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Chronic morphine administration increases levels of adenylyl
cyclase and cAMP-dependent protein kinase (PKA) activity in
the locus coeruleus (LC), which contributes to the severalfold
activation of LC neurons that occurs during opiate withdrawal.
A role for the transcription factor cAMP response element-
binding protein (CREB) in mediating the opiate-induced up-
regulation of the cAMP pathway has been suggested, but direct
evidence is lacking. In the present study, we first demonstrated
that the morphine-induced increases in adenylyl cyclase and
PKA activity in the LC are associated with selective increases in
levels of immunoreactivity of types I and VIII adenylyl cyclase
and of the catalytic and type II regulatory subunits of PKA. We
next used antisense oligonucleotides directed against CREB to
study the role of this transcription factor in mediating these
effects. Infusion (5 d) of CREB antisense oligonucleotide di-
rectly into the LC significantly reduced levels of CREB immu-
noreactivity. This effect was sequence-specific and not associ-
ated with detectable toxicity. CREB antisense oligonucleotide
infusions completely blocked the morphine-induced upregula-

tion of type VIII adenylyl cyclase but not of PKA. The infusions
also blocked the morphine-induced upregulation of tyrosine
hydroxylase but not of Gia, two other proteins induced in the
LC by chronic morphine treatment. Electrophysiological studies
revealed that intra-LC antisense oligonucleotide infusions com-
pletely prevented the morphine-induced increase in spontane-
ous firing rates of LC neurons in brain slices. This blockade was
completely reversed by addition of 8-bromo-cAMP (which ac-
tivates PKA) but not by addition of forskolin (which activates
adenylyl cyclase). Intra-LC infusions of CREB antisense oligo-
nucleotide also reduced the development of physical depen-
dence to opiates, based on attenuation of opiate withdrawal.
Together, these findings provide the first direct evidence that
CREB mediates the morphine-induced upregulation of specific
components of the cAMP pathway in the LC that contribute to
physical opiate dependence.
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The locus coeruleus (LC) has served as a useful model system in
which to study the long-term actions of opiates on target neurons.
The LC is the major noradrenergic nucleus in brain, located on
the floor of the fourth ventricle in the anterior pons (Dahlstrom
and Fuxe, 1965; Foote et al., 1983; Aston-Jones et al., 1996).
Under normal conditions, the LC is implicated in controlling
attention, vigilance, and activity of the autonomic nervous system.
The LC also has been implicated in physical opiate dependence.
Whereas acute opiate administration inhibits the activity of LC
neurons, their firing rates recover toward control levels after
chronic exposure and increase more than fourfold above control
levels on administration of an opioid receptor antagonist in vivo
(Aghajanian, 1978; Rasmussen and Aghajanian, 1989; Rasmussen

et al., 1990; Akaoka and Aston-Jones, 1991). Several studies
provide direct evidence that this activation of the LC contributes
to many of the behavioral signs and symptoms of physical opiate
withdrawal (Rasmussen et al., 1990; Koob et al., 1992; Maldonado
and Koob, 1993; for an opposing view, see Christie et al., 1997).

The activation of the LC that occurs during opiate withdrawal
appears to be mediated in part by upregulation of the cAMP
pathway elicited by chronic morphine administration. Thus,
chronic morphine treatment increases levels of adenylyl cyclase
and cAMP-dependent protein kinase (PKA) in the LC (Duman
et al., 1988; Nestler and Tallman, 1988; Matsuoka et al., 1994).
This upregulation has been shown in vitro to increase the tonic
pacemaker activity of LC neurons (Kogan et al., 1992), possibly
via activation of a sodium-dependent inward current (Alreja and
Aghajanian, 1993). This action could contribute to tolerance by
returning LC firing rates toward control levels during a course of
chronic morphine treatment. On administration of an opiate
receptor antagonist, and the removal of the inhibitory effect of
morphine on the neurons, upregulation of the cAMP pathway
could contribute to the dramatic activation of LC neurons seen
during withdrawal. This scheme is supported by several lines of
evidence (Nestler, 1992, 1996), most recently by the findings that
intra-LC administration of PKA inhibitors attenuates opiate
withdrawal, whereas administration of PKA activators worsens
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withdrawal and can even elicit withdrawal-like behaviors in
opiate-naive animals (Maldonado et al., 1995; Punch et al., 1997).

The mechanism by which chronic morphine administration
upregulates components of the cAMP pathway remains un-
known. A role for alterations in gene expression has been pro-
posed (Nestler et al., 1993; Nestler, 1996), based on the observa-
tion that the expression and phosphorylation of the cAMP-
regulated transcription factor cAMP response element-binding
protein (CREB) are selectively upregulated in the LC after
chronic morphine treatment (Guitart et al., 1992; Widnell et al.,
1994). Support for this scheme comes from recent studies of mice
deficient in CREB, which exhibit attenuated opiate dependence
and withdrawal compared with wild-type mice (Maldonado et al.,
1996). However, these studies do not specifically implicate the
LC, because the CREB mutant mice are deficient in CREB in all
brain regions. Moreover, the studies do not provide information
concerning specific target genes through which CREB might
produce these effects.

In the present study, we used antisense oligonucleotides di-
rected against CREB (Widnell et al., 1996a) to study more di-
rectly the role of this transcription factor in mediating the long-
term effects of chronic morphine in the LC. Based on
biochemical, electrophysiological, and behavioral experiments,
we provide here direct evidence that CREB does mediate the
morphine-induced upregulation of particular components of the
cAMP pathway in the LC that contributes to physical opiate
dependence and withdrawal. A preliminary report of these find-
ings has appeared (Lane et al., 1996).

MATERIALS AND METHODS
Drug treatments. Male Sprague Dawley rats (initial weight ;260 gm)
obtained from CAMM (Wayne, NJ) were used in these studies. Chronic
morphine treatment involved the subcutaneous implantation of pellets
(containing 75 mg of morphine base; National Institute on Drug Abuse)
daily for 5 d (unless otherwise specified) under light halothane anesthe-
sia. Rats were used 18 hr after the last pellet implantation. Control rats
received sham surgery. This protocol has been shown to result in high
levels of opiate dependence based on biochemical and electrophysiolog-
ical findings in the LC as well as behavioral studies of opiate withdrawal
(Guitart and Nestler, 1989; Rasmussen et al., 1990). Opiate withdrawal
was precipitated in morphine-treated rats by subcutaneous administra-
tion of naltrexone hydrochloride (Sigma, St. Louis, MO), 10 mg/kg in
0.9% NaCl. This dose of naltrexone has been shown to result in maximal
levels of withdrawal for at least a 1 hr period (Rasmussen et al., 1990).
Acute morphine treatment involved the subcutaneous administration of
morphine sulfate (10 mg/kg; National Institute on Drug Abuse), with
rats used 45 min later, the time of maximal behavioral effects of the drug
(see Nestler and Tallman, 1988).

Intra-LC infusions of CREB antisense oligonucleotide. Selective reduc-
tions in CREB levels in the LC were achieved by use of an antisense
oligonucleotide strategy based on a recently published procedure (Wid-
nell et al., 1996a). Briefly, oligonucleotides were infused into the lateral
boundary of the LC by osmotic minipumps. We used oligonucleotides
that were phosphorothioate-modified only on the terminal base pairs,
because these have been shown to produce sequence-specific effects
without detectable toxicity in other brain regions (Widnell et al., 1996a).
The following oligonucleotide sequences were used: CREB antisense,
59TGGTCATCTAGTCACCGGTG39; CREB sense, 59CACCGGT-
GACTAGATGACCA39; and CREB missense, 59GACCTCAGG-
TAGTCGTCGTT39 (Midland Certified Reagent Co., Midland, TX).
The antisense sequence was directed at the translation start site of CREB
mRNA and was chosen based on its published efficacy in reducing CREB
immunoreactivity in striatum and nucleus accumbens (Konradi et al.,
1994; Widnell et al., 1996a). Before administration to the animals, the
oligonucleotides were ethanol-precipitated, washed three times with 70%
ethanol, and resuspended in sterile PBS. The concentration of oligonu-
cleotide was determined by optical density. Rats were anesthetized with
an intraperitoneal injection of pentobarbital (50 mg/kg; Abbott, North
Chicago, IL). The animals were then surgically implanted with a 28 gauge

unilateral osmotic minipump cannula with the following stereotaxic
coordinates: 21.1 mm anterior to bregma, 1.1 mm lateral from midline,
and 6.5 mm ventral to dura (Paxinos and Watson, 1982). Osmotic
minipumps (Alzet 1007D; Alza, Palo Alto, CA) were used to deliver
continuous infusions of oligonucleotide (20 mg/d) into the LC at a rate of
0.5 ml /hr; the contralateral LC received no treatment. Before implanta-
tion, the minipumps were filled, and a 2.5 cm length of polyethylene
tubing (PE-60; Clay Adams) was connected to the minipump flow mod-
erator and sealed with LocTite glue (Bearing Distributors). The
minipumps were primed by submersion in sterile saline at 37°C over-
night. Immediately after cannula implantation, a minipump containing
oligonucleotide was attached to the minipump cannula via the PE tubing
and sealed with LocTite. The minipump and tubing were implanted
subcutaneously between the animal’s scapulae. Rats were killed 5 d after
minipump implantation. In some experiments [“antisense (AS) rever-
sal”], pumps containing antisense oligonucleotide were switched after 5 d
with pumps containing the PBS vehicle, and the rats were killed 5 d later.

In all experiments, levels of immunoreactivity of a protein on the
oligonucleotide-infused side were compared with the immunoreactivity
on the contralateral, uninfused side. This enabled a within-animal com-
parison, as opposed to a between-animal comparison, which reduced
variability in the data. In all experiments, treated versus control samples
were compared using Student’s t test.

In some experiments, the integrity of the brain tissue around the site
of oligonucleotide infusion was studied by standard histological tech-
niques. Rats were perfused with saline followed by paraformaldehyde,
and 40-mm-thick coronal sections were obtained from fixed brains
through the LC. Sections were analyzed by immunohistochemistry for
tyrosine hydroxylase exactly as described (Berhow et al., 1996) or by
cresyl violet staining.

Brain dissections. Brains were removed rapidly from decapitated rats
and cooled in ice-cold physiological buffer (see Nestler and Tallman,
1988). Individual LC nuclei were obtained as 14 gauge punches from 0.8-
to 1-mm-thick coronal sections of brainstem as described (Nestler and
Tallman, 1988). In the antisense oligonucleotide experiments, each in-
dividual LC punch (containing 0.5–0.7 mg of wet weight tissue) was
analyzed separately, with the infused LC compared with its contralateral
control. In some experiments, a donut-shaped ring of tissue was obtained
with a 12 gauge punch immediately outside the LC dissection.

In early experiments examining the regional distribution of adenylyl
cyclase subtypes, additional brain regions were dissected. LC, dorsal
raphe (including adjacent periaqueductal gray), substantia nigra, ventral
tegmental area, nucleus accumbens, and prefrontal cortex were obtained
as 15–12 gauge punches as described (see Fitzgerald et al., 1996). Parietal
cortex, hippocampus, caudate–putamen, thalamus, hypothalamus, mid-
brain, anterior pons (at the level of LC), cerebellum, and spinal cord
were obtained by gross dissection.

Western blotting. In most experiments, brain samples were homoge-
nized (10 mg of wet weight /ml) in 1% SDS. For analysis of CREB, brain
samples were homogenized in a high-detergent buffer to maximize
extraction of this protein (see Widnell et al., 1996a). Protein content was
determined by the Bradford method. Aliquots of crude extracts (contain-
ing 5–50 mg of protein) were then subjected to SDS-polyacrylamide gel
electrophoresis, with resolving gels containing 6–8% acrylamide (30:1.2
ratio of acrylamide to bisacrylamide). Proteins in resulting gels were
transferred electrophoretically to nitrocellulose filters, which were then
analyzed by Western blotting as described (Fitzgerald et al., 1996).
Briefly, filters were washed for 2 hr at room temperature in blotting
buffer (125 mM NaCl, NaPO4 , pH 7.4, 0.05% Tween, and 0.5% nonfat
dry milk), incubated with primary antibody overnight at 4°C, washed in
blotting buffer for 3–4 hr at room temperature with five changes, incu-
bated in peroxidase-conjugated secondary antibody (1:2,000; Vector Lab-
oratories, Burlingame, CA) for 1.5 hr at room temperature, and finally
washed for 3 hr in blotting buffer at room temperature with five changes.
Filters were developed with the enhanced chemiluminescence method of
Amersham (Arlington Heights, IL) and exposed to Hyperfilm
(Amersham).

The following rabbit polyclonal anti-adenylyl cyclase antibodies were
used: anti-adenylyl cyclase type I (1:1000; from T. Pfeuffer); anti-adenylyl
cyclase type II (1:2000; from Santa Cruz Biotechnology, Santa Cruz,
CA); anti-adenylyl cyclase type III (1:2000; from Santa Cruz Biotechnol-
ogy); anti-adenylyl cyclase type IV (1:1000; from Santa Cruz); anti-
adenylyl cyclase type V (1:1000) (Wallach et al., 1994); and anti-adenylyl
cyclase type VIII (1:250) (Cali et al., 1996). For PKA, the following
rabbit polyclonal antibodies were used: anti-catalytic subunit (1:1000;
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provided by C. Rubin, Albert Einstein College of Medicine and Santa
Cruz Biotechnology); anti-regulatory subunit type I (1:1000; from Trans-
duction Laboratories, Lexington, KY); and anti-regulatory subunit type
II (1:1000; from Santa Cruz Biotechnology). Results with these antibod-
ies were confirmed with a second set of antibodies for the catalytic
subunit (provided by M. Uhler, University of Michigan) and for the type
I and type II regulatory subunits (provided by S. Shenolikar, Duke
University). The specificity of each of these antibodies was demonstrated
by the recognition of bands at the expected Mr and the selective oblit-
eration of these bands by preincubation of the antibody with the respec-
tive immunizing peptide. Other antibodies were used as described pre-
viously: anti-CREB (1:20,000; provided by D. Ginty, Johns Hopkins
University); anti-tyrosine hydroxylase (1:10,000; provided by J. Haycock,
Louisiana State University); and anti-Gia1/2 (1:10,000; obtained from
DuPont NEN, Wilmington, DE). The specificity of these antibodies has
been established (Guitart et al., 1990; Nestler et al., 1990; Widnell et al.,
1994).

Levels of immunoreactivity were quantified with an Apple Macintosh-
based image analysis system. Equal loading and transfer of proteins was
confirmed in every experiment by analyzing resulting blots with amido
black staining. For the chronic morphine and antisense oligonucleotide
studies, the Western blotting conditions used were shown to result in
levels of immunoreactivity of each of the proteins studied that were
linear over at least a threefold range of LC concentration. Levels of the
proteins in experimental samples were compared with those in matched
controls; statistical analyses were performed on these percentage of
control values.

Electrophysiolog ical recordings f rom LC neurons. Brain slices were
prepared as described previously (Kogan et al., 1992) using a vibrating
knife microtome (Vibraslice, WPI). Slices containing the LC were trans-
ferred onto the stage of a gas–liquid interface brain slice chamber in
which a constant flow of humidified 95% O2:5% CO2 and physiological
buffer (1 mg/min) (in mM: 126 NaCl, 3 KCl, 2 CaCl2 , 2 MgSO4 , 26
NaHCO3 , 1.25 NaH2PO4 , and 10 D-glucose, pH 7.34) was maintained
throughout the experiment at 33°C. Single-unit extracellular potentials
were recorded by the use of glass microelectrodes filled with 2 M NaCl
(1–5 MV) and monitored through a high-input impedance amplifier. The
LCs were visually identified. All cells recorded in this study displayed
triphasic waveforms (positive, negative, positive), regular rhythms, and
slow spontaneous firing rates. Consecutive cells were sampled by multi-
ple electrode tracts randomly positioned within the LC and recorded for
a minimum of 3–5 min to ensure that the firing rates were stable. Firing
rates of LC neurons were also recorded after bath application (for at least
10 min) of 8-bromo-cAMP (2 mM) or forskolin (10 mM), concentrations
known to elicit maximal electrophysiological responses in LC neurons
(Kogan et al., 1992). Typically, as many as eight cells could be sampled
per hour under both basal and stimulated conditions. For each brain
slice, recordings were obtained from neurons in the oligonucleotide-
infused LC and in the contralateral uninfused LC. For statistical analy-
sis, the firing rates of neurons (typically 8–10) from a single LC were
averaged and considered as a single data point. Firing rates from the
infused LCs were compared with those of the contralateral, uninfused
LCs by paired t tests.

In these studies, rats underwent intracranial surgery for initiation of
antisense or sense oligonucleotide infusions on day 1, were implanted
with morphine pellets on days 2–5, and were used for electrophysiological
experiments on day 6. We used rats that had received 4 d of morphine
pellet implantations so that results from these experiments could be
compared with our earlier investigations (Kogan et al., 1992). LC neu-
rons were recorded at least 2 hr after preparation of the brain slice to
allow morphine to wash out (Kogan et al., 1992).

Behavioral assessment of opiate withdrawal. Opiate withdrawal behav-
iors were assessed as described previously (Rasmussen et al., 1990;
Guitart et al., 1993). Briefly, rats were placed in plastic caging (14 3 8 3
6 inches) with clean bedding 1 hr before precipitation of withdrawal.
Withdrawal behaviors were monitored by a blind observer in 15 min
epochs, beginning 15 min before, until 1 hr after, naltrexone administra-
tion (see above). The absolute frequency of four episodic behaviors was
recorded, and an additional score was calculated based on multiples of
five incidents (0, no incidents; 1, 1–5 incidents; 2, 6–10 incidents; and 3,
11 or more incidents). Behaviors scored in this manner included wet dog
shakes, teeth chatter, vacuous chewing, and stereotypical movements. Six
other behaviors, which could not be defined in discrete episodes, were
assessed using predefined anchor points on a four-point scale: 0, absent;
1, mild; 2, moderate; and 3, marked. Behaviors scored in this manner

included ptosis, lacrimation, salivation, piloerection, irritability, and di-
arrhea. The weights of the animals, 1 hr before and after precipitation of
withdrawal, were also obtained. In these behavioral experiments, rats
underwent intracranial surgery for initiation of antisense oligonucleotide
infusions on day 1, were implanted with morphine pellets on days 2 and
3, and were studied for withdrawal on day 6. The use of a smaller number
of morphine pellets results in animals that are less sick during withdrawal
and thereby exhibit a broader range of opiate withdrawal behaviors.

RESULTS
Regional distribution of adenylyl cyclase subtypes in
rat brain
In an earlier study, chronic morphine treatment was shown to
increase levels of adenylyl cyclase catalytic activity in the LC
(Duman et al., 1988). However, it has remained unknown which
of the nine known forms of the enzyme is responsible for this
increase. Levels of mRNA of the type VIII enzyme have been
shown by in situ hybridization to increase in the LC after chronic
morphine treatment (Matzuoka et al., 1994), but other forms
have not been examined. Moreover, although the expression of
some forms of adenylyl cyclase in select brain regions has been
studied at the mRNA level by in situ hybridization (e.g., Xia et al.,
1993; Cali et al., 1994; Cooper et al., 1995; Hellevuo et al., 1995;
Sunahara et al., 1995), there has not been a systematic survey of
the distributions of these various enzymes in the brain. There-
fore, as a first step in studying a role for CREB in mediating the
morphine-induced upregulation of adenylyl cyclase in the LC, we
performed a regional analysis to identify forms of the enzyme
that are expressed in this brain region.

As shown in Figure 1, we examined the distribution of types I,
II, III, IV, V, and VIII adenylyl cyclase by Western blotting. (We
did not study types VI, VII, and IX, because specific antibodies
were not available.) In each case, the antibodies used recognized
a protein of the correct Mr , which was abolished by preabsorbing
the antibody with its specific antigen (see Materials and Meth-
ods). Some of the antibodies specifically recognized relatively
broad bands or even more than one band (for example, types III
and VIII adenylyl cyclase); this has been shown to be attributable
to splice variants and post-translational modifications of the en-
zymes (e.g., Cali et al., 1996); interestingly, we observed regional
differences in the relative levels of these bands. Types I, II, III,
IV, and VIII adenylyl cyclase showed a widespread distribution
in brain. Type VIII adenylyl cyclase was unique in that relative
levels of this subtype in the LC were among the highest through-
out brain, whereas relative levels of the other subtypes were
generally lower in the LC compared with many other brain
regions. In fact, the type II enzyme was not even detectable in the
LC, which was unexpected given a previous report of appreciable
levels of type II mRNA in this brain region (Furuyama et al.,
1993). Type V adenylyl cyclase was highly enriched in caudate–
putamen, nucleus accumbens, and substantia nigra, as reported
previously (Glatt and Snyder, 1993), although the enzyme is
present throughout the brain, albeit at much lower levels.

Regulation of adenylyl cyclase and PKA
immunoreactivity in the LC by chronic
morphine administration
To determine whether the observed morphine-induced increase
in adenylyl cyclase activity (Duman et al., 1988) is associated with
increased expression of the enzyme, and to determine which
enzyme subtype is regulated, we next examined the effect of
chronic morphine administration on levels of the several subtypes
of adenylyl cyclase found to be expressed in the LC. As shown in
Table 1, levels of the type VIII and type I enzymes were selec-
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tively increased by morphine administration in this brain region.
This effect required chronic exposure to morphine, because acute
morphine administration had no effect (data not shown).

As with adenylyl cyclase, our earlier study of morphine regu-
lation of PKA in the LC demonstrated an increase in levels of
PKA catalytic activity (Nestler and Tallman, 1988). To determine
whether this increase in PKA activity was associated with in-
creased expression of the enzyme, we examined levels of PKA
subunits in the LC under control and morphine-treated condi-
tions. As shown in Table 1 and Figure 2, chronic morphine
treatment increased levels of the catalytic subunit, as well as levels
of the type II regulatory subunit, of PKA. In contrast, levels of
the type I regulatory subunit were unaltered by morphine expo-

sure. These effects of morphine on the catalytic and type II
regulatory subunits, and the lack of effect on the type I regulatory
subunit, were confirmed with a second series of antibodies (data
not shown). In contrast to chronic morphine treatment, acute
administration of the drug did not alter levels of immunoreactiv-
ity of the catalytic or type I or II regulatory subunit in the LC
(data not shown).

Establishment of an antisense oligonucleotide method
to reduce levels of CREB in the LC
In a previous study, we developed a procedure to produce a
sustained decrease in levels of CREB expression in the nucleus
accumbens by continuous infusion of an antisense oligonucleo-

Figure 1. Regional distribution of adenylyl cyclases in brain. Extracts of brain regions were analyzed for types I, II, III, IV, V, and VIII adenylyl cyclase
immunoreactivity by Western blotting using type-specific antibodies (see Materials and Methods). The Mr values observed for these enzymes were type
I, 135 kDa; type II, 115 kDa; type III, 130 kDa; type IV, 120 kDa; type V, 125 kDa; and type VIII, 165 kDa, which are consistent with published values
(Cooper et al., 1995; Sunahara et al., 1995). Data are expressed as mean 6 SEM (n 5 4) relative to values (arbitrarily set at 100) in frontal cortex. OB,
Olfactory bulb; FC, frontal cortex; PC, parietal cortex; HP, hippocampus; CP, caudate–putamen; NA, nucleus accumbens; TH, thalamus; HY,
hypothalamus; MB, midbrain; VT, ventral tegmental area; SN, substantia area; DR, dorsal raphe (which also includes ventral periaqueductal gray); PN,
pons; LC, locus coeruleus; CB, cerebellum; SC, spinal cord.
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tide directed against CREB mRNA directly into this brain region
(Widnell et al., 1996a). We demonstrated that infusion of this
oligonucleotide resulted in a sequence-specific reduction in levels
of CREB immunoreactivity, which was not associated with de-
tectable toxicity.

To directly study a role for CREB in opiate action in the LC, we
adapted this procedure for this brain region. In initial studies, we
demonstrated that infusion of CREB antisense oligonucleotide
into the LC unilaterally for 5 d resulted in a ;20% reduction in
levels of CREB immunoreactivity in the injected LC compared
with the uninjected contralateral control side (Fig. 3). This re-
duction in CREB levels was restricted to the LC: no change in

CREB immunoreactivity was seen in a ring of tissue surrounding
the LC (92 6 9% of the contralateral side; n 5 6). Several lines
of evidence indicated that this effect was sequence-specific; 5 d
infusion of CREB sense oligonucleotide or a missense oligonu-
cleotide (which contained the same GC content as the antisense
and sense oligonucleotides) or 5 d infusion of vehicle failed to
alter levels of CREB immunoreactivity compared to the con-
tralateral uninjected LC (Fig. 3). Moreover, the antisense
oligonucleotide-induced reduction in CREB levels was not asso-
ciated with detectable toxicity; the oligonucleotide-infused LC
and contralateral uninfused LC were indistinguishable by immu-
nohistochemical staining for tyrosine hydroxylase (Fig. 4) and by
Nissl staining (data not shown). Further evidence against toxicity
is the finding that the antisense oligonucleotide-induced reduc-
tion in CREB levels was fully reversible; 5 d after cessation of
oligonucleotide infusion, levels of CREB immunoreactivity had
returned to control levels (Fig. 3).

Regulation of adenylyl cyclase and PKA in the LC on
intra-LC infusion of CREB antisense oligonucleotide
Having established the effectiveness of the CREB antisense oli-
gonucleotide infusion protocol, we examined the effect of such
infusions on basal levels of adenylyl cyclase and PKA in the LC.
We focused on subtypes or subunits of the enzymes that are
regulated by morphine in this brain region (e.g., see Table 1). As
shown in Table 2, such infusions elicited small (;15–25%) but
statistically significant reductions in levels of types VIII and I
adenylyl cyclase and of the catalytic and type II regulatory sub-

Figure 2. Autoradiograms showing regulation of PKA subunits, Gia,
and tyrosine hydroxylase in the LC by chronic morphine administration.
Extracts of LC from control and chronic (5 d) morphine-treated rats were
analyzed for PKA subunits, Gia, or tyrosine hydroxylase immunoreactiv-
ity by Western blotting (see Materials and Methods). The Mr values
observed for these proteins were PKA catalytic subunit, 41 kDa; PKA
type I regulatory subunit, 51 kDa; PKA type II regulatory subunit, 51
kDa; Gia, 41 kDa; and tyrosine hydroxylase, 58 kDa, which are consistent
with published values (see Guitart et al., 1990; Nestler et al., 1990; Nestler
and Greengard, 1994). The figure illustrates chronic morphine-induced
upregulation of the catalytic and type II regulatory subunits PKA, Gia,
and tyrosine hydroxylase and lack of effect of morphine on PKA type I
regulatory subunit. These results are shown quantitatively in Table 1.

Figure 3. Effect of intra-LC infusion of antisense oligonucleotide to
CREB on levels of CREB immunoreactivity. CREB antisense, sense, or
missense oligonucleotide (see Materials and Methods) was infused into
one LC for 5 d. Some of the rats also received concomitant chronic
morphine treatment. In some experiments (AS-reversal ), after 5 d of
antisense oligonucleotide infusion, the same LC was infused for 5 addi-
tional days with vehicle. After these various treatments, extracts were
prepared from the infused and contralateral uninfused LC of each rat.
Individual LC extracts were then analyzed for CREB immunoreactivity
by Western blotting as described in Materials and Methods. Data are
expressed as mean 6 SEM percent change from contralateral uninfused
LC (n 5 6–12). *p , 0.05 by t test. Inset, Representative autoradiogram
that illustrates the antisense oligonucleotide-induced reduction in CREB
immunoreactivity. contra, Contralateral uninfused LC; AS, antisense
oligonucleotide-infused LC.

Table 1. Regulation of cAMP pathway proteins in the LC by chronic
morphine administration

Protein immunoreactivity

Adenylyl cyclase
Type I 126 6 6 (19)*
Type III 89 6 5 (6)
Type IV 104 6 4 (6)
Type V 93 6 3 (6)
Type VIII 124 6 7 (12)*

Protein kinase A
Catalytic subunit 141 6 7 (12)*
Regulatory subunit type I 104 6 9 (12)
Regulatory subunit type II 133 6 6 (12)*

Gia 134 6 7 (6)*
Tyrosine hydroxylase 153 6 8 (6)*
CREB 142 6 9 (6)*

Data are expressed as mean 6 SEM percent of control (n). Results on tyrosine
hydroxylase and CREB represent replications of published findings (Guitart et al.,
1990; Widnell et al., 1994).
* p , 0.05 by t test.
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units of PKA compared with the contralateral uninjected LC. In
contrast, no effect was seen on levels of type III adenylyl cyclase,
which is not regulated by morphine.

Regulation of types VIII and I adenylyl cyclase and of the PKA
subunits by CREB antisense oligonucleotide was sequence-spe-
cific; infusion of sense or missense oligonucleotide did not alter
levels of immunoreactivity of these proteins in the LC (Table 2).
In addition, the antisense oligonucleotide-induced reduction in
levels of these proteins was fully reversible, because levels of the
proteins returned to control levels 5 d after cessation of the
infusion. The reductions also were restricted to the LC in that
they were not observed in a ring of tissue surrounding this brain
region (data not shown).

We next studied the ability of intra-LC infusions of CREB

antisense oligonucleotide to block the upregulation of adenylyl
cyclase and PKA, as well as of CREB itself, produced by chronic
morphine treatment. In these experiments, we once again com-
pared levels of the proteins on the infused and uninfused LCs. It
was found that after chronic morphine treatment there was ;50%
lower levels of type VIII adenylyl cyclase and of CREB on the
antisense oligonucleotide-infused side compared with the con-
tralateral control side (Table 3). This reduction was about twice
that seen in morphine-naive animals, presumably because the
antisense oligonucleotide infusion was not only reducing basal
levels of the proteins but also blocking the morphine-induced
increase in the proteins that occurs in the contralateral (unin-
fused) LC. In contrast, levels of the catalytic and regulatory type
II subunits of PKA differed by ;15% between the infused and

Figure 4. Histological integrity of the LC after CREB antisense oligonucleotide infusion. CREB antisense oligonucleotide was infused unilaterally just
lateral to the LC for 5 d, after which time the effect of the infusion on the integrity of the LC was assessed by immunohistochemical analysis for tyrosine
hydroxylase (Materials and Methods). A, B, Low-power photomicrographs just rostral to, and at the level of, the infusion cannula, respectively. The
injected side is on the lef t. C, D, Higher magnification of the injected and uninjected sides, respectively. As can be seen, the infused LC was
indistinguishable from the contralateral uninfused LC. The figure is representative of results obtained from analysis of five rats.

Table 2. Regulation of cAMP pathway proteins in the LC by 5 d of intra-LC infusion of antisense
oligonucleotide to CREB: effects in drug-naive rats

Antisense Sense Missense AS-reversal

Adenylyl cyclase
Type VIII 73 6 7 (6)* 104 6 7 (6) 106 6 11 (5)
Type I 79 6 7 (6)**
Type III 95 6 8 (6)

Protein kinase A
Catalytic subunit 87 6 3 (11)** 100 6 6 (8) 107 6 11 (6) 103 6 15 (6)
Regulatory subunit type II 85 6 3 (6)** 95 6 14 (6)

Gia 94 6 14 (6) 97 6 12 (8) 103 6 8 (6) 113 6 12 (6)
Tyrosine hydroxylase 82 6 3 (6)* 102 6 11 (6) 107 6 12 (7) 108 6 14 (6)

Data are expressed as mean 6 SEM percent of contralateral uninfused side (n). Antisense, sense, and missense refer to
intra-LC infusion of antisense, sense, or missense oligonucleotide, respectively. AS-reversal refers to intra-LC infusion of
antisense oligonucleotide for 5 d followed by 5 d of vehicle infusion.
* p , 0.05; ** p ' 0.1 by t test.
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uninfused sides, similar to the difference observed under
morphine-naive conditions (compare Tables 2, 3). These findings
suggest that the antisense oligonucleotide infusions did not block
the morphine-induced increase in these proteins. Similar results
were obtained with type I adenylyl cyclase. These various effects
were not seen with sense or missense oligonucleotide infusion
(Table 3). CREB antisense oligonucleotide infusion had no effect
on levels of type III adenylyl cyclase after chronic morphine
treatment (Table 3), as found under drug-naive conditions.

Figure 5 shows the results of these various experimental ma-
nipulations normalized to levels of the proteins seen under con-
trol conditions. As can be seen in the figure, in drug-naive rats,
intra-LC infusion of CREB antisense oligonucleotide produced
small but significant reductions in levels of CREB itself, types
VIII and I adenylyl cyclase, and the catalytic and regulatory type
II subunits of PKA. In morphine-treated rats, CREB antisense
oligonucleotide infusion completely blocked the morphine-
induced increase in CREB and type VIII adenylyl cyclase but did
not significantly attenuate the morphine-induced increase in the
PKA subunits or in type I adenylyl cyclase.

Regulation of tyrosine hydroxylase and Gia in the LC
on intra-LC infusion of CREB antisense oligonucleotide
Given the ability of CREB antisense oligonucleotide to block
some but not all of the effects of chronic morphine treatment on
components of the cAMP pathway in the LC, we examined two
other proteins known to be regulated by morphine in this brain
region. Previous work demonstrated that chronic morphine treat-
ment increases levels of tyrosine hydroxylase immunoreactivity in
the LC (Guitart et al., 1990). This effect was replicated in the
present study (Table 1, Fig. 2). It was found further that CREB
antisense oligonucleotide infusion significantly decreased basal
levels of tyrosine hydroxylase in drug-naive rats and completely
blocked the ability of morphine to upregulate the protein (Tables
2, 3, Fig. 5). These effects were not seen with sense or missense
oligonucleotide infusion and were fully reversible 5 d after ces-
sation of antisense oligonucleotide infusion (Tables 2, 3).

Previous studies have shown that chronic morphine treatment
increases levels of Gia, as measured by pertussis toxin-catalyzed
ADP ribosylation (Nestler et al., 1989). We showed in the present
study that this effect is associated with an increase in levels of

immunoreactivity of the G-protein subunit, as determined by
Western blotting (Table 1, Fig. 2). However, in contrast to several
other components of the cAMP pathway, CREB antisense oligo-
nucleotide infusion had no effect on basal levels of Gia in drug-
naive rats, nor did it block upregulation of the protein by chronic
morphine administration (Tables 2, 3, Fig. 5). Infusion of sense or
missense oligonucleotide into the LC also had no effect on Gia
immunoreactivity under drug-naive and morphine-treated condi-
tions (Tables 2, 3).

Regulation of LC neuronal activity by intra-LC infusion
of CREB antisense oligonucleotide
To examine the physiological consequences of the CREB anti-
sense oligonucleotide-induced changes in the cAMP pathway in
LC neurons, extracellular single-unit recordings were obtained
from LC neurons in brain slices from control and morphine-
treated rats. The effects of antisense oligonucleotide infusion
were studied first in drug-naive rats. It was found that the spon-
taneous firing rate of LC neurons was reduced by ;50% in the
antisense oligonucleotide-infused LC compared with the con-
tralateral uninfused side (Fig. 6). Such a reduction was not seen
after infusion of sense oligonucleotide.

The firing rate of LC neurons is known to be increased by
agents that activate the cAMP pathway via activation of a
sodium-dependent inward current (Alreja and Aghajanian, 1991,
1993). This is illustrated in Figure 6, which shows that supramaxi-
mal concentrations (2 mM) of 8-bromo-cAMP, a membrane-
permeant analog of cAMP, roughly doubles the spontaneous
firing rate of LC neurons. Intra-LC infusion of CREB antisense
oligonucleotide reduced the maximal firing rate of LC neurons
obtained with 8-bromo-cAMP exposure, an effect not seen with
sense oligonucleotide infusions.

As outlined in the introductory remarks, the spontaneous firing
rate of LC neurons in brain slices is increased by approximately
twofold by previous chronic administration of morphine (Kogan
et al., 1992). A similar increase (of ;60%) was replicated in the
present investigation. Intra-LC infusion of CREB antisense oli-
gonucleotide reduced the spontaneous firing rate of LC neurons
in slices from morphine-treated rats, similar to the effect seen
under drug-naive conditions (Fig. 6). This effect was not seen with
infusion of sense oligonucleotide. Interestingly, application of
8-bromo-cAMP restored the elevated firing rates of LC neurons
in the antisense oligonucleotide-infused LC to the same values as
seen in the contralateral uninfused LC (Fig. 6). This effect of
8-bromo-cAMP was striking given the reduced neuronal firing
rates seen under the other experimental conditions. Indeed, this
effect of 8-bromo-cAMP provided further strong evidence that
reductions in LC firing rates under these other conditions do not
reflect toxic effects of the antisense oligonucleotide infusions but,
rather, reflect alterations in selective signal transduction proteins
in these neurons.

The ability of 8-bromo-cAMP to restore LC firing rates under
chronic morphine-treated conditions suggests that the effect of
CREB antisense oligonucleotide infusion is exerted at a step in
the cAMP pathway proximal to activation of PKA, perhaps at the
level of adenylyl cyclase. This possibility would be consistent with
our observation that CREB antisense oligonucleotide infusion
blocked the morphine-induced increase in adenylyl cyclase but
not PKA (see Fig. 5). To test this hypothesis, we examined the
ability of forskolin (which directly activates adenylyl cyclase) to
regulate LC neuronal activity. As shown in Figure 7, forskolin
increased the firing rate of LC neurons exposed to CREB anti-

Table 3. Regulation of cAMP pathway proteins in the LC by 5 d of
intra-LC infusion of antisense oligonucleotide to CREB: effects in
chronic morphine-treated rats

Antisense Sense Missense

Adenylyl cyclase
Type VIII 45 6 4 (5)* 97 6 10 (4) 100 6 6 (6)
Type I 107 6 6 (6)
Type III 102 6 10 (6)

Protein kinase A
Catalytic subunit 88 6 8 (12) 95 6 2 (5) 104 6 10 (5)
Regulatory subunit

type II 86 6 12 (6) 94 6 7 (4)
Gia 83 6 12 (12) 104 6 10 (5)
Tyrosine hydroxylase 54 6 8 (10)* 102 6 2 (4) 110 6 12 (4)

Data are expressed as mean 6 SEM (n). Antisense, sense, and missense refer to
intra-LC infusion of antisense, sense, or missense oligonucleotide, respectively.
* p , 0.05 by t test.
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sense oligonucleotide under both drug-naive and morphine-
treated conditions, but to a much lesser degree than seen for the
contralateral uninfused LC neurons. These findings support the
possibility, which is consistent with our biochemical data, that the
effect of CREB antisense oligonucleotide infusion on LC neurons
in chronic morphine-treated rats largely reflects an impaired
upregulation of adenylyl cyclase, not PKA.

Regulation of opiate withdrawal by intra-LC infusion of
CREB antisense oligonucleotide
The finding that intra-LC infusion of CREB antisense oligo-
nucleotide impaired the physiological activation of LC neurons
produced by chronic morphine treatment raised the expecta-
tion that such infusions would reduce the severity of opiate
withdrawal, given the importance of the LC in behavioral
manifestations of withdrawal (see the introductory remarks).
To test this hypothesis directly, withdrawal was precipitated by
administration of naltrexone to rats that received bilateral,
intra-LC infusions of antisense or sense oligonucleotide to

CREB along with chronic morphine treatment. As shown in
Table 4, CREB antisense oligonucleotide infusion significantly
attenuated the appearance of certain withdrawal behaviors, for
example, teeth chatter, wet dog shakes, ptosis, vacuous chew-
ing, and irritability, compared with intra-LC infusion of sense
oligonucleotide. Attenuation of these behaviors was more
marked 16 –30 min after precipitation of withdrawal than after
0 –15 min. In contrast, certain other withdrawal behaviors (e.g.,
lacrimation, salivation, piloerection, stereotypy, and diarrhea)
were not affected. Antisense oligonucleotide infusions also did
not affect weight loss during the first hour of withdrawal (data
not shown). Similar results were obtained with unilateral oli-
gonucleotide infusions, although the attenuation in withdrawal
behaviors after unilateral antisense oligonucleotide infusions
was smaller in magnitude compared with that seen after bilat-
eral infusions (data not shown). The severity of withdrawal
behaviors observed in rats after sense oligonucleotide infu-
sions was equivalent to results obtained after vehicle infusions
(data not shown).

Figure 5. Effect of intra-LC infusion of CREB antisense oligonucleotide on levels of cAMP pathway proteins under control and morphine-treated
conditions. Values shown were calculated from data shown in Tables 2 and 3 and Figure 3. Levels of each protein are expressed as percentages of those
seen in the LC of control rats (i.e., in the absence of oligonucleotide infusions and morphine treatment). Regulation of the type II regulatory subunit
of PKA was similar to that seen for the catalytic subunit (not shown; see data in Tables 2, 3).
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DISCUSSION
The results of the present study add to our knowledge of the
molecular mechanisms by which chronic exposure to opiates leads
to dependence at a cellular level in LC neurons. We show that
chronic morphine administration increases levels of specific sub-
types of adenylyl cyclase and of specific subunits of PKA in the
LC. Using an antisense oligonucleotide strategy, we show further
that the upregulation of adenylyl cyclase, but not that of PKA,
requires CREB. This differential regulation of adenylyl cyclase

and PKA by CREB, demonstrated at the biochemical level, was
also observed at the electrophysiological level based on measure-
ments of LC neuronal firing rates. Finally, we show that antisense
oligonucleotide blockade of CREB, and its consequent effects on
specific cAMP pathway proteins, reduces the degree of opiate
dependence in LC neurons, based on attenuation of the severity
of opiate withdrawal behaviors elicited by administration of nal-
trexone. Together, these results provide the first direct evidence
for a role of CREB in the development of opiate dependence in
the LC and identify specific target proteins through which these
behavioral actions of CREB could be mediated.

Previously, chronic exposure to morphine was shown to in-
crease levels of adenylyl cyclase catalytic activity in the LC
(Duman et al., 1988). Although Matsuoka et al. (1994) reported
that chronic morphine treatment increases levels of type VIII
adenylyl cyclase mRNA in the LC, other types of the enzyme
have not been examined. Thus, in the initial phase of the present
study, we characterized which of the many known forms of
adenylyl cyclase are expressed in the LC and, of those that are,
which are regulated in this brain region by chronic morphine
administration. We found that types VIII and I are upregulated
by chronic exposure to morphine, whereas several other types are
not affected. It is interesting to note that these forms of adenylyl
cyclase share key regulatory properties: both are activated by
Ca21 and are only mildly activated by Gsa (Cooper et al., 1995;
Sunahara et al., 1995). The type I enzyme also is inhibited by
G-protein bg subunits, although it remains unknown whether the
type VIII enzyme is similarly regulated. Thus, chronic morphine
exposure selectively upregulates Ca21-sensitive forms of adenylyl

Figure 6. Effect of intra-LC infusion of CREB antisense oligonucleotide
on firing rates of LC neurons: activation by 8-bromo-cAMP. CREB
antisense or sense oligonucleotide (see Materials and Methods) was
infused into one LC for 5 d. The rats also received chronic sham or
morphine treatment (on days 2–5). After these treatments, extracellular
single-unit recordings were obtained from LC neurons in brain slices on
the infused side and on the contralateral uninfused side. Recordings were
obtained under basal conditions and after bath application of 8-bromo-
cAMP (2 mM). Data are expressed as mean 6 SEM firing rates and
represent results obtained from five or six animals (;50–60 neurons) in
each treatment group. In sham-treated animals, CREB antisense oligo-
nucleotide significantly reduced both the basal firing rate of LC neurons
and their activation by 8-bromo-cAMP. In chronic morphine-treated
animals, there was again a reduction in basal firing rates, which was
completed reversed by 8-bromo-cAMP. *p , 0.05 by t test compared with
control side; **p , 0.001.

Figure 7. Effect of intra-LC infusion of CREB antisense oligonucleotide
on firing rates of LC neurons: activation by forskolin. CREB antisense or
sense oligonucleotide was infused into one LC for 5 d in sham- and
morphine-treated animals, as described in the legend to Figure 6. Extra-
cellular single-unit recordings were then obtained from LC neurons on
the infused side and on the contralateral uninfused side in brain slices
under basal conditions and after bath application of forskolin (10 mM).
Data are expressed as mean 6 SEM firing rates and represent results
obtained from five or six animals (;50–60 neurons) in each treatment
group. In sham-treated animals, CREB antisense oligonucleotide signifi-
cantly reduced the basal firing rate of LC neurons (replicating the result
shown in Fig. 6) and also reduced activation of the neurons by forskolin,
as seen with 8-bromo-cAMP (Fig. 6). However, in chronic morphine-
treated animals, the reduction in basal firing rates was only partially
reversed by forskolin, in contrast to the complete reversal seen with
8-bromo-cAMP. *p , 0.05 by t test compared with control side; **p ,
0.005, †p 5 0.087.
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cyclase. Further work is needed to understand the physiological
significance of this phenomenon better.

Our original study of PKA demonstrated an increase in en-
zyme catalytic activity in the LC after chronic morphine admin-
istration (Nestler and Tallman, 1988). The results of the present
study extend these findings by showing that increased PKA ac-
tivity is associated with increased levels of immunoreactivity of
the catalytic and type II regulatory subunits of the enzyme, with
no change in levels of the type I regulatory subunit. This is
interesting because the type II regulatory subunit is thought to be
more highly enriched in neurons compared with the type I sub-
unit (see Nestler and Greengard, 1994). Each PKA subunit exists
as two isoforms, termed a and b, which are encoded by distinct
genes (Cadd and McKnight, 1989). Unfortunately, we were un-
able to distinguish these isoforms by Western blotting, which is
not surprising, because in rodent the two forms differ by only one
or two amino acids in the immunizing peptides. Thus, it remains
unknown whether the increased levels of catalytic and type II
regulatory subunits seen after morphine treatment reside in the a
or b isoforms of these proteins.

Based on earlier studies of other brain regions (Konradi et al.,
1994; Widnell et al., 1996a), we show here that intra-LC infusion
of CREB antisense oligonucleotide results in a sequence-specific
reduction in levels of CREB immunoreactivity that is circum-
scribed to the LC and is not associated with detectable toxicity.
Thus, the reduction was not elicited by infusion of sense or
missense oligonucleotide; the antisense oligonucleotide effect,
which was not seen in a ring of tissue immediately surrounding
the LC, was fully reversible within 5 d of cessation of the infusion,
and the antisense oligonucleotide-infused LC was histologically
normal. These results demonstrate that, although rigorous crite-
ria must be followed to ensure efficacy and lack of toxicity (see
Russell et al., 1996), antisense oligonucleotides can be used to
reduce selectively, in specific brain regions, levels of a protein

(e.g., CREB) for which there is no traditional pharmacological
antagonist.

The results of the present study show clear differences among
components of the cAMP pathway with respect to regulation of
their expression by CREB. Type VIII adenylyl cyclase and ty-
rosine hydroxylase were the most dramatically controlled by
CREB; CREB antisense oligonucleotide infusions reduced basal
levels of the proteins in the LC and completely prevented their
upregulation by chronic morphine administration. The morphine-
induced upregulation of CREB itself was similarly prevented. In
contrast, levels of PKA subunits and type I adenylyl cyclase were
only slightly reduced by CREB antisense oligonucleotide under
basal conditions, and their upregulation by chronic morphine
treatment was unaffected, whereas levels of Gia were not altered
under basal or morphine-treated conditions. Although some of
the changes observed in response to antisense oligonucleotide
treatment are relatively small in magnitude, such changes would
be expected to exert important physiological consequences attrib-
utable to the extraordinary amplification of intracellular messen-
ger pathways. For example, a 15% reduction in Gia function has
been shown to result in a 50% decrement in physiological re-
sponse, whereas a 50% reduction results in a complete loss of
physiological response (Innis et al., 1988). Similarly, a 20–30%
change in PKA activity has been shown to result in significant
changes in the state of phosphorylation of specific phosphopro-
teins (Guitart and Nestler, 1989; Guitart et al., 1990, 1992).

The differential regulation of components of the cAMP path-
way by CREB in the LC provides new insight on the molecular
mechanisms through which expression of these various signaling
proteins is regulated in this brain region in vivo. Tyrosine hydrox-
ylase provides a useful point of reference, because the promoter
of its gene is well characterized. CREB, acting at a CRE within
the tyrosine hydroxylase promoter, has been shown to play a
critical role in basal activity of the promoter as well as its induc-
tion under several experimental conditions in cell culture (Kim et
al., 1993; Lazaroff et al., 1995). These in vitro results are consis-
tent with the present findings in vivo. Type VIII adenylyl cyclase
appears to be regulated in a similar manner, although the pro-
moter of its gene has not yet been isolated. In contrast, different
molecular mechanisms would appear to operate for PKA sub-
units, type I adenylyl cyclase, and Gia. Indeed, functional CREs
have not been found to date in the promoters of the genes for
these proteins (GenBank). More complete characterization of
these promoters may provide leads concerning the mechanisms
by which PKA subunits, adenylyl cyclase type I, and Gia are
upregulated in the LC by chronic morphine administration.

The differential regulation of cAMP pathway proteins by
CREB appears to account for the electrophysiological effects of
CREB antisense oligonucleotide infusions on LC neurons. Under
basal conditions, it is known that the spontaneous firing rate of
LC neurons in brain slices depends in part on the activity of the
cAMP pathway. Levels of PKA would appear to be limiting,
because even small reductions in the enzyme elicited by CREB
antisense oligonucleotide infusions reduced the firing rate of LC
neurons and their maximal response to 8-bromo-cAMP. More
complicated effects were seen under morphine-treated conditions:
reduced spontaneous firing rate of LC neurons, and the restora-
tion of LC firing rates with 8-bromo-cAMP but not forskolin.
These observations are consistent with the observation that
chronic morphine treatment increases levels of PKA even in the
presence of CREB antisense oligonucleotide, whereas upregula-
tion of adenylyl cyclase is attenuated. Under these conditions,

Table 4. Regulation of opiate withdrawal by 5 d of intra-LC infusion of
antisense oligonucleotide to CREB

Severity of withdrawal behavior

Sense-treated Antisense-treated

0–15 min 16–30 min 0–15 min 16–30 min

Behaviors attenuated by CREB antisense oligonucleotide
Teeth chatter 2.2 6 0.3 1.7 6 0.4 2.4 6 0.4 0.3 6 0.2**
Wet dog shakes 2.8 6 0.3 1.2 6 0.3 2.2 6 0.2* 0.7 6 0.2**
Ptosis 1.4 6 0.2 1.8 6 0.2 1.1 6 0.1 1.1 6 0.2**
Irritability 1.3 6 0.2 1.8 6 0.2 0.9 6 0.2* 0.7 6 0.2**
Vacuous chewing 1.6 6 0.3 1.4 6 0.4 1.3 6 0.2 0.7 6 0.2**

Behaviors not affected by CREB antisense oligonucleotide
Piloerection 1.3 6 0.2 1.1 6 0.4 1.3 6 0.3 1.3 6 0.2
Lacrimation 0.5 6 0.2 0.8 6 0.1 0.8 6 0.3 0.8 6 0.1
Salivation 0 0.5 6 0.3 0 0.5 6 0.4
Diarrhea 1.2 6 0.4 1.5 6 0.4 0.9 6 0.3 1.2 6 0.4
Stereotypy 0.7 6 0.3 0 0.9 6 0.5 0

Rats received bilateral intra-LC infusions of antisense or sense oligonucleotide to
CREB and were then treated chronically with morphine (see Materials and Meth-
ods). Withdrawal was precipitated by administration of naltrexone (10 mg/kg, s.c.).
Withdrawal behaviors were scored from 0 to 3 as described in Materials and
Methods. No withdrawal behaviors were observed in rats before administration of
naltrexone (data not shown). Data are expressed as mean 6 SEM (n 5 6 in each
group).
* p , 0.1; ** p , 0.05 by t test.
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levels of adenylyl cyclase would appear to be the limiting factor
for the enhanced physiological activity of LC neurons.

A recent study demonstrated that mice deficient in CREB show
attenuated development of opiate physical dependence (Maldo-
nado et al., 1996). However, this deficiency in CREB occurs
throughout the brain and peripheral tissues as well. The present
study, therefore, extends this earlier observation by showing that
the LC is one critical brain region where CREB acts to reduce
opiate dependence and by revealing specific target genes (e.g.,
type VIII adenylyl cyclase and tyrosine hydroxylase) through
which CREB may produce this effect.

One critical question now is what the mechanism is by which
morphine regulates CREB to produce these various actions. As
stated in the introductory remarks, chronic morphine treatment
increases levels of CREB expression and phosphorylation in the
LC (Guitart et al., 1992; Widnell et al., 1994). Recently, we have
shown in Cath.a cells (an LC-like cell line) that activation of the
cAMP pathway decreases CREB gene transcription (Widnell et
al., 1996b) possibly through CREs contained within the CREB
promoter (Coven et al., 1996). Thus, one possibility is that per-
sistent inhibition of the cAMP pathway in the LC by morphine
leads to upregulation of CREB transcription and, subsequently,
to upregulation of type VIII adenylyl cyclase and tyrosine hy-
droxylase. Although the present study shows that CREB is nec-
essary for upregulation of these two putative target genes, further
work will be needed to show that upregulation of CREB is also
sufficient to elicit these adaptations.

Together, results from the present study highlight the increas-
ing ability to relate molecular adaptations in the brain to altered
physiological function of the particular neurons involved and to
important behavioral manifestations of such alterations in neuro-
nal activity. These types of studies will provide a gradually more
complete understanding of the molecular and cellular mecha-
nisms underlying the long-term changes produced in the brain by
drugs of abuse that lead to a state of addiction.
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