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Abstract
Activation of μ-opioid receptors in the ventral pallidum (VP) is important for the induction of
behavioral sensitization to morphine in rats. The present study was designed to ascertain if neurons
within the VP demonstrate sensitization at a time when morphine-induced behavioral sensitization
occurred (ie 3 or 14 days after five once-daily injections of 10 mg/kg i.p. morphine) in rats. Western
blotting was used to evaluate transcription factors altered by opiates, CREB and ΔFosB. CREB levels
did not change in the VP, but there was a significant decrease in levels of its active, phosphorylated
form (pCREB) at both 3- and 14-days withdrawal. ΔFosB levels were elevated following a 3-day
withdrawal, but returned to normal by 14 days. This profile also was obtained from nucleus
accumbens tissue. In a separate group of similarly treated rats, in vivo electrophysiological recordings
of VP neuronal responses to microiontophoretically applied ligands were carried out after 14-days
withdrawal. The firing rate effects of local applications of morphine were diminished in rats
withdrawn from i.p. morphine. Repeated i.p. morphine did not alter GABA-mediated suppression of
firing, or the rate enhancing effects of the D1 dopamine receptor agonist SKF82958 or glutamate.
However, VP neurons from rats withdrawn from repeated i.p. morphine showed a higher propensity
to enter a state of depolarization inactivation to locally applied glutamate. Overall, these findings
reveal that decreased pCREB in brain regions such as the VP accompanies persistent behavioral
sensitization to morphine and that this biochemical alteration may influence the excitability of
neurons in this brain region.
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INTRODUCTION
Systemic administration of moderate doses of morphine to rats produces a biphasic motor
response consisting of an initial reduction, followed by increases in motor activity (Babbini
and Davis, 1972). Repeated intermittent morphine administration suppresses the initial
reduction and robustly enhances the locomotor increase (Babbini and Davis, 1972; Bartoletti
et al, 1983). With sufficient number of intermittent treatments, the motor enhancement may
progress into stereotypies (Vasko and Domino, 1978; Bartoletti et al, 1983). This enhancement
in responding is termed motor, or behavioral, sensitization. The neurobiological underpinnings
of behavioral sensitization to drugs of abuse have been proposed to model the brain changes
that occur in the human addict (Stewart and Badiani, 1993; Robinson and Berridge, 1993).
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Consequently, the biochemical, neuronal, and anatomical substrates of behavioral sensitization
have received considerable scientific attention.

The ventral pallidum (VP) exhibits a moderately high expression of opioid transmitter
(Maidment et al, 1989) and receptor (Lahti et al, 1989; Olive et al, 1997) proteins. These are
part of an opioidergic projection arising in the nucleus accumbens (NAc) (Groenewegen and
Russchen, 1984). The NAc to VP projection regulates VP outputs to motor control regions
such as the pedunculopontine nucleus and mesencephalic locomotor regions (Swanson et al,
1984; Mogenson and Wu, 1986). Providing the first evidence for VP involvement in behavioral
sensitization, we revealed that intra-VP injection of the μ-opioid receptor antagonist CTOP
blocks the development of motor sensitization to systemic morphine (Johnson and Napier,
2000). Behaviors evoked by opiate administration reflect not only actions at opioid receptors
but also the action of numerous other transmitters, such as glutamate, GABA, and dopamine
(DA), that are under the indirect influence of opioid receptors. It is now clear that motor
regulation by these other transmitters occurs at the level of the VP. Locomotion is robustly
enhanced by acute intra-VP infusions of agonists to μ-opioid (Hoffman et al, 1991; Napier,
1992), DA (Napier and Chrobak, 1992; Gong et al, 1999), and glutamate (Shreve and Uretsky,
1989; Kretschmer, 2000) receptors. VP infusions of GABAergic agonists also readily alter
motor function, but the particular response is greatly influenced by the dosing regimen and the
ligand used (for a review, see (Napier, 1993)). As a collective, these evidences suggest that
neuronal transmission may be modified in the VP with morphine treatment protocols that
induce behavioral sensitization. The present study evaluated this possibility by investigating
whether or not the function of μ-opioid receptors as well as receptors for DA, GABA, and
glutamate are altered in the VP of morphine-sensitized rats.

The effects of activating the receptors of the aforementioned transmitters can converge on
several intra-cellular signal transduction messengers, including cAMP (eg DA D1/D5,
GABAB, and μ-opioid receptors) and Ca2+ (eg glutamatergic receptors). Activation
(accomplished via phosphorylation) of a Ca2+/cAMP response element-binding protein
(CREB) (Montminy and Bilezikjian, 1987; Gonzalez et al, 1989) initiates expression of genes
whose protein products are regulators of transmitter systems engaged by abused drugs (Chrivia
et al, 1993). pCREB and CREB levels are altered in various brain regions following exposure
to drugs of abuse (Guitart et al, 1992; Turgeon et al, 1997). With regard to opiates, following
24 h withdrawal from 5 days of continuous morphine exposure (75 mg pellet s.c.), levels of
CREB-like immunoreactivity are decreased in the NAc (Widnell et al, 1996). This is in contrast
with the effects of the same morphine treatment regimen on levels of CREB in the locus
coeruleus and frontal cortex (Widnell et al, 1994) where increases or no change were seen,
respectively. Regional differences in basal levels of CREB are of functional importance, for
the total amount of available CREB alters the magnitude of the gene expression that is initiated
by pCREB (Walters et al, 2003), which in turn alters the nature of the behavioral consequence
of repeated exposure to drugs of abuse (Walters and Blendy, 2001).

Members of the Fos family of immediate early genes may be important regulators of
consequences of long-term drug treatments. ΔFosB, a truncated form of FosB, is a peptidase-
resistant protein that is persistently upregulated after long-term continuous morphine exposure
(Nye and Nestler, 1996). Mutant mice that overexpress ΔFosB in the striatum demonstrate
higher baseline locomotor activity than wild-type controls, and a further motor increase occurs
with a repeated cocaine paradigm that induces motor sensitization (Kelz et al, 1999). To date,
no pCREB or ΔFosB assessments have been carried out using morphine treatment paradigms
that induce sensitization and VP expression levels have yet to be determined. Given that the
NAc (Cadoni and Di Chiara, 1999) and VP (Johnson and Napier, 2000) are implicated in the
development of behavioral sensitization to morphine, assessments in these regions are
warranted.
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To fill these paucities, the present study was designed to ascertain if a repeated morphine
treatment regimen that induced an enduring behavioral sensitization also altered levels of
pCREB, CREB, and ΔFosB in the NAc and VP. To further our understanding of the role of
VP transmission in this process, neuronal responding to local application of morphine,
glutamate, GABA, and the D1 agonist SKF82958 was determined electrophysiologically.

METHODS
Animals

Male Sprague–Dawley rats, weighing 280–340 g (Harlan Laboratories Inc., Indianapolis, IN),
were housed in pairs in an environmentally controlled vivarium (12 h light/dark cycle;
temperature maintained at 23–25°C) with continuous access to standard laboratory rat chow
and water. Testing began 1 week after arriving at Loyola Medical Center vivarium. The ‘animal
use’ protocol was approved by the Loyola University Medical Center Institutional Animal Care
and Use Committee in accordance with the procedures established in the Guide for the Care
and Use of Laboratory Animals (National Research Council, Washington, DC).

Behavioral Assessments
Treatment phases are diagramed in Figure 1. For all phases, the rats were habituated to the test
box for 30 min prior to the i.p. injection. Ambulations were determined via the number of
photobeam breaks as tallied by a computer in 10 min bins for 90 min. The first phase of
acclimation consisted of five to seven once-daily intraperitoneal (i.p.) injections of a saline
solution (1 ml/kg); the last day’s motor score was considered the rat’s baseline activity level.
The second phase, termed repeated treatment, was as follows: 1–3 days after baseline,
randomly assigned rats received either five additional once-daily injections of saline or
morphine (10 mg/ml/kg i.p. as the sulfate salt in saline; Mallinkrodt, Hazelwood, MO or Sigma
Chemical Co., St Louis, MO) and motor activity was obtained as for baseline. After a 3- or 14-
day drug-free period, termed withdrawal, all animals were subjected to an acute challenge of
morphine (10 mg/kg i.p.) and motor activity was again assessed for 90 min. So that all rats
would have experienced the test procedure 3 days prior to the acute challenge, those in the 14-
day group were reacclimated on withdrawal days 12–13 using the protocol employed for the
baseline. Both the initial acclimation prior to repeated treatment and the reacclimation prior to
the acute challenge were carried out so that the testing environment was not novel when either
repeated treatment or the acute challenge commenced. This ensured that the motor response
to either repeated treatment or the acute challenge was not a conditioned response (Johnson
and Napier, 2000).

Western Blotting
Rats were subjected to the same morphine or saline treatment protocols employed for the
behavioral assessments, but the injections were conducted in the home cage and motor activity
was not assessed (see Figure 1). We have determined that the 5-day acclimation and
reacclimation procedures described above resulted in motor scores for rats treated in the test
box that were similar to those obtained following home cage injections (unpublished data),
thus we conclude that the rats used in the immunoblot studies (as well as the
electrophysiological experiment, described below) were sensitized to a comparable extent as
those tested behaviorally. At 3 or 14 days after the last repeated morphine or saline treatments,
the rats were killed by decapitation and their brains were removed and cooled rapidly in ice-
cold saline. The NAc and VP were then dissected out, snap frozen on dry ice and stored at −80°
C. Whole-cell homogenates were prepared by sonication in 20 vol of a homogenization buffer
(25 mM Hepes-Tris (pH 7.4 at 25°C) containing 1 mM EGTA, 1 mM EDTA, 100 nM okadaic
acid, 1 mM sodium orthovanadate, and 100 μM PMSF). Tissue homogenate protein
concentration was determined (protein dye reagent; Bio-Rad, Hercules CA) using the method
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of Bradford (Bradford, 1976) and 20 μg protein samples from individual brain regions were
loaded into individual lanes of 4–12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and were
electrophoresed at 165 V for approximately 1 h. VP and NAc samples were run on separate
gels with gel lanes containing samples from either saline-, morphine-, or methamphetamine
(results reported elsewhere)-pretreated rats, no tissues were pooled. Two lanes of each gel were
used for loading of molecular weight marker proteins (SeeBlue & MagicMark; Invitrogen,
Carlsbad, CA). Proteins were electrophoretically transferred onto a PVDF membrane at 24 V
for 1 h (using NuPage transfer buffer with 10% methanol and NuPage anti-oxidant).
Nonspecific protein binding was blocked by incubation at room temperature for 1 h in blocking
buffer (Tris-buffered saline: 25 mM Tris-HCl, pH 7.4, 140 mM NaCl) containing 0.1%
Tween-20 and 5% instant nonfat dry milk. Membranes were incubated overnight at 4°C in
fresh blocking solution containing the desired primary antibody: 1 : 2000 rabbit anti-phospho
(Ser133) CREB (pCREB), 1 : 2000 rabbit anti-CREB (both from Cell Signaling Technology;
Beverly, MA), or 1 : 2000 rabbit anti-FosB (Santa Cruz Biotechnology; Santa Cruz, CA). After
three washes (20 min each) with TBST (Tris-buffered Saline containing 0.1% Tween 20), the
membranes were incubated in a blocking buffer with alkaline-phosphatase-conjugated
secondary antibody (1 : 20 000 goat anti-rabbit; Promega, Madison, WI) for 1 h at room
temperature. Following subsequent washes, membranes were treated with a chemiluminescent
substrate (ImmunStar; Bio-Rad). To visualize the immunoreactive bands, the membranes were
exposed to light-sensitive film (Kodak BioMax light, Eastman Kodak Co., Rochester, NY).
Membranes probed for pCREB were reprobed for CREB after stripping (using blot stripping
buffer (2% SDS, 62.5 mM Tris pH 6.8, with 100 mM β-Mercaptoethanol) in a shaking water
bath for 35 min at 52.8°C). Quantification of maximum pixel density and molecular weights
of each band of interest was carried out using UN-SCAN-IT software (Silk Scientific
Corporation, Orem, UT). Optical density of saline bands was averaged and the density of each
band on the gel was calculated as a percent of this control. The percent control results from
each treatment group were then averaged. Individual pCREB values were also divided by their
respective sample CREB values to obtain pCREB/CREB ratio values for each sample and were
averaged for each treatment group. All data are the average of two experimental runs. Those
values >2 standard deviations from the mean were considered to be outliers and not included
in the statistical evaluations. Using this criterion, of a total of 47 samples, for pCREB/CREB,
three were omitted from the VP, three from the NAc; for ΔFosB, two were omitted from the
VP and two from the NAc.

Electrophysiology
Rats were subjected to the same i.p. morphine or saline treatment protocols employed for the
Western blot assessments (see Figure 1). On the 14th day after the repeated treatment regimen,
the rats were anesthetized with chloral hydrate (400 mg/2 ml saline/kg, i.p.; Sigma Chemical
Co., St. Louis, MO), a lateral tail vein cannula was inserted to allow the intravenous
administration of anesthetic supplements. After being placed in a stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA) with the nose piece set 3.3 mm below the horizontal, the skull
was exposed and a hole was drilled overlying the VP (0.3 mm posterior to bregma and 2.3 mm
lateral to the midline (Paxinos and Watson, 1998)). A thermostatically controlled heating pad
(Fintronics, Orange, CT) was used to maintain the core temperature of the rat at 35–37°C.
Experiments were performed during the light cycle and often, more than one cell was recorded
per rat.

Extracellular sampling of action potentials and micro-iontophoretic drug administration were
carried out as previously reported from this laboratory (eg Napier et al, 1991; Napier and
Maslowski, 1994; Johnson and Napier, 1997b; Turner et al, 2002; Heidenreich et al, 2004).
Briefly describing the approach, a glass multibarrel-microelectrode assembly was constructed
with the recording microelectrode tip (2–3 μm diameter) protruding 15 μm below the tip (12–
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15 μm diameter) of a five-barreled microiontophoretic pipette. The microelectrode and the
center barrel of the iontophoretic pipette were filled with a 0.5 M sodium acetate and 2%
pontamine sky blue solution (BDH Chemicals Ltd, Poole, England; in vitro impedance of 4–
8 MΩ and 14–45 MΩ, respectively). The four outer barrels were individually filled with 0.1
M morphine sulfate, 0.1 M glutamic acid, or 0.1 M γ-amino-n-butyric acid (GABA), dissolved
in water, or 0.01 M SKF82958 in 0.9% NaCl (all 25–110 MΩ). Action potential signals were
amplified, filtered (200 and 2 kHz, half amplitude frequency cutoff) and isolated from the
background electrical activity using a window discriminator/amplifier (Fintronics, Orange,
CT) while continuously being monitored on a storage oscilloscope (Tektronix, Beaverton, OR).
Spiking rate vs time histograms were generated on-line using custom software for a personal
computer. Morphine, GABA, and SKF82958 were ejected using cationic currents, glutamate
was ejected with an anionic current (drugs were retained in the pipette using a 10 nA current
of polarity opposite to the ejection current). Responding to GABA and glutamate, both
ionotropic neurotransmitters, was considered to have occurred if at least a 20% change in
spiking was consistently obtained during three trials of ejection at 35 nA for 9 s. For SKF82958
and morphine, both metabotropic drugs, response criteria were at least a 20% change by a
maximum current of 32 nA that was consistent for three two-min ejection periods. Responding
neurons were then evaluated using a range of ejection currents. This was accomplished for
GABA and glutamate by testing two 9 s ejection/18 s retention epochs using 5 nA ejection
intervals between 5 and 120 nA, or until the maximal response (Emax) was obtained. For
GABA, if zero spikes/s were obtained for three consecutive current increments prior to 120
nA, for data analysis purposes, it was assumed that this effect would be maintained for the
remaining ejection current increments. For data analysis of GABA-mediated effects, the
averaged spikes/s during the two ejections at each nA level was used; glutamate was similarly
analyzed, except using the peak spikes/s. Transmitter effects were compared to the spontaneous
rate that occurred during each epoch’s retention period. Testing for a range of ejection currents
for morphine and SKF82958 was carried out by incrementally ejecting the ligand using 1–128
nA of continuous application with each ejection increment lasting 2 min. For data analysis, the
last 30 s of each 2 min ejection current increment was averaged and compared to the last 30 s
of the baseline preceding drug application. Many VP neurons were tested for more than one
ligand, but as shown previously (Johnson and Napier, 1997a, b), responding to a given ligand
was reproducible with multiple applications and independent of the order of ligand testing (data
not shown).

Excessive depolarization induced a decrease in spike amplitude (termed ‘depolarization
inactivation’; for a discussion, see Turner et al, 2002). To standardize data collection of this
phenomenon, the voltage setting of the window discriminator was set to 50% of the peak spike
amplitude such that when this amplitude was decreased below this value as a result of
depolarization inactivation, cell spiking was no longer being recorded. The number of VP
neurons that went into apparent depolarization block was counted for each ejection current,
this allowed for analysis of any treatment-related propensity for VP neurons to go into this
inactivated state.

Following the end of the experiment, a reference stereotaxic locale was marked by depositing
pontamine sky blue at the tip of the microelectrode. Rats were killed with an overdose of chloral
hydrate. The brains were removed, cut into 50 μm sections using a microtome/cryostat (Hacker
Instruments, Fairfield, NJ) and floated onto gel-coated slides. The anatomical location of the
blue dye deposit was determined on the agreement of at least two people. This site was then
used to determine the position of the stereotaxically located recording sites. Data obtained from
those recording sites within the VP (Paxinos and Watson, 1998) were analyzed.
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Statistics
All data are illustrated as mean ± SEM. Statistical evaluations were performed using Student’s
t-test (electrophysiology and biochemistry), a two-way repeated measures ANOVA with post
hoc Newman–Keuls (electrophysiology), a two-way mANOVA (behavior) with post hoc
Newman–Keuls, and a Mantel–Haenszel χ2 (electrophysiology) with p< 0.05. The Western
blotting data were analyzed using a two-way mANOVA; this allowed for analysis of two
variables (treatment group and withdrawal time) and comparisons between treatment groups
at each withdrawal time and also within treatment groups across withdrawal time. Significance
was set at p< 0.05 for all tests. Analyses were carried out using Systat, SigmaStat (Systat
Software Inc., Richmond, CA), GB-Stat (Dynamic Microsystems, Silver Spring, MD), and
Excel (Microsoft Corporation).

RESULTS
Behavior

As illustrated in Figure 2, rats treated once daily with 10 mg/kg i.p. morphine for 5 days
demonstrated enhanced responding to an acute challenge of morphine (10 mg/kg i.p.) following
3 or 14 days of drug withdrawal. It is noteworthy that the magnitude of the sensitized response
was similar regardless of the withdrawal duration. No somatic signs of morphine withdrawal
were noted at either the 3- or 14-day period, which agrees with our previous demonstration
that this dosing protocol induces mild somatic withdrawal signs at 24 h after the fifth injection,
but these are dissipated 48 h later (Johnson and Napier, 2000).

Biochemistry
Western blot evaluations of the NAc and VP revealed changes in levels of transcription
regulator proteins at the same withdrawal periods that an acute morphine challenge induced
sensitized behavioral responding (ie either 3- or 14-days after 5 once-daily morphine
injections). Tissue levels of active form (pCREB) as well as total levels of the transcription
regulator CREB were measured. There was an effect of repeated morphine treatment on
pCREB levels in both the NAc and VP (Figure 3a). Total CREB was not changed overall (ie
an mANOVA did not reveal a repeated treatment effect) (Figure 3b), but at the 3-day
withdrawal period there was a significant increase in NAc levels. Consequently, the fraction
of active CREB (ie assessed as a pCREB/CREB ratio) showed an overall effect of repeated
treatment, being reduced in both regions (Figure 3c). These evaluations show that the portion
of CREB that is in its activated state is significantly decreased following withdrawal from
repeated morphine treatments, and this reduction persists for at least 14 days following the last
repeated morphine injection.

Aliquots from the same tissue preparations used to evaluate pCREB/CREB were assayed for
levels of ΔFosB (see Figure 4). ΔFosB levels were elevated in both the NAc and VP after 3
days. The finding that the elevated levels of ΔFosB did not endure to 14 days after the repeated
morphine injections contrasts the persistence of altered pCREB and behavioral responding to
an acute morphine challenge that occurred at this withdrawal time.

Electrophysiology
The biochemical data revealed a persistent effect of repeated morphine on VP protein levels.
Based on these results, we performed electrophysiology experiments at 14 days withdrawal as
we were particularly interested in the role of the VP in the persistent expression of behavioral
sensitization to morphine. In total, 238 neurons were recorded from within the VP in chloral
hydrate-anesthetized rats; ejection current magnitude vs response magnitude relationships were
obtained for 93 of these (histologically verified locales are illustrated in Figure 5). The number
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of neurons sampled in the VP of rats subjected to repeated i.p. pretreatments of morphine (n
=115) or saline (n =123) were similar. There was no significant difference between
pretreatment groups in any of the action potential characteristics assessed, and the data were
therefore pooled. Thus, for the pooled data, 85% of the recorded action potentials were biphasic,
the initial deflection for the action potential was in the negative direction for 73% and the
average action potential peak to peak amplitude was 426 ± 24 μV, with a duration of 1.30 ±
0.03 ms. These action potential characteristics are consistent with prior studies (Mitrovic and
Napier, 1996;Turner et al, 2001,2002) and they suggest that we have been sampling from
similar populations of VP neurons. Also similar to prior studies, the spontaneous firing rate
for VP neurons recorded from saline-pretreated rats was 15 ± 1 spikes/s. A comparable rate
was recorded from rats withdrawn from repeated morphine treatments (16 ± 1 spikes/s)
revealing that the morphine-treatment regimen did not alter basal firing of VP neurons under
the experimental conditions employed here.

Given that there is a tonically active GABAergic innervation of the VP by the NAc that is likely
regulated by presynaptic μ-opioidergic receptors (Chrobak and Napier, 1993; Olive et al,
1997), responding to GABA was evaluated for 82 VP neurons (39 from saline- and 43 from
morphine-repeatedly treated rats) located throughout the VP (see Figure 6). GABA suppressed
firing in 36/39 neurons (92%) in the saline control group, the rest (3/39 neurons, 8%) were not
altered. This response distribution was not altered by the repeated morphine pretreatments
(χ2(1) =0.02, p =0.89). The magnitude of the response was proportional to the ejection current
magnitude until firing completely ceased and the profile of this ejection current vs response
was similar for the two repeated pretreatment groups (Figure 6).

D1-like receptor function is altered in the NAc of morphine-pretreated rats (Tjon et al, 1994).
Our biochemical data suggest that the effects of repeated morphine in the VP may co-vary with
the NAc, we therefore evaluated VP responding to the D1 agonist SKF82958 in rats withdrawn
from repeated morphine. A total of 86 neurons were tested with SKF82958 (46 from saline
and 40 from morphine treatment groups). Of the neurons from saline-pretreated rats, 28/46
(61%) showed an increase in firing rate for the D1 agonist (eg see Figure 7a), while 2/46 (4%)
decreased and the rest (16/46, 35%) were nonresponders. This response distribution is similar
to a prior report (Napier and Maslowski, 1994) and it was not altered by repeated morphine
pretreatments (χ2(1) =1.05, p =0.30). The curve profile of the spiking rate vs SKF82958 ejection
current magnitude was the same for the two systemic treatment groups (Figure 7b); thus, D1-
like receptor function is not altered in the VP 2 weeks after repeated morphine exposure.

Accumbal glutamatergic function is reduced in the NAc following long-term morphine
exposure (Martin et al, 1999). We considered that similar alterations might occur in the VP 14
days after repeated morphine treatments. Microiontophoretically applied glutamate increased
the firing rate of 87 (80%) of the 109 neurons tested (54 from saline- and 55 from morphine-
pretreated rats; Figure 8), and none exhibited rate decreases. This response distribution was
similar between the two repeated treatment groups (χ2(1) =1.31, p =0.25). The glutamate
ejection current magnitude vs rate enhancement profile also was not altered (Figure 8b). As
observed previously for local applications of glutamatergic agonists (Turner et al, 2002), higher
ejection currents induced VP responding that exhibited characteristics of excessive
depolarization (ie a progressive broadening of the action potential duration and reduction of
the amplitude with greater and greater rate increases, until the action potential can no longer
be discriminated from the background or spiking is halted), termed depolarization inactivation
or block (Bunney and Grace, 1978; Grace and Bunney, 1986). Spiking returned to normal when
ejection was terminated. Depolarization inactivation is abrogated by the hyperpolarizing
effects of GABA (Grace and Bunney, 1986) and we previously demonstrated in the VP that
depolarization inactivation to glutamate agonists is reversed by GABA (Turner et al, 2002).
While indicative of excessive transmission, depolarization inactivation may be a
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physiologically relevant phenomenon for repeated drug treatment (eg neuroleptics (Bunney
and Grace, 1978)) and reward-mediated behaviors (You et al, 2001). Thus, it was quantified
in the present study (see Methods). As shown in Figure 8c, a Mantel-Haenszel χ2 analysis of
the number of neurons entering into this state of inactivation over a number of ejection currents
indicated a significant effect (p =0.03) of the repeated morphine pretreatment to increase the
propensity of locally applied glutamate to induce apparent depolarization block. These findings
suggest that withdrawal from repeated systemic treatments of morphine significantly increased
the sensitivity of VP neurons to excessive depolarization mediated by glutamate.

In all, 89 neurons located throughout the VP were tested for responding to iontophoretically
applied morphine (44 from the saline- and 45 from morphine-pretreatment groups). Similar to
our previous studies in control rats (Johnson and Napier, 1997b), locally applied morphine
frequently increased VP spiking rate (Figure 9). Of the 44 neurons tested from the saline-
treatment group, iontophoretically applied morphine increased spiking in 38/44 (86.4%), 1/44
(2.3%) showed rate suppression, and 5/44 (11.3%) were not altered. This response distribution
was not altered by the repeated i.p. morphine treatments (χ2(1) =0.32, p =0.57). Ejection
current–response curves were obtained for 20 of the neurons whose firing was increased by
local morphine. The response magnitude was related to the ejection current (p =0.0001) and a
post hoc Newman–Keuls revealed that repeated systemic morphine diminished the effect of
locally applied morphine on the firing rate of VP neurons at 32 nA (p< 0.01, Figure 9b). Higher
ejection currents were able to induce an apparent depolarization inactivation. The inactivation
profile was similar to that seen with glutamate in the VP and mirrored that previously reported
for other brain regions, to iontophoretically applied (Matthews and German, 1984) and
intravenously administered morphine (Henry et al, 1992), an effect reversed in both studies by
locally applied GABA. As with glutamate iontophoresis, the higher ejection currents (48–128
nA) were assessed by determining the number of neurons that entered into this apparent state
of depolarization inactivation for each ejection current increment. In contrast to glutamate,
however, Mantel-Haenszel χ2 analysis for response distribution over a number of ejection
currents indicated no significant effect of repeated i.p. morphine (p =0.07) to increase the
propensity of locally applied morphine to induce depolarization inactivation (Figure 9c).

In summary, these electrophysiological studies revealed that following a 14-day withdrawal,
repeated morphine treatment did not change the rate diminishing effects of locally applied
GABA or the rate enhancing effects of the D1 agonist SKF82958 in the VP. However, repeated
i.p. morphine increased the propensity of VP neurons to enter into a state of apparent
depolarization block with local glutamate application when compared with VP neurons from
saline-pretreated rats. In contrast, repeated morphine pretreatments did not alter the propensity
of VP neurons to go into depolarization block with locally applied morphine; indeed, the
excitatory effect of this ligand was actually decreased in morphine-pretreated rats.

DISCUSSION
The results show that after the dissipation of any acute somatic withdrawal symptoms from
five daily injections of a moderate morphine dose, and at post-treatment withdrawal times when
behavioral sensitization could be evoked by an acute morphine challenge, there were
withdrawal time (3 vs 14 days) and brain region (NAc vs VP) differences in several indices of
neuronal plasticity. The time- and region-dependent effects were specific to particular
transcription factors. Particularly novel are the findings that the VP shows persistent alterations,
assessed functionally at the neuronal level, that were transmitter-system specific. This
divergence of responding aids in ascertaining the cellular mechanisms that accompany
morphine-induced behavioral sensitization.
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We revealed that repeated intermittent exposure to morphine significantly altered NAc and VP
brain levels of ΔFosB. This concurs with a prior report of ΔFosB increases in NAc following
repeated daily injections of cocaine (Nye et al, 1995). We determined, however, that ΔFosB
expression was elevated at a time when tissue levels of pCREB (or the pCREB/CREB ratio)
were decreased. pCREB is thought to enhance ΔFosB expression (Andersson et al, 2001). If
this cascade applies to the brain regions assayed, the divergence in tissue levels at the 3-day
withdrawal period may reflect temporal differences in the drug-induced effects on pCREB and
ΔFosB. CREB is activated (phosphorylated) very rapidly after a single stimulus or acute drug
treatment (Konradi et al, 1994). This can increase ΔFosB (Andersson et al, 2001), and with
repeated stimuli (eg repeated morphine injections used in the present study), ΔFosB, an
exquisitely stable protein, accumulates in brain tissue (McClung et al, 2004). The decreases in
tissue pCREB may be a ‘rebound’ adaptation to its repeated elevation during treatment (see
below for further discussion). Thus, the increased levels of ΔFosB observed in this study may
be the result of increased CREB transcriptional activity during the repeated treatment, but only
the elevated ΔFosB effect persisted to 3 days after treatment termination. ΔFosB levels returned
to normal by the 14-day withdrawal period. This likely reflects the fact that while this protein
is long lasting, without repeated or sustained stimuli, its levels eventually return to normal
(McClung et al, 2004). As motor sensitization occurred at the 14-day withdrawal time, when
ΔFosB levels were no longer elevated, it may be that transcriptional consequences of the 3-
day elevation in ΔFosB endured up to 14 days.

Decreased pCREB has been implicated in the persistence of behavioral sensitization to cocaine
(Walters and Blendy, 2001) and pCREB-deficient mice display an enhanced behavioral
response to acute morphine (Walters et al, 2005). These reports, together with our results,
indicate that decreased pCREB may play a role in behavioral sensitization to morphine.
Comparing the levels of pCREB with its unactivated form, CREB, provided cues as to
biochemical mechanisms that are involved, and underscored regional differences in this
process. CREB remained unchanged in the VP, but in the NAc, CREB levels were increased
at 3 days of withdrawal and decreased at 14 days. As pCREB was decreased at both withdrawal
periods, accumbal levels of the activated form appear to be independent of the expression levels
of its inactive substrate. These results are indicative of a stronger role of protein kinase activity
on levels of pCREB, as compared to the total amount of CREB that is available to be
phosphorylated. Future studies on the role of kinases that are involved in maintenance of the
basal phosphorylation state of CREB, such as Ca2 +/calmodulin-dependent kinase IV
(CAMKIV) (Ho et al, 2000), would aid in determining the merit of this possibility.

As consequences of μ-opioid receptor activation and pCREB-mediated signaling may reflect
an alteration in receptor-mediated transmission, we electrophysiologically determined if
several receptor systems were functionally changed in the VP 14 days after repeated i.p.
morphine. The ability of GABA, or the D1-like DA agonist SKF82958 to regulate VP spiking
rate was not altered, suggesting that these VP receptors did not underlie the enhanced motor
responding that occurred with an acute morphine challenge. This finding contrasts prior
assessments of these transmitter systems in the NAc following chronic continuous morphine
treatment (75 mg pellets s.c. for 5 days) which revealed an increased GABAergic transmission
in the VTA (Bonci and Williams, 1997) and enhancements in D1-receptor signaling cascade
in striatal neurons (Chartoff et al, 2003). It remains unclear if the reason for the differences
between the current results and this literature reflect differences in the adaptive properties of
the various brain regions and/or repeated intermittent (ie sensitizing) treatments vs chronic
exposure. Both possibilities are worthy of future studies.

Assessing the consequences of repeated morphine pre-treatments on pallidal glutamatergic
function revealed that while the rate enhancing effects remained intact, there was a greater
propensity of higher synaptic concentrations of glutamate to induce depolarization inactivation.
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If the VP adapts like other brain regions following repeated or sustained morphine exposure,
this response may reflect increased basal Ca2+ levels (Narita et al, 2002) or a decreased Ca2+

buffering capacity (Garcia et al, 1996). Calbindin is a Ca2+ buffering protein that is expressed
in high levels in the VP (Zahm et al, 2003) and this protein is decreased in the brains of
CAMKIV knockout mice that are deficient in pCREB (Ribar et al, 2000). As pCREB was
reduced in the VP with the same morphine treatment regimen that altered glutamatergic
function, it may be that a decrease in VP levels of Ca2+-buffering proteins, such as calbindin,
underlies the enhanced depolarization inactivation effect of glutamate in this region. In addition
to a possible involvement of general Ca2+ mechanisms, this effect of glutamate likely reflected
receptor-selective events, for the excitatory actions of SKF82958 did not result in
depolarization block, and the capacity of morphine to produce depolarization block was not
changed in rats repeatedly treated with the opiate. Repeated systemic administration of heroin
increases glutamate and decreases GABA levels in the VP of rats (Caille and Parsons, 2004).
Thus, it may be that glutamatergic transmission is being promoted in opiate-sensitized rats at
a time when a tonic GABAergic-induced inhibition is reduced and the capacity to buffer the
intracellular consequences of excessive glutamatergic transmission is compromised in the VP.
The combined effects may be increased frequency of neuronal inactivation during those periods
of elevated glutamatergic drive.

Also tested was the possibility that the function of μ-opioid receptors, the primary target of
morphine, may differ in the VP between rats repeatedly treated with saline vs morphine. In
saline-pretreated controls, locally applied morphine increased firing in the majority of
responding VP neurons, replicating our prior report of the phenomenon (Johnson and Napier,
1997b). As activation of μ-opioid receptors is known to increase K +, and decrease Ca2 +

conductance (Wimpey and Chavkin, 1991; Rhim and Miller, 1994), both of which would act
to suppress spiking, morphine-induced rate increases likely reflect indirect mechanisms (for a
review, see North, 1993). In the VP, μ-opioid receptors are located on soma and fibers within
the VP, with a major presynaptic distribution (Olive et al, 1997). Microiontophoresis deposits
ligands within a few micrometers of the pipette tip (Hicks, 1984), which can influence both
pre- and postsynaptic elements. Microiontophoretically applied morphine within the VP can
attenuate the effects of several transmitters including GABA (Chrobak and Napier, 1993;
Johnson and Napier, 1997b) which may reflect activation of presynaptic μ-opioid receptors on
GABAergic terminals. Since the GABAergic input to the VP is tonically active in chloral
hydrate-anesthetized rats (Chrobak and Napier, 1993; Turner et al, 2002), it is likely that μ-
opioid receptor-mediated inhibition of GABA release underlies the acute excitatory responses
to local morphine applications in the VP.

Repeated systemic treatments with morphine followed by 14 days of withdrawal resulted in a
decrease in the maximal excitatory effect obtained in VP neurons with microiontophoretic
applications of morphine. This result could reflect a decrease in the capacity of acute, locally
applied morphine to presynaptically modulate other transmitters via compensatory changes in
number, or efficiency, of the presynaptic μ-opioid receptor. While data regarding changes in
μ-opioid receptor density in the brains of morphine-sensitized animals are inconclusive, reports
on μ-opioid receptor-regulated signal transduction provide a more compelling explanation of
the current findings. A second messenger involved in this process is cAMP. Acute activation
of the μ-opioid receptor decreases cAMP activity (Wang and Gintzler, 1994) leading to a
decrease in presynaptic GABAergic transmission (Bonci and Williams, 1997). μ-Opioid
receptor-induced decreases in cAMP are attenuated in the striatum in morphine-sensitized rats
(Vigano et al, 2003). A similar ‘blunting effect’ may occur in the VP. This would reduce the
ability of locally applied morphine to presynaptically inhibit GABA, and thus decrease VP
GABA concentration similar to that reported for the VP in rats repeatedly exposed to heroin
(Caille and Parsons, 2004). These adaptations could lead to the downward shift in the maximal
rate enhancing response to morphine observed in the present study. The observation that VP
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neurons did not display the same increased propensity to go into depolarization block to locally
applied morphine as was seen with glutamate may relate to the difference in the mode of action
for these two ligands in morphine-sensitized rats. That is, the direct activation of glutamate
receptor channels to profoundly depolarize neurons would not be mimicked by the indirectly
mediated rate enhancements that result from a μ-opioid receptor-induced disinhibition of
GABA release. It is noteworthy that the downstream effect of reduced GABA release is not
changed by morphine-induced sensitization. This conclusion is drawn from the lack of a change
in sensitized rats to the rate altering effects of exogenously (microiontophoretically) applied
GABA, which, by acting at postsynaptic sites, can override presynaptic modulation of
endogenous transmitter. These findings underscore the possibility that GABA transmission is
altered by morphine-induced sensitization; it likely occurs at presynaptic terminals.

In conclusion, the results presented in this report reveal that at 14 days following repeated
systemic treatments of morphine, when behavioral sensitization is obtained in response to an
acute morphine challenge, the VP shows significant decreases in pCREB, increases in the
detrimental effects of elevated glutamate, and diminished responding to local applications of
morphine. These observations reveal that the VP demonstrates enduring neuronal alterations
induced by repeated morphine. This effect was selective in so far as no changes were observed
in ΔFosB levels or in responding to GABA or the D1 agonists SKF82958 at the 14-day
withdrawal period. Decreased pCREB levels may be a reflection of changes in the modulation
of VP activity by μ-opioid receptors, evidenced by the decreased effect of locally applied
morphine on VP neurons. Decreased pCREB may also be reflective of the reduced capacity of
VP neurons to buffer the consequences of excessive glutamatergic transmission.

The physiological relevance of these cellular findings, and how these changes are reflected in
the motor sensitization seen in the current study, is of interest. A majority of the VP neurons
provide GABAergic projections that target brain regions involved in motor behaviors (eg the
subthalamic nucleus, the medial dorsal thalamus, midbrain DA neurons, and the mesencephalic
locomotor region/pedunculopontine nucleus; Mogenson et al, 1993). A disinhibition of these
targets may contribute to the motor sensitization observed in the present study. As some of
these brain regions also regulate reward (eg pedunculopontine nucleus, DA neurons), it is
possible that similar mechanisms may contribute to the involvement of the VP in reward-
motivated behaviors that occurs with repeated exposure to opiates (Johnson et al, 1993; Caille
and Parsons, 2004).
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Figure 1.
Diagrams illustrating the experimental design. The same repeated morphine treatment for
behavioral, Western blotting, and electrophysiology experiments. BL, baseline; RT1-5,
repeated treatment days; RA, reacclimation (this was performed on days 2 and 13 of the 14-
day withdrawal period); AC, acute challenge (all AC drugs for the electrophysiology
experiments were locally administered using microion-tophoresis); VP, ventral pallidum.
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Figure 2.
Morphine-induced behavioral sensitization. Presented as an index of motor activity is the
number of beam breaks totaled for the 90 min test session. For the acute challenge, a two-way
mANOVA revealed a pretreatment effect (F(1,10)= 8.04, p= 0.017), but no effect of withdrawal
time or an interaction between the two variables. A post hoc Newman–Keuls test was
significant for comparisons between repeated pretreatment groups at each withdrawal period
(+, p< 0.05). Repeated pretreatment groups: SAL, saline; MOR, morphine. BL, baseline; RT1
and RT5, the first and fifth day of repeated treatments; 3 day and 14 day, number of post-RT
withdrawal days; AC, acute challenge.
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Figure 3.
Repeated morphine treatments decreased the levels of activated (phosphorylated) CREB
(pCREB) as well as the ratio of pCREB to CREB in both the NAc and VP. *, indicates a
significant overall difference between repeated treatment groups as revealed by two-way
mANOVA (p<0.05). +, indicates significance (p<0.05) with post hoc Newman– Keuls between
the repeated treatment groups within a given withdrawal period. SAL, repeated treatment with
saline; MOR, repeated treatment with morphine. (a, b) The bar graphs are the averaged optical
density as % of saline control. The numbers in parentheses show the sample size.
Representative immunoblots are provided above the respective bar graphs. (a) pCREB. For the
NAc, there was a repeated treatment effect (F(1,20)=15.27, p=0.0009) but no withdrawal time
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or withdrawal time– treatment interaction. For the VP, there was also a repeated treatment
effect (F(1,17)=21.68, p=0.0002) with no withdrawal time or withdrawal time–treatment
interaction. While a post hoc Newman–Keuls revealed no significant differences between
repeated treatment groups at either withdrawal time for this brain region, a Student’s t-test
showed significant differences for each withdrawal time (p<0.05, not illustrated). (b) CREB.
For the NAc, there was no repeated treatment effect; however, there was a withdrawal time
effect (F(1,20)=11.90, p=0.0025) and a withdrawal time–treatment interaction (F(1,20)=8.51,
p=0.0085; not illustrated). Although not illustrated, there was also a significant difference
between 3- and 14-day withdrawal within the morphine-treatment groups (p<0.01). (c)
pCREB/CREB. For the NAc. there was a repeated treatment effect (F(1,19)=22.57, p=0.0001)
without a withdrawal time or withdrawal time–treatment interaction. For the VP, there also
was a repeated treatment effect (F(1,21)=16.49, p=0.006) without an effect of withdrawal time,
or a withdrawal time–treatment interaction. While a post hoc Newman–Keuls revealed no
significant difference for this brain region between treatments at either withdrawal time, a
Student’s t-test showed treatment group differences for each withdrawal time (p<0.05; not
illustrated).
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Figure 4.
Repeated morphine treatment increased levels of ΔFosB in the VP and NAc. *, indicates a
significant overall difference between repeated treatment groups as revealed by two-way
mANOVA (p<0.05). +, indicates significance (p<0.05) with post hoc Newman–Keuls between
the repeated treatment groups within a given withdrawal period. SAL, saline repeated
treatment; MOR, morphine repeated treatment. The bar graphs are the averaged optical density
as % saline control. The numbers in parentheses show the sample size. Representative
immunoblots are provided above the respective bar graphs. ΔFosB in the NAc showed no
repeated treatment effect but there was a withdrawal time effect (F(1,18)=7.04, p=0.016) and
withdrawal time–repeated treatment interaction (F(1,18)=12.83, p=0.0021) (not illustrated).
For ventral pallidal ΔFosB, there was a significant repeated treatment effect (F(1,19)=18.91,
p=0.003), but no withdrawal time and no withdrawal time–treatment interaction. While a
Newman–Keuls showed significance between repeated treatment groups within a withdrawal
period, for both brain regions there also was a significant difference in ΔFosB levels
between 3 and 14 days withdrawal within the morphine repeated treatment groups (p<0.05; not
illustrated).
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Figure 5.
Illustration of the anatomical location of electrophysiologically recorded ventral pallidal
neurons used in the microiontophoresis ejection current– response curves. Locations are
categorized according to the iontophoretically applied ligand (ie •, ♦, etc.), thus, most neuronal
recordings are represented more than once. Shaded symbols represent the stereotaxic locale of
neurons recorded from rats withdrawn from repeated morphine treatments (10 mg/kg, i.p.),
whereas open symbols represent the locale of neurons recorded from saline control rats.
Indicated in the lower right region of each panel is the anterior/posterior location from bregma
(Paxinos and Watson, 1998). AC, anterior commissure; STR, striatum; VP, ventral pallidum;
HDB, nucleus of the horizontal limb of the diagonal band.
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Figure 6.
GABA-induced inhibition of neuronal firing was not altered by repeated i.p. morphine
treatments. (a) Real-time histogram separated into two panels illustrating the effect of GABA
on the firing rate of a neuron from the VP of a saline-treated rat. Dashes above histogram
illustrate ejection periods and the numbers illustrate the ejection current magnitude. (b)
Averaged rate effects of iontophoretically applied GABA from ventral pallidal neurons
recorded 14 days after the rats received repeated i.p. treatments of saline (SAL; open symbols)
or morphine (MOR; closed symbols). A two-way repeated measures ANOVA revealed an
effect of ejection current magnitude (F(11,341)=70.99, p<0.0001) but no difference between
repeated i.p. pretreatments, or ejection current–pretreatment interaction.
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Figure 7.
The rate enhancing effect of the D1 agonist SKF82958 was not altered by repeated i.p.
treatments of morphine. (a) A real-time histogram illustrating the firing rate increases evoked
by iontophoresing SKF82958 on a single ventral pallidal neuron of a morphine-treated rat
(scale above histogram illustrates the beginning of SKF82958 ejection and nA magnitude of
ejection currents). (b) The averaged rate enhancing effect of iontophoretically applied
SKF82958 in ventral pallidal neurons recorded 14 days after repeated i.p. treatments of saline
(SAL; open symbols) or morphine (MOR; closed symbols). A two-way repeated measures
ANOVA revealed no repeated i.p. pretreatment effect or ejection current–pretreatment
interaction, but did reveal an ejection current effect (F(9,72)=12.98, p<0.0001).
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Figure 8.
The rate enhancing effect of glutamate was not changed following 14 days of withdrawal from
repeated i.p. morphine treatments, but the ability of glutamate to promote depolarization
inactivation was significantly increased. (a) Real-time histogram separated into three panels
illustrating the effect of microiontophoretically applied glutamate on the firing rate of a single
ventral pallidal neuron of a saline-pretreated rat. Dashes above histogram illustrate ejection
periods and the numbers provide the ejection current magnitude. (b) Line chart showing the
averaged rate enhancing effects of iontophoretically applied glutamate in ventral pallidal
neurons recorded 14 days after repeated i.p. treatments of saline (SAL; open symbols) or
morphine (MOR; closed symbols) (graphed as % of baseline firing rate). A two-way repeated
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measures ANOVA revealed an ejection current effect (F(15,180)=9.88, p<0.0001) with no
repeated i.p. pretreatment or ejection current–pretreatment interaction effect. (c) Cumulative
% of neurons that exhibited depolarization inactivation at each respective nA ejection current.
Data were calculated as the number of neurons that exhibited depolarization inactivation (see
Methods) at each nA ejection current as a % of the total number of neurons in the ejection
current–response curve. ##, indicates significance, a Mantel–Haenszel χ2 analysis for response
distribution (χ2=4.91, p=0.03) revealed an effect of the repeated i.p. morphine pretreatments
on the propensity of neurons to go into depolarization block. Repeated i.p. pretreatment groups:
SAL, saline (open symbols/bars); MOR, morphine (closed symbols/bars).
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Figure 9.
The rate enhancing effect of locally applied morphine is significantly decreased after 14 days
withdrawal from repeated morphine treatments, but the propensity for VP neurons to go into
depolarization block is unchanged. (a) A real-time histogram illustrating the rate enhancing
effects of morphine on a single ventral pallidal neuron of a morphine-pretreated rat. Scale above
histogram illustrates beginning of morphine ejection and nA magnitude of ejection currents.
(b) The averaged rate enhancing effect of iontophoretically applied morphine in ventral pallidal
neurons recorded 14 days after repeated i.p. treatments of saline (SAL; open symbols) or
morphine (MOR; closed symbols). A two-way repeated measures ANOVA revealed no
pretreatment effect or ejection current–pretreatment interaction but did reveal an ejection
current effect (F(7,84)=29.99, p=0.0001) and a post hoc Newman–Keuls revealed that
morphine pretreatment diminished the effect of locally applied morphine on the firing rate of
VP neurons at 32 nA (#, p<0.01). (c) Cumulative % of neurons that exhibited depolarization
inactivation at each respective nA ejection current. Data were calculated as the number of
neurons that exhibited depolarization inactivation (see Methods) at each nA ejection current
as a % of the total number of neurons in the ejection current–response curve. All but one of
the neurons was inactivated before the maximum ejection current was reached. A Mantel–
Haenszel χ2 analysis for response distribution over a number of ejection currents indicated no
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significant effect of repeated i.p. morphine (χ2 =3.23, p=0.07) to alter the propensity of locally
applied morphine to induce depolarization inactivation. Repeated i.p. pretreatment groups:
SAL, saline (open symbols/bars); MOR, morphine (closed symbols/bars).
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