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Abstract

Chronic morphine leads to compensatory up-regulation of CAMP signaling pathways in numerous
brain regions. One potential consequence of up-regulated cCAMP signaling is increased
phosphorylation of cAMP response element binding protein (CREB), a transcription factor that
may regulate neuroadaptations related to morphine dependence. Altered gene expression within
the nucleus accumbens (NAc), a ventral component of the striatum that receives substantial
dopaminergic input, may play a role in some of the motivational aspects of opiate withdrawal. To
determine if morphine withdrawal leads to increased CREB phosphorylation in striatal tissues, we
examined the effects of naloxone-precipitated morphine withdrawal on CREB phosphorylation in
primary cultures of rat striatal neurons. Precipitated morphine withdrawal was associated with
enhanced dopamine-, SKF 82958 (D receptor agonist)-, and forskolin-induced CREB
phosphorylation. During precipitated withdrawal, D, receptor-mediated CREB phosphorylation
was dependent on cAMP-dependent protein kinase (PKA). Precipitated withdrawal also led to up-
regulation of c-fos mRNA in response to SKF 82958. CREB protein levels were not altered by
acute or chronic morphine. These results suggest that D4 receptor-mediated signal transduction is
enhanced during morphine withdrawal. Furthermore, they are consistent with /n vivo evidence
suggesting that increased CREB activation in portions of the striatum (e.g. the NAc) is related to
dysphoric states associated with drug withdrawal.

Keywords
c-fos, CREB; naloxone; nucleus accumbens; primary cell culture; SKF 82958

Opiates such as morphine are rewarding in animals including rodents, non-human primates,
and humans. The mesolimbic dopamine system is important for the rewarding properties of
morphine (for review, see Wise 1989). For example, rats will self-administer opiates directly
into the ventral tegmental area (VTA) (Bozarth and Wise 1983), which contains
dopaminergic cell bodies, and into the ventral striatum [nucleus accumbens (NAc)] (Olds
1982), which receives substantial dopaminergic input from the VTA. Repeated
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administration of morphine leads to behavioral and molecular adaptations that may
contribute to drug dependence, which is characterized by a somatic abstinence syndrome
and dysphoric or aversive states (for review, see Nestler 1992; Wise 1996). The persistence
of these neuroadaptations may underlie the long-term behavioral abnormalities that
accompany addiction (Nestler 2001). There is considerable evidence that the locus coeruleus
and periaqueductal gray mediate many of the physical symptoms of opiate withdrawal
(Rasmussen et al. 1990; Maldonado et al. 1992). The NAc may also mediate some of the
physical symptoms of opiate withdrawal (Koob ef a/ 1992; Harris and Aston-Jones 1994).
Importantly, however, the NAc appears to play a key role in mediating negative
motivational aspects of withdrawal, including hypofunction of brain reward systems (Koob
et al. 1989b). Presumably, these negative motivational aspects of drug withdrawal contribute
to the maintenance of addictive behaviors (Koob ef a/. 1989a). Thus the NAc appears to be
critically involved in multiple aspects of opiate dependence.

Morphine acts at | opiate receptors (MOR) located in brain regions important for addiction,
including the VTA and the NAc (Mansour et al. 1995). MORs are linked to inhibitory
heterotrimeric guanosine triphosphate-binding (Ga;) proteins, and acute stimulation of
MORs leads to a decrease in CAMP levels (Childers 1991). In the presence of chronic
morphine, however, molecular adaptations occur such that adenylate cyclase activity
increases and cAMP levels return to approximately normal; when morphine is discontinued
or the opioid receptor antagonist naloxone is administered, CAMP levels dramatically
increase (for review, see Nestler and Aghajanian 1997). This phenomenon of early
inhibition and late positive regulation of adenylate cyclase by morphine has been described
in many cell types and in many brain regions, including a neuroblastoma x glioma cell line
(Sharma et al. 1975a), primary cultures of striatal neurons (Van Vliet ef al. 1991), the locus
coeruleus (Duman et al. 1988; Nestler and Tallman 1988), NAc (Terwilliger ef al. 1991; Self
et al. 1995; Shaw-Lutchman et al. 2002), and VTA (Bonci and Williams 1997). Up-
regulation of the cAMP pathway observed during morphine withdrawal would be predicted
to lead to a myriad of intracellular adaptations, including activation of cAMP-dependent
protein kinase (PKA) and phosphorylation of cAMP response element binding protein
(CREB) at Ser133. Indeed, increased CREB phosphorylation has been demonstrated in the
locus coeruleus of rats after chronic morphine treatment (Guitart et a/ 1992). Furthermore,
precipitated morphine withdrawal has been shown to increase several indices of CREB
function within the NAc of whole animals, including elevated c-fos expression in rats (Nye
and Nestler 1996; Gracy et al. 2001) and CRE-mediated gene transcription in CRE-LacZ
transgenic mice (Shaw-Lutchman et a/. 2002). Correlations between the timing of up-
regulated activity within cAMP pathways and signs of withdrawal raise the possibility that
activation of cAMP-regulated molecules (such as CREB) may contribute to aversive or
dysphoric states associated with drug withdrawal.

Increasing evidence suggests that CREB within the NAc regulates rewarding and aversive
states. Stimulation of PKA and viral-mediated elevations of CREB within the NAc each
decrease cocaine reward, whereas antagonism of PKA and viral-mediated overexpression of
dominant-negative CREB within the NAc each increase cocaine reward (Carlezon et al.
1998; Self et al. 1998; Pliakas et al. 2001). Similarly, treatment regimens that result in
increased CREB within the NAc are associated with aversive responses to cocaine
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(Andersen et al. 2002). Furthermore, mice with a targeted disruption of CREB a and A
isoforms (CREBaA) show reductions in signs of precipitated withdrawal after chronic
morphine (Maldonado ef a/. 1996; Walters and Blendy 2001). Finally, elevated expression
of CREB in the NAc is associated with increased depressive-like behaviors that may be
qualitatively similar to depressive-like behaviors and dysphoria observed during drug
withdrawal (Pliakas et al. 2001). Considered together, these findings suggest that CREB
activation within the NAc may oppose acute drug reward and lead to aversive motivational
states that accompany drug withdrawal. There is also evidence that D1 receptors (which
stimulate cAMP) play an important role in reward and reinforcement mechanisms
(Shippenberg and Herz 1987; Self and Stein 1992; Gilliss et a/. 2002), although the
consequences of selective stimulation of D1 receptors in animals with opiate-induced up-
regulation of cAMP systems within the NAc has never been addressed specifically.

Because whole animal studies demonstrate that precipitated morphine withdrawal increases
expression of downstream targets of CREB in the striatum and NAc (Nye and Nestler 1996;
Gracy et al. 2001) and triggers aversive abstinence symptoms, we designed the present
studies to examine how precipitated opiate withdrawal affects the activation of CREB
function in striatal-like tissue. To accomplish this, we used a simple cellular model: primary
cultures of dissociated rat striata (which includes NAc tissue). Previous studies have shown
that striatal cultures express dopamine receptors and MORs (Vaysse ef a/. 1990; Wong et al.
1999). Striatal neurons were exposed acutely or chronically to morphine, and withdrawal
was precipitated with naloxone. Using this system, we were able to examine the effects of
precipitated opiate withdrawal on both CREB activation [as measured by phospho-CREB
(P-CREB)] and levels of CREB protein. We also determined the effects of stimulating
cAMP systems with a D1 receptor agonist during morphine withdrawal on P-CREB and on a
potential CREB-responsive target gene, c-fos. Finally, we examined potential intracellular
mechanisms by which CREB could become activated during naloxone-precipitated
withdrawal.

Materials and methods

Primary striatal cultures

Primary striatal cultures were prepared as previously described (Rajadhyaksha et al. 1999;
Leveque et al. 2000). Briefly, striata were dissected from embryonic day 18 Sprague—
Dawley rat fetuses in Hank’s balanced salt solution (HBSS) (Gibco, Gaithersburg, MD,
USA) using a stereomicroscope. Striata were resuspended in 2 mL of defined medium [50%
F12/DMEM and 50% DMEM (Cellgro, Herndon, VA, USA)] that contained the following
supplements per liter of medium: 4 g dextrose, 1 x B27 (Invitrogen, Carlsbad, CA, USA), 10
mL of penicillin-streptomycin liquid (Sigma-Aldrich, St. Louis, MO, USA), and 7.5 mM
HEPES (Sigma). Using a Pasteur pipette, the tissue was mechanically dissociated and the
cells resuspended to 1 x 108 cells/mL. The cells were plated in 12-well plates (1 x 10° cells/
well) for Western blot analysis or 6-well plates (2x106 cells/well) for Northern blot analysis.
Plates (Becton Dickinson, Franklin Lakes, NJ, USA) were pretreated with 1 mL of sterile
polyethylenimine (Sigma-Aldrich) 1 : 500 in H,O for 24 h, washed twice with sterile H50,
coated with 2.5% fetal bovine serum (Sigma-Aldrich) in phosphate-buffered saline (PBS)
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for 4 h, and aspirated just prior to plating. All experiments were performed with cells in
culture for 7 days and were repeated at least once using cells obtained from an independent
dissection.

Drug treatments

Morphine sulfate, naloxone hydrochloride dihydrate, tetrodotoxin (TTX), forskolin,
dopamine hydrochloride, chloro-APB hydrobromide (SKF 82958), and H89 were purchased
from Sigma-Aldrich. Morphine, naloxone, and dopamine were dissolved in PBS; TTX was
dissolved in citrate buffer, pH 4.8; SKF 82958 was dissolved in H,0; and forskolin and H89
were dissolved in dimethyl sulfoxide (DMSO). All drugs were made at 100 x final
concentrations, with 0.01 mL of drug (100) added per 1 mL of media. For experiments in
which primary striatal cultures were treated acutely with morphine (10 uM), TTX (2 uM)
was added 2.5 h prior to harvesting the cells. TTX is a sodium-channel blocker that prevents
the generation of action potentials that could lead to release of endogenous neuro-
transmitters into the culture medium. Either vehicle or morphine (10 pM) was added to the
media for 1.5 h; naloxone (10 uM) was added for 30 min; and the agonists DA (50 uM),
forskolin (2 uM), and SKF 82958 (50 uM) were added 15 min prior to harvesting the cells
(Fig. 1a). For experiments in which primary striatal cultures were treated chronically with
morphine, morphine (10 uM) was added to the media on day 1 and on day 6 of culture
(media changed on day 6). On day 7, TTX (2 uM) was added 2.5 h prior to harvesting the
cells; H89 (20 uM) was added 1.5 h; naloxone (10 uM) was added 30 min; and the agonists
DA (50 uM), forskolin (2 uM), and SKF 82958 (50 uM) were added 15 min prior to
harvesting the cells (unless otherwise indicated) (Fig. 1b).

Western blot analyses

Primary rat striatal cultures were harvested in NUPAGE LDS (lithium dodecyl sulfate)
sample buffer (Invitrogen) and 50 mM dithiothreitol. Cell lysates were sonicated at 4°C, and
then heated to 70°C for 10 min prior to gel electrophoresis. Equal volumes of each sample
were loaded onto NUPAGE Novex 4-12% Bis-Tris gels (Invitrogen) for separation by gel
electrophoresis. Proteins were subsequently transferred to polyvinylidene fluoride (PVDF)
membrane (Perkin-Elmer Life Sciences, Boston, MA, USA). Nonspecific binding sites on
the membranes were blocked for 2 h at room temperature in blocking buffer [5% non-fat dry
milk in PBS and 0.1% Tween 20 (PBS-T)]. Blots were then incubated in primary antibody
[1 : 4000 monoclonal anti-Ser133-phospho-CREB (P-CREB) or 1 : 4000 anti-CREB (Cell
Signaling Technology, Beverly, MA, USA)] in PBS-T for 2 h at room temperature. Blots
were washed 4 x 15 min in PBS-T and then incubated in secondary antibody [1 : 5000 goat
anti-rabbit (or anti-mouse) horseradish peroxidase-linked 1gG (Vector Laboratories,
Burlingame, CA, USA)] for 2 h at room temperature. Blots were washed 4 x 15 min in PBS-
T, followed by immunological detection using Chemiluminescence Reagent Plus (Perkin-
Elmer Life Sciences). P-CREB or CREB antibodies were stripped from the blots by
incubation with stripping buffer (62.5 mM Tris, 2% sodium dodecyl sulfate [SDS], 100 mM
-mercaptoethanol, pH 6.8) for 15 min at 50°C. Blots were subsequently re-blocked and
probed with 1 : 20 000 anti-actin (Sigma). SeeBlue Plus 2 (Invitrogen) pre-stained standards
were run for molecular weight estimation. P-CREB and CREB bands were detected at 43
kDa, and actin was detected at 42 kDa.
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Northern blot analyses

Total RNA was prepared from primary rat striatal cultures using RNAgents Total RNA
Isolation System (Promega, Madison, WI, USA). Briefly, medium was aspirated and cells
were lysed in 0.5 mL denaturing solution for 10 min on ice. Sodium acetate (2 M) was
added followed by a phenol/chloroform extraction. After centrifugation, total RNA was
collected, precipitated with isopropanol, and resuspended in RNA loading buffer [25%
formamide, 3-(A-morpholino) propanesulfonic acid (MOPS) buffer (20 mM MOPS, pH 7.0,
5 mM sodium acetate, and 1 mM EDTA), 1 M formaldehyde, 5% glycerol, 0.4 mg/mL
bromophenol blue]. RNA was size-separated on a 1.2% denaturing agarose gel (1 M
paraformaldehyde) in MOPS buffer and electroblotted onto a nylon membrane (GeneScreen,
DuPont, Billerica, MA, USA). Blots were hybridized with a 32P-labeled c-fos RNA probe
using Riboprobe /n vitro Transcription Systems (Promega) and with a 32P-labeled
cyclophilin DNA probe using Prime-It I (Stratagene, La Jolla, CA, USA). Cyclophilin
MRNA was used as an unregulated internal reference probe to control for loading
differences. Membranes were exposed to Kodak X-Omat Blue XB-1 film (Kodak,
Rochester, NY, USA) at —80°C for varying times before developing.

Statistical analyses

Results

For all experiments involving protein analysis, striatal cultures were treated in triplicate for
each drug condition. For mRNA analysis by Northern blot, striatal cultures were treated at
least in pairs for each drug condition. Protein immunoblots and Northern blots were
analyzed using Kodak 1D Image Analysis software (Kodak). Relative optical densities were
determined for each band of interest. To control for loading differences of protein or RNA,
the optical density of each band was normalized with the corresponding optical density of
actin or cyclophilin, respectively. To allow for comparisons of blots from independent
dissections, data were normalized to the vehicle-treated controls in each experiment. One-
way ANOVAs were used to analyze densitometry data. Significant effects were further
analyzed using Newman-Keuls post hoc tests.

Effects of morphine and precipitated morphine withdrawal on CREB

To study the effects of acute and chronic morphine on the induction of CREB
phosphorylation, we first determined how morphine affected basal CREB and P-CREB
protein levels. Morphine (10 pM) was added to the medium of the rat striatal cultures for
either 1.5 h (acute treatment) or 6 days (chronic treatment), after which the cells were
harvested and proteins size-separated and immunoblotted (see Fig. 1 for drug treatment
timeline). No changes in CREB levels were observed after either acute or chronic morphine
(F230 = 2.44, n.s.) (Fig. 2). For assessment of CREB phosphorylation, which can occur
within minutes of a stimulus (Lonze and Ginty 2002), striatal cultures were treated with
morphine for either 1 h or 6 days and with naloxone (10 uM) for 30 min. Using an antibody
specific for CREB phosphorylated at Ser133, we found no significant effect of treatment on
P-CREB levels with acute morphine (/3 41 = 2.19, n.s.) (Fig. 3a). There was a significant
effect of treatment on P-CREB levels after chronic morphine (/3 55 = 3.65, p< 0.02) (Fig.
3b), but post hoc analyses revealed that this was due to a difference between cultures treated
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with chronic morphine and those treated with chronic morphine and naloxone, rather than
differences compared with control treated cells.

Effects of SKF 82958, dopamine, and forskolin on CREB during precipitated withdrawal

To determine if stimulation of cAMP pathways leads to abnormal CREB phosphorylation
during withdrawal from chronic morphine, we treated primary striatal cultures with 10 uM
morphine for 1.5 h or 6 days, precipitated withdrawal with the addition of 10 uM naloxone,
and administered a D4 receptor agonist, SKF 82958 (50 uM), 15 min prior to harvesting the
cells for western blot analyses (see Fig. 1 for drug treatment timeline). There was a
significant effect of treatment after both acute morphine (/4 5, = 13.18, p< 0.01) (Fig. 4a)
and chronic morphine (/4 55 = 35.90, p < 0.01) (Fig. 4b). In the acute studies (Fig. 4a) SKF
82958 alone increased CREB phosphorylation approximately 2.5-fold compared with
vehicle-treated cells (p < 0.01, Newman—Keuls). Acute morphine blocked SKF 82958-
mediated CREB phosphorylation (p < 0.01), and this inhibitory effect of morphine was
reversed by naloxone. In contrast, the induction of P-CREB by SKF 82958 was not
significantly reduced in the presence of chronic morphine treatment (Fig. 4b). Furthermore,
naloxone-precipitated withdrawal from chronic morphine resulted in a fivefold increase in
CREB phosphorylation by SKF 82958 (p < 0.01). This degree of CREB activation
represents a ‘super-induction’, because the amount of CREB phosphorylation in response to
SKF 82958 in the presence of naloxone and chronic morphine is significantly greater than
that seen in the presence of chronic vehicle, naloxone and SKF 82958 (Fig. 4b).

To explore whether the super-induction of P-CREB observed with D; receptor activation
would also occur in response to an endogenous transmitter (dopamine), we treated striatal
neurons with dopamine (50 pM) after either acute or chronic morphine administration. The
results were qualitatively similar to those seen with SKF 82958: there was a significant
effect of treatment on P-CREB induction after both acute morphine (F4 5, = 9.11, p< 0.01)
(Fig. 5a) and chronic morphine (/53 = 9.76, p< 0.01) (Fig. 5b). In cells treated acutely
(Fig. 5a), dopamine caused increases in CREB phosphorylation that were approximately
2.0-fold greater than those seen in vehicle-treated cells (v < 0.01). Acute morphine did not
significantly attenuate dopamine-induced P-CREB. In cells treated chronically with
morphine (Fig. 5b), dopamine caused a super-induction of P-CREB during naloxone-
precipitated withdrawal (p < 0.05), similar to the effect seen with SKF 82958.

To determine if the mechanisms underlying D1 receptor-mediated super-induction of P-
CREB during morphine withdrawal require activation of D1 receptors specifically or
activation of adenylate cyclase in general, the direct cyclase activator forskolin (2 pM) was
administered to striatal cultures after either acute or chronic morphine. There was a
significant effect of treatment on P-CREB induction after both acute morphine (/4 25 = 3.45,
< 0.05) (Fig. 6a) and chronic morphine (/4 55 = 49.17, p< 0.01) (Fig. 6b). In cells treated
either acutely or chronically, forskolin dramatically increased the level of CREB
phosphorylation (4.5-6.5-fold compared with control) (p < 0.05), and this was not reduced
by either acute or chronic morphine. During naloxone-precipitated withdrawal from chronic
morphine, forskolin also led to a super-induction of CREB phosphorylation (p < 0.01) (Fig.
6b).
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Effect of PKA blockade on SKF 82958-mediated CREB phosphorylation during naloxone-
precipitated withdrawal

Phosphorylation of CREB at Ser133 can occur through several different signaling pathways,
including via CaZ*- and cAMP-dependent kinases (e.g. PKA). To determine if PKA
mediates the super-induction of P-CREB by SKF 82958 during naloxone-precipitated
morphine withdrawal, the PKA inhibitor H89 was applied to the striatal cultures. Cells were
treated chronically (6 days) with vehicle or morphine (10 pM) and then treated with vehicle
(DMSO) or H89 (20 uM) for 1.5 h prior to harvesting the cells, vehicle or naloxone (10 uM)
30 min, and finally vehicle or SKF 82958 (50 uM) 15 min before harvesting (See Fig. 1 for
drug treatment timeline). Under these conditions, there was a significant effect of treatment
on P-CREB induction (/5 57 = 25.16, p< 0.01) (Fig. 7). The addition of DMSO (the vehicle
for H89) did not affect the ability of SKF 82958 to super-induce P-CREB during naloxone-
precipitated withdrawal from chronic morphine compared with cultures treated with chronic
vehicle, naloxone, and SKF 82958 (p < 0.01). In vehicle-treated control cultures, H89
tended to cause small decreases in P-CREB that did not reach statistical significance. H89
fully blocked SKF 82958-induced P-CREB in chronic vehicle plus naloxone-treated cells (p
< 0.01). Furthermore, it attenuated SKF 82958-induced P-CREB during naloxone-
precipitated morphine withdrawal (o < 0.01), although P-CREB levels in these cells
remained significantly higher than those seen in control cells (p < 0.01).

Time course of SKF 82958-mediated CREB phosphorylation during naloxone-precipitated

withdrawal

To further characterize D, receptor-mediated P-CREB induction during withdrawal from
chronic morphine, we examined the time course of CREB activation. Striatal cultures were
treated chronically (6 days) with vehicle or morphine (10 pM) and then treated with
naloxone (10 uM) for 30 min, followed by SKF 82958 (50 uM) for different lengths of time
(5—240 min). Figure 8 shows that the effects of SKF 82958 on P-CREB were treatment- and
time-dependent (treatment time interaction: /4 350 = 9.81, p < 0.01). In cultures never treated
with morphine, P-CREB levels remained significantly greater than control from 5 to 30 min
(p < 0.01) after SKF 82958 administration. In cells treated chronically with morphine, SKF
82958-induced P-CREB remained significantly greater than control for less time (5-15 min)
(0 <0.01). In contrast, during naloxone-precipitated withdrawal from chronic morphing,
SKF 82958-induced CREB phosphorylation was significantly greater than control from 5 to
120 min (p < 0.01). Interestingly, super-induction of CREB phosphorylation by SKF 82958
during naloxone-precipitated withdrawal from chronic morphine (compared with during
naloxone treatment of vehicle-treated cells) was not observed until 15 min but was sustained
until at least 120 min after SKF 82958 (p < 0.01). Using an antibody specific for CREB, we
found that CREB levels did not change in striatal cultures treated with SKF 82958 for 5-240
min, either in the presence or absence of morphine (data not shown), suggesting that the
sustained elevations in SKF 82958-induced CREB phosphorylation during naloxone-
precipitated withdrawal were not due to increases in levels of CREB protein.
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Effect of naloxone-precipitated withdrawal on induction of c-fos by SKF 82958

CREB phosphorylated at Ser133 can activate the transcription of genes such as c-fos. Using
northern blot analysis, we measured the induction of c-7fos mMRNA in striatal cultures treated
chronically (6 days) with vehicle or morphine (10 pM) and found a significant effect of
treatment on c-7os induction (/7 109 = 203.41, p< 0.01) (Fig. 9). c-fos expression was
significantly elevated after naloxone-precipitated withdrawal from chronic morphine, even
in the absence of D4 receptor stimulation (p < 0.01). SKF 82958 (50 uM) strongly induced
c-fos (p < 0.01), and this induction was attenuated in the presence of chronic morphine (p <
0.01). During naloxone-precipitated withdrawal, SKF 82958-mediated c-fos expression was
super-induced relative to all other treatment groups administered SKF 82958 (p < 0.01).

Discussion

Precipitated withdrawal from chronic morphine affects CREB activation in cultures of
dissociated rat striatal cells. We found that P-CREB activation was slightly enhanced during
naloxone-precipitated withdrawal from chronic morphine. However, P-CREB activation was
profoundly increased by stimulation of cCAMP pathways during morphine withdrawal.
Dopamine, the D4 receptor agonist SKF 82958, and the adenylate cyclase activator forskolin
each increased P-CREB relative to vehicle-treated control cells. In cells undergoing
naloxone-precipitated morphine withdrawal, induction of P-CREB by these dopamine-
related agonists was further increased, or ‘super-induced’, and this was dependent upon
activation of PKA. Furthermore, D, receptor-mediated c-fos MRNA expression was also
super-induced during morphine withdrawal, demonstrating that the enhanced activation of
CREB had functional consequences on a known CREB-regulated target gene (Lonze and
Ginty 2002).

This is the first demonstration of up-regulated CREB phosphorylation in striatal cells in
response to morphine withdrawal. Our findings are consistent with earlier /n vitroand in
vivo studies indicating that CAMP systems are increased in striatum during opiate
withdrawal. For example, profound increases in D1 receptor-stimulated cAMP production
were observed in dissociated rat striatal cells undergoing morphine withdrawal (Van Vliet et
al. 1991). Also, increases in forskolin-stimulated adenylate cyclase and PKA activity were
reported in the NAc after chronic morphine (Terwilliger ef al. 1991). Moreover, increases in
cAMP response element (CRE)-dependent reporter gene expression were observed in
numerous regions of mouse brain during naltrexone-precipitated morphine withdrawal
(Shaw-Lutchman et al. 2002). Finally, c- fos expression is enhanced in striatal regions of
whole animals during precipitated opiate withdrawal (Nye and Nestler 1996; Gracy et al.
2001). Our data show that, as might be expected, morphine withdrawal-induced up-
regulation of cAMP systems leads to enhanced activation of CREB, as indicated by elevated
P-CREB.

The use of dissociated striatal cultures as a model system

Morphine exerts a variety of effects on mesolimbic neuro-transmission. For example, acute
morphine administration leads to increased dopamine release in the NAc via activation of
MORs located on inhibitory GABAergic interneurons within the VTA (Johnson and North
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1992). During morphine withdrawal, dopamine release is decreased due to increased
inhibition of dopaminergic neurons in the VTA (Rossetti et al. 1992; Diana et al. 1995;
Bonci and Williams 1997). Concurrently, glutamate and acetylcholine release in the NAc is
increased (Tjon Tien Ril ef al 1993; Rada et a/. 1996). These changes in neurotransmitter
function — due to actions of morphine on independent populations of MORs located within
the midbrain and within the NAc — presumably affect intracellular signaling in the NAc.
The use of dissociated primary striatal cultures allowed us to distinguish morphine-mediated
molecular adaptations at the level of striatal circuits from adaptations in intracellular
signaling specifically at the level of individual striatal neurons. Additionally, tetrodotoxin
was added to the cultures hours prior to harvesting the cells in order to block endogenously
generated action potentials that might lead to the release of neurotransmitters into the culture
medium. Together, these conditions were designed to minimize endogenous activation of G
protein-coupled receptors, thereby maximizing experimental control over the factors that
contribute to CREB activation.

Regulation of CREB levels by morphine

CREB proteins are constitutively expressed, and can interact with CRE elements on the
promoter regions of select genes. CREB becomes transcriptionally active when the Ser133
residue in the kinase inducible domain (KID) is phosphorylated in response to various
stimuli, including adenylate cyclase-mediated increases in CAMP (Lonze and Ginty 2002).
CREB function can also be increased if the levels of CREB protein are up-regulated, thereby
providing more substrate for phosphorylation and increasing the likelihood of interaction at
CRE sites. It has been shown previously that chronic treatment with morphine increases
CREB immunoreactivity in the locus coeruleus (Widnell et a/. 1994), decreases CREB
immunoreactivity in the NAc, and has no effect on CREB immunoreactivity in the striatum
(Widnell et al. 1996). In our studies, neither acute (1.5 h) nor chronic (6 days) morphine
administration had any effect on CREB protein levels assessed by western blot in
dissociated striatal cultures. Furthermore, CREB levels were also not changed by acute (30
min) naloxone treatment, in the presence or absence of morphine (data not shown). Finally,
CREB levels were unaltered in the cultures even after incubation with naloxone and SKF
82958 for 4 h (data not shown). The lack of an effect of chronic morphine on CREB protein
could be a result of the fact that the striatal cultures contain neurons from both the NAc and
the striatum proper. Any effect specific to the NAc may have been diluted out by the
presence of these different cell types. Another potentially important difference is that the
rats in the previous studies were treated with sustained-release subcutaneous morphine
pellets, and thus were not in morphine withdrawal at the time when the these brain regions
were obtained.

Regulation of P-CREB by morphine

P-CREB activation was unaltered in the striatal cultures after acute (1.5 h) morphine. There
was a slight trend for naloxone itself to increase basal P-CREB levels. One possible
explanation for these results is that they may indicate blockade of low-level endogenous
opioid activity within the primary cultures. There was a significant increase in P-CREB
levels in cells treated with naloxone in the presence of chronic morphine compared with
cultures treated with vehicle in the presence of chronic morphine. This is consistent with the
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slight increase in CAMP levels observed in neuroblastoma x glioma hybrid cells grown in
the presence of morphine and treated acutely with naloxone (Sharma et al. 1975a). The
inability to detect a super-induction (e.g. an increase relative to vehicle plus naloxone) of P-
CREB after naloxone-precipitated withdrawal was most likely due to a lack of endogenous
excitatory G protein-coupled receptor inputs within our cultures of dissociated striatal cells.
In order to ascertain whether acute or chronic morphine could modulate receptor-induced
CREB activation, we briefly applied selective activators of various components of CAMP
pathways to the dissociated striatal cultures. Non-selective activation of dopamine receptors
with dopamine robustly activated P-CREB. This effect was mimicked by SKF 82958,
suggesting a specific role of Dy receptors in the activation of P-CREB. Acute administration
of morphine inhibited SKF 82958-mediated P-CREB induction, and had a qualitatively
similar effect on dopamine-mediated P-CREB induction. These inhibitory effects of
morphine were reversed by naloxone. These findings are consistent with the notion that
acute morphine inhibits CAMP pathways, whereas chronic morphine causes a late positive
regulation of cAMP systems (Sharma et al. 1975a). Because dopamine is a general agonist
at D; and D, dopamine receptors, it is possible that it has stimulatory actions on different
cohorts of cells than SKF 82958. The colocalization of MORs and dopamine receptors may
be such that morphine is more efficacious at inhibiting SKF 82958-induced P-CREB than
dopamine-induced P-CREB. Indeed, MORs are colocalized with D4 receptors on dynorphin-
containing striatonigral neurons (Georges et al. 1999). Interestingly, acute morphine failed
to inhibit forskolin-induced P-CREB. One explanation for this finding could be that the
induction of P-CREB by forskolin was so robust (five- to sevenfold) that the concentration
of morphine (10 uM) was insufficient to cause a detectable reduction. This concentration of
morphine has been shown to maximally inhibit basal adenylate cyclase activity and cAMP
formation in a neuroblastoma x glioma cell line (Sharma et a/. 1975b). Another possibility is
that, as a direct and potent activator of the catalytic subunit of adenylate cyclase, forskolin
stimulates cAMP formation in all cells, independent of their Gaj/Gas-coupled receptor
profiles. As such, any effect of acute MOR activation on forskolin-stimulated P-CREB may
have been masked by generalized adenylate cyclase activation.

The induction of P-CREB by SKF 82958 and dopamine was less sensitive to attenuation
after chronic administration of morphine than after acute morphine treatment. Although not
addressed explicitly in the present study, the underlying assumption is that components of
the cAMP signaling pathway were up-regulated to compensate for the persistent MOR
inhibition of adenylate cyclase in the presence of chronic morphine, as has been
demonstrated previously (Nestler and Aghajanian 1997; Watts 2002). P-CREB levels were
super-induced when SKF 82958 and dopamine were added to cultures treated chronically
with morphine and then administered naloxone to precipitate withdrawal. These data suggest
that, at minimum, D, receptor-mediated pathways are augmented with chronic morphine.
Although not tested in the present studies, it is possible that activation of P-CREB by all
Gas-coupled receptors in striatal neurons would be enhanced. This is supported by previous
research showing that both D1 receptor- and B-adrenoceptor-stimulated cAMP production
were increased with chronic morphine treatment of dissociated striatal cells (Van Vliet et al.
1991). Furthermore, we show that P-CREB levels were super-induced when forskolin was
added to cultures undergoing naloxone-precipitated morphine withdrawal. This suggests that
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at least part of the mechanism underlying CREB super-activation occurs at the level of, or
downstream from, adenylate cyclase.

Potential mechanisms for super-induction of P-CREB during withdrawal

A straightforward explanation for enhanced CREB activation during morphine withdrawal is
that D1 receptor activation stimulates PKA, which then phosphorylates CREB. Indeed,
inhibition of PKA activity with H89 attenuates the induction of P-CREB by SKF 82958
during morphine withdrawal. However, it is not known which components of signal
transduction pathways downstream of PKA activation are involved in — or are even
necessary for — CREB super-induction. Ca2* influx via ionotropic glutamate receptors and
voltage sensitive calcium channels is a major factor in CREB activation /n vivo (Kornhauser
et al. 2002). Future studies in whole animals will address whether Ca2* and other
intracellular factors (e.g. PKA) regulate P-CREB during morphine withdrawal. Interestingly,
we found that P-CREB levels were not super-induced during naloxone-precipitated
morphine withdrawal after 5 min of SKF 82958 treatment, but were by 15 min. However,
SKF 82958-induced P-CREB was significantly greater than vehicle-treated cultures at both
5 and 15 min. This time lag to P-CREB super-induction suggests that PKA may activate
CREB while concurrently inducing a distinct parallel pathway that further activates CREB
or prevents de-phosphorylation of CREB. As one example, it has been shown that
dopamine-dependent activation of CREB requires NMDA receptors and Ca2* (Konradi et al.
1996). PKA can phosphorylate glutamate-gated ionotropic receptors, which has been
reported to potentiate their responses (Greengard et al. 1991). This cascade of intracellular
events may facilitate the influx of Ca2* and activation of calcium/calmodulin-dependent
protein kinases, which can phosphorylate CREB at Ser133 (Lonze and Ginty 2002). Another
possibility is that PKA can activate DARPP-32, functionally reducing the de-
phosphorylation of CREB by protein phosphatases (Greengard ef a/. 1999).

Another consequence of the prolonged, D1 receptor-mediated P-CREB expression during
morphine withdrawal may be activation of CREB-regulated target genes. Along similar
lines, chronic cocaine treatment has been shown to lead to a long-lasting increase in Fos-
mediated transcriptional activity in the NAc (Hope ef a/. 1994). When phosphorylated at
Ser133, CREB regulates the transcription of many genes (for review, see Lonze and Ginty
2002). The immediate early gene c-fos contains several CREs in its promoter (Sassone-Corsi
et al. 1988) and can be induced by dopamine in a CREB-dependent manner (Konradi et a/.
1994). In dissociated cultures of striatal cells undergoing naloxone-precipitated morphine
withdrawal, we observed a super-induction of SKF 82958-mediated c-fos expression. In the
presence of chronic morphine, c-fos was also significantly induced by naloxone itself. It is
possible that the slight elevation in CREB phosphorylation during naloxone-precipitated
morphine withdrawal in the absence of D4 receptor activation was sufficient to induce c-7os
expression. These data are consistent with the notion that late positive regulation of cCAMP-
mediated pathways by chronic morphine may have functional consequences in the NAc,
including altered gene expression.
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Conclusions

We have demonstrated in dissociated cultures of rat striatal cells that D, receptor-
stimulation during morphine withdrawal leads not only to heightened activation of the
transcription factor CREB, but also to activation of a CREB-responsive gene, c-fos. This
raises the possibility that CREB and c- fos-regulated target genes, such as dynorphin (Cole et
al. 1995), may be up-regulated in the striatum and NAc during morphine withdrawal. These
downstream effects may be critical factors in mediating withdrawal-associated aversive
states. The molecular adaptations described in this study occurred by direct actions of
morphine on striatal neurons, without the influence of afferent input, lending support to the
notion that morphine has functional impact in the NAc as well as on dopaminergic neurons
of the VTA (Koob et al. 1992; De Vries and Shippenberg 2002). Future studies are
underway to evaluate whether Dq receptor-mediated signaling is also enhanced during
morphine withdrawal /n vivo and to determine what effect D, receptor activation has on
morphine withdrawal-associated behaviors. Regardless, these data add further support to the
hypothesized connections between CREB function within the NAc-related tissues and
aversive or dysphoric states (Carlezon et al. 1998; Pliakas et al. 2001; Walters and Blendy
2001; Barrot et al. 2002).
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CREB CAMP response element binding protein
DM SO dimethyl sulfoxide

HBSS Hank’s balanced salt solution
LDS lithium dodecyl sulfate

MOR | opiate receptor

NAc nucleus accumbens

PBS phosphate-buffered saline
P-CREB phosphorylated CREB

PKA cAMP dependent protein kinase
PVDF polyvinylidene fluoride

SDS sodium dodecyl sulfate

TTX tetrodotoxin

VTA ventral tegmental area
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Timeline for drug treatments. (a) For experiments involving acute morphine treatment,
primary cultures of rat striatal neurons were harvested and plated on day 0. On day 7, TTX
(2 pM) was added to the cultures 2.5 h prior to harvesting. Vehicle or morphine (10 uM) was
added 1.5 h prior to harvesting, vehicle or naloxone (10 pM) was added 30 min prior to
harvesting, and vehicle or the agonists SKF, dopamine (DA), or forskolin (FSK) was added

15 min prior to harvesting. (b) For experiments involving chronic morphine treatment,

primary cultures of rat striatal neurons were harvested and plated on day 0. On days 1 and 6,
cells were treated with vehicle or morphine (10 uM). On day 7, TTX (2 uM) was added to
the cultures 2.5 h prior to harvesting. Vehicle or H89 (20 pM) was added 1.5 h prior to
harvesting, vehicle or naloxone (10 pM) was added 30 min prior to harvesting, and vehicle
or the agonists SKF, dopamine (DA), or forskolin (FSK) was added 15 min prior to

harvesting. TTX, tetrodotoxin; morph, morphine; veh, vehicle; SKF, SKF 82958; DA,

dopamine; FSK, forskolin.
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Fig. 2.
CREB protein levels remain unchanged after acute or chronic morphine. Primary striatal

cultures were treated with morphine (morph, 10 uM) for 1.5 h (acute) or 6 days (chronic)
prior to harvesting the cells for analysis by western blot. The ratio of CREB/actin was
determined for each sample and normalized to the control group ratio to yield a fold
induction. Data are plotted as the mean fold induction + SEM. NV = 3 experiments with
treatments in triplicate. Representative blots are shown.

J Neurochem. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chartoff et al. Page 18

—_
)
~

Acute morphine

- N
L

Fold induction
P-CREB/actin
o

morph - + - +
nal - - + +

gt L. 2 ¢ & A 0 02

—_
(=)
-~

Chronic morphine

-—
¢

Fold induction
P-CREB/actin
3

morph - + - +
nal - - + +

P-CREB .l YT T 12T 1Tk T

actin S————E el e e BB

Fig. 3.
CREB phosphorylation is slightly increased during naloxone-precipitated withdrawal from

chronic morphine. Primary striatal cultures were treated with either vehicle or morphine
(morph, 10 uM) for (a) 1.5 h (acute) or (b) 6 days (chronic) followed by 30-min incubation
with vehicle or naloxone (nal, 10 uM). The ratio of P-CREB/actin was determined for each
sample and normalized to the control group ratio to yield a fold induction. Data are plotted
as the mean fold induction + SEM. *p < 0.05 compared with vehicle plus chronic morphine.
N = 4 experiments with treatments in triplicate (a) and five experiments with treatments in
triplicate (b). Representative blots are shown.
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Fig. 4.
CREB phosphorylation is super-induced by the D1 agonist SKF 82958 during naloxone-

precipitated withdrawal from chronic morphine. Primary striatal cultures were treated with
either vehicle or morphine (morph, 10 pM) for (a) 1.5 h (acute) or (b) 6 days (chronic)
followed by 30 min incubation with vehicle or naloxone (nal, 10 puM) and 15 min incubation
with vehicle or SKF 82958 (SKF, 50 uM). The ratio of P-CREB/actin was determined for
each sample and normalized to the control group ratio to yield a fold induction. Data are
plotted as the mean fold induction + SEM. **p < 0.01 compared with control. T1p< 0.01
compared with the chronic morphine plus naloxone plus SKF 82958 treatment group. <><>p
< 0.05 between acute vehicle plus SKF 82958 and acute morphine plus SKF 82958. N =4
experiments with treatments in triplicate (a,b). Representative blots are shown.
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Fig. 5.
CREB phosphorylation is super-induced by dopamine during naloxone-precipitated

withdrawal from chronic morphine. Primary striatal cultures were treated with either vehicle
or morphine (morph, 10 uM) for (a) 1.5 h (acute) or (b) 6 days (chronic) followed by 30 min
incubation with vehicle or naloxone (nal, 10 pM) and 15 min incubation with vehicle or
dopamine (DA, 50 uM). The ratio of P-CREB/actin was determined for each sample and
normalized to the control group ratio to yield a fold induction. Data are plotted as the mean
fold induction + SEM. * = p < 0.05; **p < 0.01 compared with control. Tp< 0.05; ttp<
0.01 compared with the chronic morphine plus naloxone plus dopamine treatment group. NV
= 4 experiments with treatments in triplicate (a,b). Representative blots are shown.
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Fig. 6.
CREB phosphorylation is super-induced by forskolin during naloxone-precipitated

withdrawal from chronic morphine. Primary striatal cultures were treated with either vehicle
or morphine (morph, 10 uM) for (a) 1.5 h (acute) or (b) 6 days (chronic) followed by 30 min
incubation with vehicle or naloxone (nal, 10 uM) and 15 min incubation with vehicle or
forskolin (FSK, 2 uM). The ratio of P-CREB/actin was determined for each sample and
normalized to the control group ratio to yield a fold induction. Data are plotted as the mean
fold induction £ SEM. * = p< 0.05; **p < 0.01 compared with control. T1p < 0.01
compared with the chronic morphine plus naloxone plus forskolin treatment group. V=2
experiments with treatments in triplicate (2) and NV = 4 experiments with treatments in
triplicate (b). Representative blots are shown.
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Fig. 7.
PKA is required for super-induction of CREB phosphorylation during naloxone-precipitated

morphine withdrawal. Primary striatal cultures were treated chronically with either vehicle
or morphine (morph, 10 uM) for 6 days, followed by a 1.5-h treatment with vehicle (DMSO)
or H89 (20 uM), followed by a 30-min incubation with vehicle or naloxone (nal, 10 uM),
and SKF 82958 (SKF, 50 uM) for 15 min. The ratio of P-CREB/actin was determined for
each sample and normalized to the control group ratio to yield a fold induction. Data are
plotted as the mean fold induction £ SEM. **p < 0.01 compared with control. t1p < 0.01
compared with the chronic morphine plus naloxone plus SKF 82958 treatment group. <><>p
< 0.01 comparing groups designated by solid lines. A= 3 experiments with treatments in
triplicate. Representative blots are shown.
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Time course of SKF 82958-mediated CREB phosphorylation in the presence of chronic
morphine. Primary striatal cultures were treated chronically with either vehicle or morphine
(morph, 10 uM) for 6 days, followed by 30-min incubation with vehicle or naloxone (nal, 10
uM), and followed by SKF 82958 (SKF, 50 uM) for different lengths of time (5-240 min).
The ratio of P-CREB/actin was determined for each sample and normalized to the control
group ratio to yield a fold induction. Data are plotted as the mean fold induction + SEM. The
dashed line represents the average fold induction for all vehicle-treated cultures. **p < 0.01
compared with control for each time point. TTp< 0.01 compared with the chronic vehicle
plus naloxone plus SKF 82958 treatment group. N/ = 3—-4 experiments with treatments in
triplicate per time point. Representative P-CREB blots are shown.
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Fig. 9.

C-gfos MRNA is super-induced by the D1 agonist SKF 82958 during naloxone-precipitated
withdrawal from chronic morphine. Primary striatal cultures were treated chronically (6
days) with either vehicle or morphine (morph, 10 uM) followed by 30 min incubation with
vehicle or naloxone (nal, 10 uM) and 30 min incubation with vehicle or SKF 82958 (SKF,
50 uM). The ratio of c-fos/cyclophilin was determined for each sample and normalized to
the control group ratio to yield a fold induction. Data are plotted as the mean fold induction
+ SEM. **p < 0.01 compared with control. T1p < 0.01 compared with the chronic morphine
plus naloxone plus SKF 82958 treatment group. <><>p < 0.05 comparing chronic vehicle
plus SKF82958 to groups under solid line. /=2 experiments with treatments in duplicate.
Representative blots are shown.

J Neurochem. Author manuscript; available in PMC 2014 October 22.



