to the cAMP re-
sponse element (CRE) present in many genes and, when phos-
phorylated, alters their transcription (Montminy, 1997; Shaywitz
and Greenberg, 1999). Changes in CREB-mediated transcription
underlie a form of synaptic plasticity associated with learning and
the expression of long-term memory (Martin and Kandel, 1996;
Yin and Tully, 1996; Silva and Murphy, 1999).

The phosphorylation state of CREB is determined by several
intracellular signal transduction pathways including the cAMP
pathway. In the LC, the phosphorylation of CREB is homeostati-
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cally regulated by activity at the u opioid receptor (wOR), which
inhibits the cAMP pathway via the inhibitory G-protein G;.
Exogenous opiates acutely inhibit CREB phosphorylation in the
LC by inhibiting adenylyl cyclase activity (Duman et al., 1988;
Guitart et al., 1992). Chronic morphine, however, induces expres-
sion of particular components of the cAMP signaling pathway,
including adenylyl cyclases I and VIII and protein kinase A
(PKA) catalytic and regulatory subunits (Nestler and Tallman,
1988; Lane-Ladd et al., 1997; Nestler and Aghajanian, 1997), so
that the phosphorylation state of CREB gradually recovers to-
ward normal levels during the course of chronic opiate adminis-
tration (Guitart et al., 1992). Removal of the opiate (and its
inhibition of the cAMP pathway) reveals the consequences of the
upregulated cAMP pathway, namely, a robust increase in CREB
phosphorylation.

Chronic morphine treatment has also been shown to upregu-
late the cAMP pathway in regions of the brain other than the LC,
including the nucleus accumbens (NAc, also known as ventral
striatum), amygdala, dorsal raphe nucleus (DRN), and ventral
tegmental area (VTA) (Terwilliger et al., 1991; Bonci and Wil-
liams, 1997; Jolas et al., 2000). However, the functional impact of
these adaptations on the transcriptional activity of CREB in these
brain areas during chronic opiate administration and opiate with-
drawal is not known.

To determine whether opiate exposure regulates CREB-
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mediated transcription, we induced morphine dependence and
then precipitated withdrawal with the opioid receptor antagonist
naltrexone in transgenic CRE-reporter mice. These mice bear
constructs in which the reporter gene, LacZ [encoding
B-galactosidase (B-gal)], is under the control of CRE-consensus
elements. These reporter mice have been used to demonstrate the
involvement of CRE-mediated transcription in a variety of phys-
iologic and pharmacologic processes related to emotional learn-
ing or development (Impey et al., 1998; Pham et al., 1999; Thome
et al., 2000). Here, we use the CRE-LacZ mice to map the brain
regions and neuronal cell types in which CRE-mediated tran-
scription is regulated during opiate withdrawal to identify neural
circuits in which persistent functional changes occur that may
underlie certain behavioral features of opiate addiction.

MATERIALS AND METHODS

Transgenic mouse line. The CRE-reporter mouse used in this study
contains six CRE-consensus sequences in tandem, upstream of a minimal
Rous sarcoma virus promoter (Impey et al., 1998). Male heterozygote
transgenic mice (line 37) were out-crossed to wild-type C57/BL6 mice.
Genotyping was performed by PCR. Animals were bred and maintained
under a 12 hr dark/light cycle with food and water ad libitum. Male and
female mice heterozygous for the transgenic sequence between the ages
of 8 and 12 weeks were used for all experiments. For each experimental
animal, a littermate of the same gender and bearing the reporter trans-
gene was used as a control. This was done to take into account the
variability of reporter expression among litters.

Drug administration. Morphine was administered chronically in two
ways: by repeated intraperitoneal injection or by repeated subcutaneous
pellet implantation. In the chronic injection paradigm, transgenic mice
received twice-daily intraperitoneal injections of an escalating dose of
morphine sulfate over 8 d (10, 20, 40, 80, 100, 120, 140, 140 mg/kg).
Control mice received saline injections. Twelve hours after the last
injection, mice received an intraperitoneal injection of either saline or
naltrexone (50 mg/kg) (Sigma, St. Louis, MO). We waited 12 hr to limit
any influence of the last morphine injection per se on CRE activity. This
wait may have allowed some spontaneous withdrawal to occur (although
no signs of withdrawal were evident), which is why a pelleting paradigm
was used in subsequent experiments: a pelleting paradigm enabled a
much clearer distinction between effects of chronic morphine and effects
of withdrawal. Mice on which Fos immunohistochemistry was performed
also received an escalating dose of chronic morphine via injections every
8 hr (20, 40, 60, 80, 100, 100, 100) followed by naltrexone 2 hr after the
last injection. In the pellet paradigm, on day 1 transgenic mice were
anesthetized with inhaled isofluorane and implanted subcutaneously
with either a 25 mg morphine base pellet or a physically similar colloid
sham pellet. An identical procedure was performed on day 3. On day 6,
mice received an intraperitoneal injection of saline or naltrexone (100
mg/kg). A higher dose of naltrexone was used in the pelleting procedure
to induce maximal levels of withdrawal in the presence of continuous
morphine administration (Rasmussen et al., 1990). In all experiments,
animals were injected 4 hr later (to permit reporter gene expression) with
an overdose of pentobarbital. Animals were perfused transcardially with
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer,
post-fixed for 12 hr, then cryopreserved in 25% glycerol for 12 hr. Brains
were sectioned at 40 wm intervals in PBS.

Behavioral scoring. Several measures of opiate withdrawal were as-
sessed in mice that received morphine by repeated injections or by the
pelleting procedure. The mice were weighed before the final saline or
naltrexone injection, the behavior was then scored for 30 min, and the
mice were weighed again. The number of jumps, wet dog shakes, back-
ward locomotion, and paw tremors were recorded. Weight loss was
measured as a percentage of the preinjection weight. General tremors
and ptosis were scored as present (1) or absent (0) for each 5 min period
over the 30 min of scoring.

Single- and double-labeling immunohistochemistry. LacZ immunohisto-
chemistry was performed using a rabbit polyclonal anti-B-gal antibody
(1:500; 5-prime, 3-prime Inc., Boulder, CO) for single-labeling, or a
mouse monoclonal antibody (1:500; Sigma) for double-labeling. Immu-
nohistofluorescence was performed for the u opioid receptor (1:200;
Chemicon, Temecula, CA), tyrosine hydroxylase (TH) (1:200; Sigma),
serotonin (1:200; Chemicon), choline acetyltransferase (1:200; Diasorin,
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Stillwater, MN), calbindin (1:200; Chemicon), or S-100 (1:200; Sigma)
and visualized using Alexa fluorophore-labeled secondary antibodies
(Molecular Probes, Eugene, OR). Sections were mounted in Vectashield
mounting media with a 4’,6’-diamidino-2-phenylindole counterstain
(Vector Laboratories, Burlingame, CA). Quantification and localization
of B-gal expression was performed on either fluorescent light microscopy
images captured by a CCD camera or on confocal images (Zeiss LSM
510). The number of cells with immunofluorescence above background
was counted by an investigator blinded to treatment conditions. c-Fos
immunoreactivity was assessed using a rabbit antiserum (1:5000; Santa
Cruz Biotechnology, Santa Cruz, CA), and an anti-tyrosine hydroxylase
mouse monoclonal was used for double-labeling (1:1000; Chemicon).
The immunoreactivity was visualized by the biotin—streptavidin tech-
nique (ABC kit; Vector) using 3,3’-diaminobenzidine and Vector SG as
chromogens for c-Fos and TH, respectively.

Double-labeling immunohistochemistry in situ hybridization. Striatal sec-
tions were immunolabeled for B-gal as described above except that
detection was performed using biotin-conjugated secondary antibodies
(Vector Laboratories). The sections were then incubated with *S-
labeled probes complementary to exon 4 of rat prodynorphin, the cDNA
of proenkephalin, or a 1.2 kb portion of the cDNA for CRF. The sections
were then washed, dried, and dipped in NT2B emulsion (Eastman
Kodak, Rochester, NY). Emulsions were developed 1-3 weeks later and
counterstained with cresyl violet. Light- and dark-field microscope im-
ages of the NAc were captured at 20X, and grains above background
were counted in dark field using the Bioquant program quantification
array. The light microscope image was then superimposed, and counts
were grouped by coexpression of B-gal. Grain counts showed a bimodal
distribution; cells in the upper peaks were designated as dynorphinergic
or enkephalinergic. The proportion of the total number of 3-gal-positive
cells that also expressed prodynorphin or proenkephalin mRNA was then
calculated.

RESULTS

Acute morphine withdrawal increases CRE-mediated
transcription in select brain areas

As a preliminary experiment, we treated CRE-LacZ mice with a
chronic escalating dose regimen of morphine and precipitated
withdrawal with naltrexone. In mice receiving repeated saline or
morphine injections alone, levels of immunoreactivity of the B-gal
reporter were undetectable. Because levels of phosphoCREB can
be detected in brain under basal conditions, the undetectable
basal levels of B-gal expression observed in the CRE-LacZ mice
presumably reflect a relatively low level of sensitivity of the
reporter gene, a phenomenon observed in many transgenic re-
porter lines. Precipitation of withdrawal in chronic morphine-
treated mice induced B-gal immunoreactivity in several brain
areas, including the lateral septum, interstitial nucleus of the
posterior limb of the anterior commissure (IPAC), central nu-
cleus of the amygdala (CeA), and LC. This effect was quantified
in the CeA, where withdrawal induced B-gal immunoreactivity by
~80% above controls that received chronic saline and an acute
naltrexone injection (control, 107 = 32 cells/mm?; withdrawal,
195 + 51 cellsymm?; p < 0.05 by ¢ test; n = 5 for each group).

Regional mapping of CRE-mediated transcription in
brain during opiate withdrawal

The chronic injection schedule of morphine administration used
in preliminary experiments produced relatively low levels of
morphine dependence in the transgenic mice, based on the ob-
servation that very few overt behavioral symptoms of withdrawal
were seen after naltrexone administration (Table 1). This is not
unexpected given the intermittent nature of morphine exposure.
Therefore, to induce a greater degree of morphine dependence,
mice were implanted subcutaneously with either sham colloid or
morphine pellets and then injected with naltrexone or saline.
Morphine pellets induce a much greater degree of dependence
because they provide continuous exposure to the drug (Rasmus-
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Table 1. Behavioral indices of opiate withdrawal in CRE-LacZ mice

Morphine injection Morphine pellet

Withdrawal sign paradigm paradigm
Jumps 37x24 433 £ 8.5
Wet dog shakes 57x0.7 413 £9.2
Body tremors 3307 6.0=0

Paw tremors 1.8 08 28.8 +2.9
Ptosis 1.8 +0.5 6.0+0

Backward locomotion 1.0x04 3519
Weight loss (%) 1.5+05 3003

CRE-LacZ mice and their littermates without the transgene were scored for signs of
opiate withdrawal for 30 min after a single naltrexone injection to animals that
received chronic morphine injections or chronic morphine pellets. See Materials and
Methods for a description of the drug treatments and scoring of withdrawal signs.
Data are expressed as the mean = SEM (n = 4-6 animals in each group). There was
no difference in the expression of opiate withdrawal between mice with or without
the transgene (data not shown). In addition, withdrawal symptoms in chronic
morphine-treated animals (injections or pellets) given saline, and in chronic sham-
treated animals given naltrexone, were either minimal or absent (data not shown).

sen et al., 1990). Indeed, as expected, mice implanted with mor-
phine pellets showed a much more dramatic induction of classic
withdrawal signs after naltrexone administration, including jump-
ing, wet dog shakes, lacrimation, and diarrhea (see Table 1).

Based on these observations, we performed a general mapping
(Table 2) of brain areas that show -gal expression in four groups
of transgenic mice (n = 3 for each group): control mice (sham
pellets followed by saline injection); naltrexone control mice
(sham pellets followed by naltrexone injection); chronic morphine
mice (morphine pellets followed by saline injection); and with-
drawal mice (morphine pellets followed by naltrexone injection).
B-gal expression was virtually undetectable in the control mice.
The naltrexone controls showed low to moderate levels of B-gal
expression in many brain regions, including the septum, NAc,
amygdala, the paraventricular, lateral, and dorsomedial hypothal-
amus, parasubthalamic nucleus, and lateral tegmental nucleus.
Chronic morphine-treated mice also exhibited increased levels of
B-gal immunoreactivity. In this group, B-gal expression was par-
ticularly evident in the lateral septum, dorsal striatum, lateral
hypothalamus, superior colliculus, ventral periaqueductal gray,
and brachial nuclei, with lower levels of induction apparent in
numerous other brain areas such as NAc and LC. The precipita-
tion of acute withdrawal in chronic morphine-treated mice caused
more robust induction of CRE-mediated transcription in the
same brain regions activated in the naltrexone control and chronic
morphine-treated mice. The effect of withdrawal was most evi-
dent in the lateral septum, NAc, CeA, hypothalamus, and LC.
Although most regions that showed changes in CRE-mediated
transcription during morphine withdrawal exhibited increases in
this measure, reductions were apparent in two brain areas: the
lateral VTA and DRN (Table 2; and see below).

Our mapping study using coronal sections indicated that B-gal
expression was increased in component regions of the neuroana-
tomical continuum known as the extended amygdala (Heimer et
al., 1997) in all mice undergoing opiate withdrawal. Using hori-
zontal sections of brains from withdrawing animals (Fig. 1) we
were able to visualize B-gal expression throughout the lateral
division of the extended amygdala. This division includes the
NAc shell, bed nucleus of the stria terminalis, sublenticular ex-
tended amygdala, IPAC, and CeA. Naltrexone treatment alone
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induced lower levels of B-gal expression in most of these same
brain regions.

CRE-mediated transcription in the central nucleus of
the amygdala during morphine withdrawal

In the CeA there was a more than twofold increase in the number
of cells expressing B-gal in mice undergoing opiate withdrawal
compared with naltrexone controls (Fig. 2C-E). Moreover, this
induction of CRE activity in the CeA was more than twice that
observed with the escalating morphine injection paradigm (see
above), consistent with the greater degree of opiate dependence
and withdrawal induced by the morphine pelleting procedure.
There was also a greater number of B-gal+ cells in the CeA of
naltrexone control mice undergoing the sham pelleting procedure
(Fig. 2E) compared with repeated saline injections (see above).
This may be attributable to the larger dose of naltrexone used in
the pelleted animals or to an increase in the tone of endogenous
opioid systems caused by the increased stress of the pelleting
procedure. In contrast to the CeA, no induction of CRE-activity
was observed in the basolateral nucleus of the amygdala.

To determine whether the induction of CRE-mediated tran-
scription in the CeA was related to activity at the wOR, double
immunofluorescent labeling for B-gal and the wOR was per-
formed and analyzed by confocal microscopy. In the naltrexone
controls, 60 * 4% of B-gal+ cells were found to express the wOR
(n = 3 animals) (Fig. 34). However, in the morphine withdrawal
group, only 35 * 7% of the B-gal+ cells coexpress the uOR (n =
3 animals) (Fig. 3B). We also examined whether CRE-mediated
transcription occurred in neurons that express CRF
(corticotropin-releasing factor), a major neuropeptide in the CeA
(Fig. 3C). Using a double-labeling immunohistochemistry in situ
hybridization procedure, it was found that during morphine with-
drawal 34 = 9% (n = 3 animals) of the B-gal+ cells were strongly
labeled for CREF in this region. This represented ~50% of the
CREF cells observed. Minimal colocalization of B-gal immunore-
activity and CRF mRNA was apparent in naltrexone control mice
(n = 3 animals).

CRE-mediated transcription in the nucleus accumbens
during morphine withdrawal

Robust increases in the number of B-gal+ cells were observed in
both the core and shell divisions of the NAc in mice undergoing
morphine withdrawal (Fig. 24,B,E). The induction was fourfold
in the core and twofold in the shell, compared with naltrexone
controls. As with the CeA, moderate levels of B-gal expression
were observed in the shell, but not the core, of naltrexone control
mice.

The chemical phenotype of the cells expressing $-gal in the
NAc was determined by double-labeling techniques, either immu-
nohistochemistry in situ hybridization or double-labeling immu-
nohistofluorescence (see Materials and Methods). Proenkephalin
and prodynorphin expression defines two major subsets of me-
dium spiny projection neurons in the NAc, which together ac-
count for >90% of the neurons in this region. Double-labeled
cells represented ~10% of the total dynorphinergic and total
enkephalinergic populations sampled. In animals undergoing
morphine withdrawal, it was determined that 18 = 2% of the
B-gal+ cells coexpressed proenkephalin mRNA (n = 3 animals)
(Fig. 4A4), whereas 24 = 2% expressed prodynorphin mRNA (n =
3 animals) (Fig. 4B). B-gal immunoreactivity in withdrawal ani-
mals also colocalized with calbindin (31 £ 6%; n = 3 animals)
(Fig. 4C), a marker for a subclass of GABAergic interneurons in
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Table 2. Regulation of CRE-mediated transcription in brain by chronic morphine, naltrexone, and morphine withdrawal

Region Control Morphine Naltrexone Withdrawal
Cortex + ++ + ++
Motor
Septum
Medial 0 0 0 4+
Lateral + ++ + 4+
Dorsal striatum 0 ++ + ++
Nucleus accumbens
Core 0 + + +++
Shell 0 + ++ +++
IPAC 0 + ++ ++++
BST
Medial 0 + + +
Lateral 0 0 ++ 4+
Amygdala
Basolateral 0 + + +
Central + + +++ +++++
Basomedial + + + +
Lateral habenula 0 0 + 4+
Hypothalamus
Lateral + ++ + +++
Paraventricular + + ++ +++
Anterior 0 + + 44
Suprachiasmatic 0 + + 4t
Dorsomedial 0 + ++ R
Ventromedial 0 + + ++
Arcuate + + + ++
Posterior 0 + + 44+
Preoptic area + 0 + ++
Thalamus
Paraventricular + 0 ++ ++
Mediodorsal 0 + ++ +++
Centromedial/reuniens 0 + 0 ++
Posterior 0 0 + 44+
Hippocampus
CAl + + + ++
CA2 0 0 0 +
CA3 + + + ++
DG 0 + + +
Zona incerta + + + ++
Substantia nigra 0 0 + 44
Parasubthalamic nucleus + + ++ +++
VTA
Lateral + + +/—
Medial 0 + + +/++
Geniculate nucleus 0 ++ ++ ++
Superior colliculus + ++ + ++
Periaqueductal gray 0 + + ++
Dorsal raphe + + + +/—
Lateral tegmental nucleus 0 + ++ +++
Dorsal tegmental nucleus 0 0 0 0
Locus coeruleus 0 + + ++
Central gray 0 0 + 44
Parabrachial and subbrachial nuclei 0 ++ + ++
Pontine nucleus + + + ++

Mice were implanted with morphine or sham pellets over 5 d and then injected with naltrexone (100 mg/kg, i.p.) or saline 4 hr before analysis (see Materials and Methods).
Control animals received sham pellets + saline injection; morphine animals received morphine pellets + saline injection; naltrexone animals received sham pellets +
naltrexone injection; withdrawal animals received morphine pellets + naltrexone injection. B-gal immunoreactivity was mapped using standard neuroanatomic and
neurochemical landmarks. Scores are based on a scale of the number of cells showing nuclear B-gal immunoreactivity per hemisection: 0, no cells; +, 1-5 cells; ++, 5-10 cells;
+++, 10-20 cells; ++++, 20-40 cells; +++++, >40 cells. The mean score for three animals from each group is presented.
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Withdrawal

Naltrexone

Figure 1.

CRE-mediated transcription is induced in the extended amygdala during morphine withdrawal. Horizontal sections through brain were

obtained from naltrexone control mice (A4) and mice experiencing acute withdrawal (B) and then immunostained for g-gal. C, Diagram of component
regions of the extended amygdala [from Heimer and Alheid (1991)]. aca, Anterior limb of anterior comissure; acp, posterior limb of anterior commissure;
BST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; /PAC, interstitial nucleus of the posterior limb of the anterior commissure;
AcbSh, nucleus accumbens shell; OT, optic tract; SLEA, sublenticular extended amygdala; P, ventral pallidum.

the NAc. In contrast, there was virtually no colocalization of B-gal
expression with choline acetyltransferase (a marker for cholin-
ergic interneurons; 3 = 3%; n = 3 animals) (Fig. 4D), parvalbu-
min (a marker for another class of GABAergic interneurons; 2 =
2%;n = 3 animals) (Fig. 4E), or S-100 (a glial and ependymal cell
marker; 4 = 4%; n = 3 animals) (Fig. 4F). In naltrexone control
mice, B-gal expression was also observed in both subtypes of
medium spiny neurons in the NAc, although the total number of
B-gal+ cells was too low to perform quantitation (z = 3 animals).
These data show that the CRE-mediated transcription induced in
the NAc during opiate withdrawal occurs in a mixed population
of neurons, including both major subtypes of medium spiny
neurons and one subset of interneuron.

CRE-mediated transcription in the LC during

morphine withdrawal

Precipitation of morphine withdrawal increased the number of
B-gal+ cells in the LC twofold relative to naltrexone controls.
Confocal microscopy of sections double-labeled for B-gal and TH
revealed B-gal expression in both TH and non-TH expressing
cells in the withdrawal and naltrexone groups (Fig. 5I-L). The
bulk of the B-gal+/TH- cells were located on the perimeter of the
LC nucleus, and only those cells intimately associated with the
nucleus were included in the analysis. TH is the rate-limiting
enzyme in catecholamine biosynthesis and therefore marks the
noradrenergic neurons in this brain region. Interestingly, 69 *
10% of the B-gal+ cells in the withdrawal group (n = 5 animals)
were TH+ (Fig. 6C). In the naltrexone controls (n = 3), a smaller
proportion (54 * 15%) of B-gal-expressing cells were TH+ (Fig.
61). These findings suggest that the induction of CRE-mediated
transcription in the LC during opiate withdrawal occurs predom-

inantly in TH+ cells, with some induction occurring in non-TH
populations as well.

CRE-mediated transcription in the ventral tegmental
area and dorsal raphe nucleus during
morphine withdrawal
The VTA of the midbrain contains dopaminergic neurons, which
project to the NAc and other forebrain regions, and are important
substrates for the rewarding actions of opiates and other drugs of
abuse (Koob, 1999). In this region, levels of B-gal expression in
naltrexone control animals were low compared with many other
brain areas. Even so, quantitation revealed a reduction in the
number of B-gal+ cells in mice undergoing morphine withdrawal
compared with the naltrexone controls (Fig. 54-D). This effect
was more apparent in the lateral VTA than in the medial subdi-
vision of this nucleus. When the phenotype of B-gal-expressing
cells in the VTA was analyzed by confocal microscopy and
double-labeling immunohistofluorescence, we found that a large
majority (79 = 6%) of B-gal+ cells sampled in the naltrexone
controls (n = 5 animals) were TH+ (Fig. 6G), whereas a much
smaller number (21 = 5%) of B-gal+ cells in the withdrawal
group (n = 5 animals) were TH+ (Fig. 6A4). These data suggest
that the reduction in CRE-mediated transcription observed dur-
ing morphine withdrawal in the VTA occurs preferentially in the
TH-expressing dopaminergic neurons of this brain region. In
addition, CRE-mediated transcription may increase in the non-
dopaminergic population of the VTA, particularly in its medial
extent.

In the DRN, a major serotonergic nucleus in brain, there also
was a significant reduction in the number of B-gal+ cells observed
during morphine withdrawal compared with naltrexone controls
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Figure 2. CRE-mediated transcription is induced in the nucleus accum-
bens core and the central nucleus of the amygdala during morphine
withdrawal. Mice received sham (4, C) or morphine (B, D) pellets over
5 d followed by naltrexone. The number of cells expressing B-gal was
counted for two hemisections (at 10X) per animal between bregma +1.54
and +0.98 for the NAc core and shell regions (4, B) and for three
hemisections (at 20X) between bregma —0.82 and —1.94 for the CeA and
the basolateral nucleus of the amygdala (Bla) (C, D). The induction
observed in the NAc core (n = 9 animals; p < 0.05 by ¢ test) and in the
central nucleus of the amygdala (» = 10 animals; p < 0.05) was significant,
whereas there was a trend for an induction in the NAc shell (p <0.1;n =
9 animals). Nal, Naltrexone controls; Wdr, withdrawal mice.

(Fig. SE-H). Serotonin immunoreactivity was used as a marker
for serotonergic neurons in this brain region for double-labeling
immunofluorescence studies. In naltrexone control mice (n = 3
animals), approximately half (49 = 5%) of B-gal+ cells were
serotonergic (Fig. 6B), whereas in the withdrawal group (n = 3)
the proportion of B-gal+ cells that were serotonergic was reduced
(24 = 16%; n = 3 animals) (Fig. 6H). It appears, then, that the
reduction in CRE-mediated transcription seen in the DRN dur-
ing withdrawal is taking place largely in the serotonergic neurons
located in this brain region.

c-Fos expression in monoaminergic nuclei during
morphine withdrawal

To further examine the subtype of cells in monoaminergic nuclei
that are regulated during morphine withdrawal, we analyzed
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c-Fos immunoreactivity 2 hr after naltrexone injection in
morphine-dependent mice. c-Fos, like CREB activation, has been
used as a marker of neuronal activity in many experimental
paradigms (Morgan and Curran, 1995), including opiate with-
drawal (Hayward et al., 1990). However, there are some differ-
ences in the intracellular signaling pathways that control c-Fos
expression and CRE-mediated transcription, which makes the
comparison of the two phenomena of particular interest. In the
LC, c-Fos induction was observed predominantly in TH-
expressing cells, but also in a smaller number of non-TH
expressing cells (located especially in the periphery of this
nucleus), consistent with our observations of CRE-mediated
activity (Fig. 6F). In the VTA and DRN, c-Fos was found
virtually exclusively in non-TH cells (VTA) (Fig. 6D) and
nonserotoninergic cells (DRN) (Fig. 6E), respectively, during
withdrawal. Thus, the cellular pattern of c-Fos expression in
these three monoaminergic nuclei during opiate withdrawal in
general corresponds to the regulation of CRE-mediated tran-
scription observed within these brain regions. The main diver-
gence in the two measures was the observation of some sero-
tonergic cells that were CRE+ but no detectable serotonergic
cells that were c-Fos+. The mechanisms responsible for this
differential regulation remain unknown.

DISCUSSION

CRE-mediated transcription represents a critical node in the
integrative function of a cell. It is a marker of the activation of
several intracellular signaling cascades and of neurons undergo-
ing synaptic plasticity through gene regulation. This study
maps brain regions that show altered levels of CRE-mediated
transcription during morphine withdrawal, which include areas
implicated in the somatic symptoms of withdrawal, as well as in the
rewarding properties of drugs of abuse and the aversive emotional
symptoms that occur in drug withdrawal states (Maldonado et al.,
1992; Koob, 1999). We have also identified specific neuronal cell
populations in which these changes occur and characterized them
in terms of particular genes whose expression may be regulated by
activity at their CRE sites during withdrawal. These changes in
CRE-mediated transcription serve as a functional marker for ho-
meostatic neuronal adaptations and for synaptic plasticity occur-
ring during withdrawal as a consequence of chronic opiate
exposure.

CRE-mediated transcription in the LC: confirmation of
a molecular model of opiate dependence

Activation of LC noradrenergic neurons during withdrawal medi-
ates some of the somatic symptoms of the withdrawal syndrome
(Maldonado et al., 1992; Nestler and Aghajanian, 1997). There is
considerable evidence to support the view that this activation is
mediated partly by an upregulated cAMP signaling pathway that
occurs in these neurons during chronic opiate exposure (Nestler
and Aghajanian, 1997). We had previously shown that acute mor-
phine administration reduces CREB phosphorylation in the LC,
that this reduction resolves during chronic morphine exposure, and
that it increases dramatically after precipitation of withdrawal
(Guitart et al., 1992). Results of the present study are consistent
with these earlier observations as there is a modest induction of
CRE activity in the LC in morphine-dependent animals and a
robust induction during withdrawal. This pattern of regulation
supports the view that the full functional consequences of the
upregulated cCAMP pathway become apparent only when the per-
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sistent inhibitory effects of opiates are removed. The induction of
CRE activity that occurs during withdrawal appears to occur pre-
dominantly in TH+ neurons of the LC, consistent with previous
evidence for transcriptional regulation of these neurons by chronic
morphine treatment (Lane-Ladd et al., 1997; Boundy et al., 1998).
However, it is also clear that CRE transcription is activated during
withdrawal in non-TH cells that are intimately associated with the
LC. Neuroadaptations in this population may be responsible for
some aspects of withdrawal that are still observed when the nor-
adrenergic neurons of the LC are neurochemically lesioned
(Christie et al., 1997; Caille et al., 1999).

CRE-mediated transcription in the VTA and DRN:
inhibition of monoaminergic cells

In contrast to the LC, we found a reduction in CRE activity in
the lateral VTA during opiate withdrawal, which appeared to
occur selectively in dopaminergic neurons. Chronic morphine
decreases the size of VTA dopaminergic neurons (Sklair-
Tavron et al., 1996), and electrophysiologic and microdialysis
studies indicate reduced dopaminergic activity during with-
drawal (Diana et al., 1995, 1999, Rosetti et al., 1992). VTA
dopaminergic neurons may be inhibited during withdrawal by
rebound GABAergic transmission by local interneurons whose
cAMP pathway has been upregulated by chronic morphine
(Bonci and Williams, 1997; Williams et al., 2001). In the medial
VTA, we did observe a small increase in CRE-mediated tran-
scription during withdrawal (Table 1), which would be consis-
tent with this model. The induction of c-Fos in nondopamin-
ergic cells during opiate withdrawal further supports the
occurrence of adaptations in these neurons as a consequence
of chronic opiate administration. The observed differences
between lateral and medial aspects of the VTA underscore the
need to better understand functional heterogeneity within this
nucleus.

The actions of morphine in the DRN generally parallel obser-
vations in the VTA. Chronic morphine upregulates the cAMP
pathway in nonserotonergic cells of this region, and during with-
drawal the firing of serotonergic neurons is decreased secondary to
increased GABAergic transmission (Jolas et al., 2000). This reduc-
tion in serotonergic function could contribute to the somatic and
emotional symptoms of the withdrawal syndrome. Consistent with
the notion that the nonserotonergic cells are sensitive to morphine,
induction of CRE-transcription and c-Fos expression during with-
drawal occurs predominantly in this cell population. Moreover,
there appears to be a reduction in CRE activity in the serotonergic
cells of this nucleus during withdrawal, although a small number of
serotonergic cells still show CRE-mediated transcription.

Figure 3. CRE-mediated transcription occurs in wOR and CRF
expressing cells of the central nucleus of the amygdala. Cellular
colocalization of B-gal immunoreactivity (nuclear, green) and
nOR immunoreactivity (cell body, red) was determined by con-
focal microscopy in sections from naltrexone controls (A) and
withdrawal animals (B) (red arrows indicate colocalization, white
arrows indicate cells not expressing the wOR). Double-labeling
for B-gal immunoreactivity and for CRF mRNA demonstrates a
high degree of colocalization in this brain region during with-
drawal (C). Results are representative of the following mean
number of B-gal+ cells counted in each of three or four animals:
28 cell per animal for wOR under naltrexone conditions; 33 cells
per animal for wnOR under withdrawal conditions; and 45 cells
per animal for CRF under withdrawal conditions.

CRE-mediated transcription in the extended amygdala:
systems and cellular specificity of activation

This study provides a novel topographical view of the extended
amygdala at the functional level as a distributed telencephalic
superstructure in which endogenous opioid peptide systems exert
a tonic inhibitory effect on CRE activity. The extended amygdala
is an anatomic conglomerate of neurochemically similar struc-
tures in the basal forebrain that are thought to integrate the
affective state of an individual in relation to endocrine, auto-
nomic, and somatosensory information (Heimer et al., 1997).
CRE-mediated transcription during naltrexone-precipitated opi-

Calbindin

S$-100

ChAT Parvalbumin

Figure 4. CRE-mediated transcription is induced in projection neurons
and interneurons in the nucleus accumbens during morphine withdrawal.
Double-labeling for B-gal immunoreactivity and for preproenkephalin
(PPE) (A) and preprodynorphin (PPD) (B) mRNA revealed prominent
colocalization of B-gal with both neuropeptides in mice undergoing with-
drawal (arrows indicate double-labeled cells, 60X). C, Confocal images of
double immunofluorescently labeled sections from mice in withdrawal
revealed considerable cellular colocalization between B-gal ( green, nu-
clear, 20X) and the interneuron marker calbindin (red, cytoplasmic,
confocal image 20X). In contrast, no colocalization was observed between
B-gal (green, nuclear) and markers of two other interneurons, choline
acetyltransferase (ChAT) (D, green, cytoplasmic, 20X; asterisk indicates
cholinergic interneuron) and parvalbumin (E, green, cytoplasmic, 60X;
asterisk indicates parvalbumin+ interneuron). B-gal immunoreactivity
also did not colocalize with the glial marker S-100 (F, red, cytoplasmic,
20X; asterisk indicates glial cell). Results are representative of the follow-
ing mean number of B-gal+ cells counted in each of three animals: 28
cells per animal for PPE; 24 cells per animal for PPD; 45 cells per animal
for calbindin; 13 cells per animal for ChAT; 14 cells per animal for
parvalbumin; and 11 cells per animal for S-100.
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Figure 5. CRE-mediated transcription is altered in monoaminergic nuclei during morphine withdrawal. Mice received morphine or sham pellets over
5 d followed by naltrexone. The number of cells expressing B-gal was counted for each region on two to four hemisections in withdrawal mice (C, G,
K) and naltrexone controls (B, F, J). Arrows indicate one example of a B-gal+ cell in (B, F, K). For the VTA (A-D) and LC (/-L), quantitation focused
on areas that stained for tyrosine hydroxylase at bregma levels —3.16 and —5.40 mm, respectively (areas highlighted by blue box in A and I'). For the DRN
(E-H), quantitation focused on the B6 and B7 regions at bregma level —4.36 mm, which showed staining for serotonin (area highlighted by blue box in
E). There was a significant decrease in the number of B-gal+ cells per unit area in both the VTA (D) and the DRN (H ) in mice undergoing withdrawal
compared with naltrexone controls (n = 810 animals in each group; p < 0.05 by # test). There was a strong trend for an increase in the number of B-gal+
cells per unit area in the LC (L) in the withdrawal group compared with naltrexone controls (n = 10 for each group; p < 0.09).

ate withdrawal essentially defines the lateral division of this
anatomic continuum.

Induction of CRE activity in the CeA, which is part of this
lateral division, is consistent with previous observations that
chronic morphine administration upregulates the cAMP pathway
in this nucleus (Terwilliger et al., 1991). The CeA has been
associated with aversive emotional states such as fear (Davis,
1998; LeDoux, 2000), and in the context of addiction with the
dysphoria that occurs during early phases of drug withdrawal
(Koob, 1999). It also is important for stimulus-reward learning
(Robbins and Everitt, 1996). Here, we describe the cellular spec-
ificity of CRE activity in the CeA during morphine withdrawal.
Naltrexone administration to morphine-naive mice induced a low
level of CRE-mediated transcription in the CeA that occurs
mainly in uOR-expressing cells. The most straightforward expla-
nation of these data are that naltrexone, in morphine-naive ani-
mals, reverses a tonic inhibitory effect exerted by endogenous
opioid peptides acting on pOR signaling pathways (e.g., the
cAMP pathway) that regulate CREB activity. Indeed, the re-
gional pattern of CRE activity seen under these conditions is
similar to the distribution of wOR expression in brain (Mansour
et al., 1995).

In contrast, the large majority of cells that show CRE activity
in CeA during morphine withdrawal do not express the wOR.
CRE transcription in this population may reflect the induction of
synaptic plasticity secondary to altered neurotransmission during
withdrawal. We show that this population of cells includes CRF-
containing neurons. CRF neurotransmission in amygdala is im-
plicated in the formation of conditioned associations with the
aversive component of morphine withdrawal (Heinrichs et al.,
1995). The CRF gene contains a CRE site in its promoter (Spen-
gler et al., 1992), and its transcription is increased by PKA
activation in cultured amygdala neurons (Kasckow et al., 1997).
These observations raise the possibility that CRE-mediated reg-
ulation of CRF expression may contribute to the associative
neuronal plasticity of opiate withdrawal.

CRE-mediated transcription in the nucleus
accumbens: role in addiction

The NAc is a critical neural substrate for the rewarding prop-
erties of opiates and most other drugs of abuse (Koob, 1999).
Chronic morphine or cocaine treatment upregulates the cAMP
pathway within this brain region (Terwilliger et al., 1991;
Unterwald et al., 1993). Chronic exposure to amphetamine
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increases the state of phosphorylation of CREB in striatal
regions (Cole et al., 1995; Turgeon et al., 1997). Using viral
vectors to overexpress CREB, we have shown that increased
CREB activity in the NAc reduces the rewarding properties of
morphine and of cocaine (Carlezon et al., 1998; Barrot et al.,
2000). Increased CREB function in this region also produces a
negative emotional state as inferred from an animal model of
depression (Pliakas et al., 2001). Together, these data support
the scheme that observed induction of CRE-mediated tran-
scription in the NAc may mediate tolerance to the rewarding
effects of morphine and contribute, as with the CeA, to aver-
sive aspects of the withdrawal syndrome (Nestler, 2001).
Induction of CRE activity in NAc during morphine withdrawal
occurs in several subpopulations of neurons within this region,
including both dynorphinergic and enkephalinergic projection
neurons and one subtype of interneuron. Chronic morphine re-
duces expression of prodynorphin, proenkephalin, and protachy-
kinin mRNA in this region (Georges et al., 1999). The expression
of these transcripts normalizes after a few days of spontaneous
withdrawal. As a primary regulator of prodynorphin and proen-
kephalin expression in cultured striatal neurons (Cole et al., 1995;
Konradi et al., 1995), CREB acting via CRE sites present within
the promoter regions of these genes may provide the homeostatic
mechanism to normalize striatal neuropeptide expression.
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Figure 6. Cellular mapping of CRE-
mediated transcription and c-Fos in
the three major monoaminergic nuclei
during morphine withdrawal. Cellular
colocalization of B-gal immunoreac-
tivity (nuclear, red; A-C,G-I) and TH
(cytoplasmic, green; A, C, G, I) or se-
rotonin (cytoplasmic, green; B, E, H)
was assessed by Z-sectioning of confo-
cal images at 60X in the lateral ventral
tegmental area (VTA; A,G), the
B6-B7 dorsal raphe nucleus (DRN;
B,H), and the locus ceruleus (LC; C,I)
from CRE-LacZ withdrawal mice
(A-C) and naltrexone controls (G-I).
c-Fos immunoreactivity (nuclear) was
also mapped in these nuclei during
withdrawal (D, E, F). Results shown in
A-C and G-I are representative of the
following mean number of PB-gal+
cells counted in each of three to five
animals: 9 VTA cells per animal under
naltrexone conditions and 10 under
withdrawal conditions; 21 DRN cells
per animal under naltrexone condi-
tions and 17 under withdrawal condi-
tions; and 33 LC cells per animal un-
der naltrexone conditions and 38
under withdrawal conditions. Results
shown in D-F are representative of
the analysis of three to five animals in
each group.

CRE-mediated transcription: resetting the homeostatic
set point of gene expression

Drug addiction can be viewed as a maladaptive process in which
the neurobiologic systems responsible for reward, motivation,
mood, and arousal undergo changes beyond the ability of the
system to return to its original set point (Koob and Le Moal,
2001). We presented here a view of the global changes in cellular
CRE transcriptional responses that occur as a consequence of
chronic opiate exposure and withdrawal. The induction of CRE-
mediated transcription during withdrawal, which is specific to
particular neural circuits, provides both a mechanism of long-
lasting plasticity associated with the withdrawal experience, as
well as a homeostatic mechanism that may reverse some adapta-
tions that occur during chronic opiate exposure. Overall, regula-
tion of CRE-mediated transcription could contribute to the func-
tional transition to a new molecular set point during the addiction
process.
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