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Abstract
There is evidence that the kappa opioid system plays an important role in cocaine addiction and
that chronic cocaine administration and withdrawal from chronic cocaine alter kappa opioid
receptor (KOPr) density. The present study employed in situ [35S]GTPγS binding
autoradiography to measure KOPr-stimulated activation of G-protein in the caudate putamen,
nucleus accumbens core and shell, lateral hypothalamus, basolateral amygdala, substantia nigra
compacta, substantia nigra reticulata and ventral tegmental area (VTA), in response to chronic
cocaine administration or acute and chronic withdrawal from chronic cocaine. Male Fischer rats
were injected i.p. with saline or cocaine three times daily at 1 hr intervals in an escalating-dose
paradigm for 14 days (from 3 × 15 mg/kg/injection on days 1–3 up to 3 × 30 mg/kg/injection on
days 10–14). Identically treated separate groups were withdrawn from cocaine or saline for 24 hr
or 14 days. No significant change in KOPr agonist U-69593-stimulated [35S]GTPγS was found in
the seven regions studied 30 minutes or 14 days after chronic 14 days escalating-dose binge
cocaine administration. However there was an increase in KOPr -stimulated [35S]GTPγS binding
in the VTA (P<0.01) of rats withdrawn for 24 hours from chronic cocaine. Our results show a
cocaine withdrawal induced increase of KOPr signaling in the VTA, and suggest that the KOPr
may play a role in acute withdrawal from cocaine.
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Cocaine continues to be a widely abused drug in the United States. The rewarding properties
of cocaine include an elevation of extracellular dopamine (DA) in dorsal striatum and
nucleus accumbens (Di Chiara and Imperato, 1988; Maisonneuve and Kreek, 1994). There is
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strong evidence indicating that opioid systems are affected by cocaine treatment (see
reviews in Kreek et al., 2002; Shippenberg et al., 2007). Cocaine administration in rodents,
non-human primates and humans has been shown to cause a significant increase in
preprodynorphin (ppDyn) mRNA levels in the striatum (Daunais et al., 1993; Hurd and
Herkenam, 1993; Spangler et al., 1993; Turchan et al., 1998; Zhou et al. 2002; Fagergren et
al., 2003; Schlussman et al., 2003). We have shown that escalating-dose binge
administration of cocaine alters striatal ppDyn mRNA levels in rats (Schlussman et al.,
2005). The increase of ppDyn mRNA levels has been observed in the lateral hypothalamus
in acute (1 day) withdrawal from chronic escalating-dose binge cocaine administration
(Zhou et al., 2008).

Opioid receptors are G-protein coupled, and activation of inhibitory G-proteins coupled to
mu, kappa and delta opioid receptors inhibits adenylyl cyclase (Childers, 1991; Claye et al,
1996). Repeated cocaine administration has been found to induce changes in many G-
protein coupled receptor systems in the brain, including the kappa opioid receptor (KOPr)
system (Sharpe et al., 2000; Turchan et al., 1999; Bailey et al., 2005, 2007), although some
reports found that chronic cocaine administration had no effect on dynorphin A1–17-
stimulated [35S]GTPγS binding of KOPr in the caudate putamen, nucleus accumbens or
cingulate cortex (Schroeder et al., 2003). Chronic steady-dose or chronic escalating-dose
binge cocaine administration resulted in upregulation of KOPr binding in several
mesolimbic areas of the rat brain (Unterwald et al., 1994; Bailey, et al., 2007). However, 14
days withdrawal from chronic escalating-dose binge cocaine administration led to a
downregulation of KOPr binding in the basolateral amygdala and septum (Bailey et al.,
2007) and an upregulation of mu opioid receptor binding in the frontal cortex, cingulate
cortex and caudate putamen (Bailey et al., 2005). A recent pharmacological study has found
that KOPr antagonists reduced cocaine intake in rats with extended access to cocaine self-
administration (Wee et al., 2009). These studies, taken together, suggest that there are
alterations in the KOPr function in the mesolimbic DA projection regions as a result of
chronic cocaine administration.

However, relatively little is known about the effect of chronic cocaine and withdrawal on the
functionality of G-protein of KOPr in the ventral tegmental area (VTA) and substantia nigra,
DA cell body regions of mesolimbic and nigrostriatal systems, which play an important role
in regulation of DA activity and reward. Therefore, using the specific KOPr agonist
U-69593 for in situ [35S]GTPγS binding autoradiography, the current study examined the
effect of acute (24 hours) and chronic (14 days) withdrawal from chronic escalating-dose
binge cocaine administration, on the functionality of KOP-r G-protein in the VTA and
substantia nigra, in contrast with the effect of chronic cocaine.

EXPERIMENTAL PROCEDURES
Animal and treatment

Forty-eight adult male Fischer rats (Charles River Laboratories, Kingston, NY; 210–240 g)
were used in this study. Animals were housed individually in a temperature controlled room,
with a 12h light/dark cycle (9:00 AM to 9:00 PM) and received food and water ad libitum.
All animal were weighed daily and observed for 3 hours and 1 hour after each injection of
cocaine or saline. After 5 days of acclimation, intraperitoneal (i.p.) injections of either saline
(1ml/kg) or cocaine were administered in an escalating-dose “binge” paradigm to mimic a
common pattern of self-administration in human cocaine abusers. Animals received 3 × 15
mg/kg/injection on days 1–3, 3 × 20 mg/kg/injection on days 4–6, 3 × 25 mg/kg/injection on
days 7–9, and 3 × 30 mg/kg/injection on days 10–14. The three i.p. injections (1 hour apart)
were administered daily for a final maximum daily total cocaine dose of 90 mg/kg, with the
first injection 30 minutes after start of the light cycle. Animals were randomized into six
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groups. The first two groups received either saline (n=7) or cocaine (n=9) administration for
14 days, with ten animals in each group. The second two groups were withdrawn from this
chronic saline or chronic cocaine administration for 1 day (24 hour). The third two groups
were withdrawn for 14 days from chronic saline or chronic cocaine administration.
Approximately 30% cocaine animals given cocaine showed splayed hind limbs following
the last injection on the first day of the highest dose (90mg/kg/day, day 10) achieved in the
escalating-dose injections. During exposure to the highest dose of cocaine, two animals of
nine in each cocaine group died with seizures following the last cocaine injection on day 13
or day 14.

At three times (30 minutes, 24 hours or 14 days) after the last injection, animals were
sacrificed by decapitation following brief exposure to CO2. The brains were quickly
removed and frozen by immersion for 1 minutes in isopentane −35°C. Twenty micron
cryostat sections of brain regions were thaw-mounted onto Plus Slide (Fisher Scientific, Fair
Lawn NJ) and stored at −80°C to use for in situ [35S]GTPγS autoradiography. All animals
were cared for in accordance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 80-23) and with a protocol approved by
the Rockefeller University Institutional Animal Care and Use Committee.

Drugs
[35S]GTPγS and nor-binaltorphimine dihydrochloride (nor-BNI) were purchased from
Perkin- Elmer Life Science (Waltham, MA) and Tocris Bioscience (Ellisville, MO),
respectively. Cocaine hydrochloride and U-69,593 were purchased from Sigma Aldrich (St.
Louis, MO).

In situ [35S]GTPγS binding autoradiography
Agonist-stimulated [35S]GTPγS autoradiography was performed and adapted from earlier
studies (Sim et al.,1995; Castelli et al., 2005; Bortolato et al., 2007). Brain sections were
thawed at room temperature, followed by incubation in assay buffer (50 mM Tris HCl/3 mM
MgCl2/0.2 mM EGTA/100 mM NaCl, pH 7.4) at 25°C for 10 min. Slides were then
incubated with 2 mM GDP in assay buffer at 25°C for 15 min. Agonist-stimulated activity
was determined by incubating [35S]GTPγS (0.04 nM) with 10 µM U-63593 and 2 mM GDP
in assay buffer at 25°C for 2 hr. In each experiment, basal activity was assessed with GDP in
the absence of agonist, and nonspecific binding was assessed in the presence of 10 µM
unlabeled GTPγS.

Slides were then rinsed twice in ice-cold Tris buffer (50mM Tris HCl, pH 7.4) and rinsed
once briefly in deionized water. Slides were dried under cold air and exposed to 35S
sensitive film (Kodak Biomax MR film) for 24 hr. Films were digitized with an MCID
image analyzer (Imaging Research, Canada). Quantification of images was obtained from
densitometry analysis using 14C standards. Agonist-stimulated activity was calculated by
subtracting the optical density of nonspecific sections from the optical density of both
agonist-stimulated and basal binding section. Agonist-stimulated activity was expressed as a
percentage of basal [35S]GTPγS binding.

To confirm that agonist-stimulated [35S]GTPγS of brain sections analyzed reflected the true
neuroanatomical distribution of KOPr-coupled G-protein activity, we tested whether
addition of appropriate specific antagonist (nor-BNI) could block labeling in those areas that
are specifically stimulated by the KOPr agonist U-63593. Different concentrations of
U-69593 (1, 5, 8, and 10 µM) and nor-BNI (0.04, 0.1, 0.5, 1, 2, 5, 10 µM) were determined
by pilot autoradiography experiments. The concentration of antagonist nor-BNI at 1 µM was
chosen since it completely blocked the stimulation produced by agonist U-69593 (10 µM).
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Data analysis
Changes in body weight during the chronic escalating-dose binge cocaine phase were
examined by three-way analysis of variance (ANOVA), Drug (cocaine, saline) X Group X
Treatment Day, with repeated measures on the last variable. Changes in body weight across
the 14 days of withdrawal were examined by two-way ANOVA, Drug X Withdrawal Day,
with repeated measures on the last variable, followed by planned comparisons on the last
day.

A preliminary two-way ANOVA of the levels of U-69593-stimulated [35S]GTPγS binding
in all saline groups, Time (14 days chronic treatment, 1 day or 14 days withdrawal from
chronic cocaine) X Brain Region showed that there was no significant main effect of Time,
F(2,18) = 2.21, (showing no difference between Time groups), but there was an expected
significant main effect of Brain Region, F(7,126) = 2.77, p<0.01, with no significant
interaction, F(14,126) = 1.24. Therefore, levels of [35S]GTPγS binding autoradiography
were examined separately in each brain region by two-way ANOVA, Drug X Time,
followed by Newman-Keuls post hoc test or planned comparison. Comparison of basal
[35S]GTPγS binding was carried out using both a three-way ANOVA, Region X Drug X
Time, and a two-way ANOVA, Drug X Time, of each brain region. The accepted level of
significance for all tests was p < 0.05. All statistical analyses were performed using
Statistica (version 5.5, StatSoft Inc., Tulsa, OK).

RESULTS
Body weight

Body weight decreased progressively across the 14 days of chronic escalating-dose binge
cocaine administration (see Fig. 1). ANOVA showed a significant effect of cocaine, F( 1,36)
= 229.90, p<0.000001, a significant effect of Group, F(2,36) = 13.86, p<0.00005, (both
cocaine treated and saline controls of one group, had higher body weights on arrival), and a
significant effect of Treatment Day, F(13,486) =13.62, p<0.000001. Rats withdrawn for 1
day from chronic cocaine continued to lose body weight. ANOVA of the 14-day withdrawal
groups showed that although the cocaine group increased in body weight across the days of
withdrawal, Drug X Withdrawal Day interaction F(13, 156) = 32.85, p<0.000001, they were
still significantly lower than saline controls after 14 days of withdrawal, F(1,12) = 18.06,
p<0.002, (planned comparison).

In situ [35S]GTPγS binding autoradiography
[35S]GTPγS autoradiography was used to evaluate KOPr activation of G-protein in the
caudate putamen, nucleus accumbens core and shell, ventral tegmental area, lateral
hypothalamus, basolateral amygdala, substantia nigra reticulata and substantia nigra
compacta. A clear stimulation was observed in all regions incubated with KOPr agonist
U-69593. Coronal brain sections assayed in the presence of nor-BNI (1 µM) and U-69593
(10 µM) showed that the antagonist nor-BNI completely blocked the agonist U-69593
stimulation of KOPr in areas analyzed (see Fig. 2).

A three-way ANOVA, Drug X Region X Time, of the basal [35S]GTPγS data showed a
significant difference among regions, F(7,252) = 21.6, p<0.001, but no significant main
effect of Drug or Time, or their interactions. Two-way ANOVA, Drug X Times, of each
brain region further showed no significant main effect or interaction on basal [35S]GTPγS
binding.

Two-way ANOVA with repeated measures of U-69593 stimulated [35S]GTPγS binding of
saline control animals across brain regions, Time X Region, showed a significant difference
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among regions, F(7,126) = 2.77, p<0.02, but no significant main effect of Time, nor a
significant Time X Region interaction. Since there were significant differences in the levels
of U-69593- stimulated [35S]GTPγS binding among brain regions, the effect of withdrawal
was examined by two-way ANOVA in each brain region studied, Drug X Time.

The effect of 14 days chronic escalating-dose binge cocaine or saline, of 1 day, and of 14
days withdrawal from chronic escalating-dose binge cocaine or saline on U-69593-
stimulated [35S]GTPγS binding in various brain regions is given in Table 1. Data are
expressed in mean percent increase ± SEM from [35S]GTPγS under the basal condition.

A two-way ANOVA, Drug X Time, showed a significant main effect of cocaine in the
ventral tegmental area, F(1,36) = 8.65, p<0.01, and a Drug X Time interaction that just
failed to reach significance, F(2,36) = 3.21, p=0.052. After 24 hours, U-69593-stimulated
[35S]GTPγS binding was significantly higher in the animals withdrawn from chronic
escalating-dose binge cocaine administration than in the saline controls (p<0.01, Newman
Keuls post hoc test), as can be seen in Fig. 3. Representative digital images of brain sections
containing the ventral tegmental area showing kappa receptor-stimulated [35S]GTPγS
binding after 1-day withdrawal from saline or from chronic escalating-dose binge cocaine
administration are shown in Fig. 4. Both basal and U-69593-stimulated slides are shown. No
significant change in U-69593-stimulated [35S]GTPγS binding was observed in any other
brain region studied.

DISCUSSION
In situ receptor-stimulated GTPγS binding is an effective method for visualizing the
distribution and density of receptor-activated G-proteins. In this study we use the highly
selective KOPr agonist U-69593 to visualize G-protein coupled to KOPr after chronic
cocaine administration and after 1 day or 14 days withdrawal from chronic cocaine in seven
rat brain regions. Significant stimulation of [35S]GTPγS binding was observed in the
nucleus accumbens core and shell, lateral hypothalamus, basolateral amygdala, substantia
nigra compacta, substantia nigra reticulata and ventral tegmental area in rat brain sections.
This observation extends the results of Park et al. (2000) who originally showed significant
activation of G-protein by U- 69593 in the caudate putamen and prefrontal and cingulate
cortex of wild-type mice in comparison with µ-opioid receptor knockout mice. In general,
distribution of U-69593 stimulated G-protein is in agreement with previously published data
on KOPr density measured using [3H]CI-977 in rats (Bailey et al. 2007) and KOPr mRNA
expression in mice (Mansour et al. 1994).

We found that neither 14-day chronic escalating-dose cocaine administration nor its 14-day
withdrawal alters the KOPr-stimulated [35S]GTPγs binding in any region analyzed. Using
the same paradigm of cocaine treatment, our earlier study by Bailey et al (2007) showed no
overall alteration of KOPr binding after 14-day chronic escalating-dose cocaine across most
brain areas. However, a decrease in KOPr binding after 14 days of withdrawal was found in
the basolateral amygdala when compared to the 14-day chronic escalating-dose cocaine
group. Using chronic steady-dose (45 mg/kg/day) “binge” cocaine administration, Schroeder
et al. (2003) found no significant change in G-protein coupling of KOPr in caudate putamen
or nucleus accumbens core and shell. In another early study using chronic steady-dose
“binge” cocaine, however, Unterwald et al. (1994) found that KOPr binding was
significantly increased in the rostral cingulate cortex, rostral caudate putamen, caudal
olfactory tubercle, and VTA. These apparently different results of KOPr binding among the
above studies may depend on the dose and timing of cocaine administration. Further, as has
been demonstrated by Bailey et al. (2008), chronic cocaine-induced change in the binding of
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dopamine D2-like receptors does not necessarily reflect the same direction of change in the
D2 receptor functional coupling.

Of interest, we found that 1-day withdrawal from chronic escalating-dose cocaine
administration resulted in significantly enhanced coupling of KOPr and G-protein in the
VTA only. The increases in kappa opioid receptor-stimulated [35S]GTPγS binding in the
VTA may be indicative of changes in the components of the KOPr signaling pathway. The
actions of KOPr are mediated through activation of the Gi and Go family of guanine
nucleotide-binding G-proteins (Childers, 1991; Law and Loh, 1999). A study by Nestler at
al. (1990) demonstrated a decrease of Gi and Go alpha subunit protein levels in VTA,
nucleus accumbens and locus coeruleus immediately (1-hour) after 14-day chronic cocaine
administration (15 mg/kg, twice a day). Therefore, one might expect a decrease in both basal
and KOPr-activated [35S]GTPγs binding 30 min after chronic escalating-dose cocaine
administration in the VTA. However, we found that neither basal nor KOPr-stimulated
[35S]GTPγs binding showed a significant difference from the saline control in any brain
region examined, including the VTA. In contrast, we observed an enhanced KOPr-activated
[35S]GTPγs binding after 1-day withdrawal from chronic escalating-dose cocaine.

Although the mechanism involved in the increase in KOPr coupling is not clear, it is
possible that there is a rebound increase in the number of Gi and Go alpha subunit proteins
induced by 1-day cocaine withdrawal. Alterations of other factors downstream of the
receptor affecting Gi/o coupling to KOPr in response to 1-day cocaine withdrawal might also
play an important role. The increase in KOPr coupling to G-protein in our study is unlikely
to be due to decreased endogenous dynorphin release, since there is growing evidence that
there is an activated dynorphin/KOPr system during early cocaine withdrawal, especially
after chronic escalating-dose cocaine exposure (e.g., Zhou et al., 2008; Wee et al., 2009).

Receptor autoradiography using the selective KOPr-selective ligand, U-69593, have shown
that KOPr binding is heterogeneously distributed in rostral portions of the VTA (Speciale et
al., 1993). The VTA of the midbrain is an area rich in dopamine neurons which project to
nucleus accumbens, amygdala, hippocampus, prefrontal cortex, ventral pallidum (Berendse
et al., 1992; Everitt and Robbins, 2005; Heimer and Van Hoesen, 2006), whereas DA
neurons arising in the substantia nigra innervate the dorsal striatum (Graybiel, 1990). This
VTA dopamine pathway plays a key role in mediating the rewarding aspects of behavior
(Wise, 1998; Ranaldi et al., 1999).

The KOPr agonists U-50488, U-69593 and TRK-820 have aversive effects as measured by
the conditioned place preference procedure in rats (Bals-Kubik et al. 1989; Suzuki et al.
1992; Mori et al. 2002). Of particular interest, microinjection of the KOPr agonist U-50488
and the dynorphin derivative E-2078 into the VTA produce place aversion (Bals-Kubik et
al., 1993). Although synthetic KOPr agonists (including U-50488 and U-69593) decrease
DA levels in the nucleus accumbens and caudate putamen of rats and mice (Di Chiara and
Imperato 1988; Spanagel et al. 1992; Devine et al. 1993; Zhang et al. 2004), microinjections
of U-50488 or U- 69593 in the VTA fail to alter extracellular DA and DA metabolite
concentration in the nucleus accumbens (Spanagel et al., 1992; Devine et al., 1993).

In contrast, it was shown that the selective activation of KOPr in the VTA inhibits VTA DA
neurons projecting to the medial prefrontal cortex (Margiolis et al., 2006). In the same study,
dual-probe microdialysis revealed a marked decrease in medial prefrontal cortical DA levels
in response to intra-VTA KOPr agonist perfusion. VTA perfusion of a selective KOPr
antagonist blocked the agonist-induced decrease DA levels in medial prefrontal cortex.
During the early phase of cocaine withdrawal, in the medial prefrontal cortex, basal DA
uptake is increase and cocaine-evoked dopamine levels are lower (Chefer et al., 2000).
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Decrease in extracellular DA levels in the medial prefrontal cortex is postulated to lead to
the compulsive drug-seeking behavior (Schenk et al., 1991; McGregor et al., 1996; Kalivas
et al., 2005).

The data presented here demonstrate that kappa opioid receptor-stimulated G- protein
activation is enhanced in the VTA following 1-day withdrawal from chronic escalating
binge cocaine administration. This result, in conjunction with previous research, adds further
evidence that KOPr system could modulate and inhibit DA neurons projecting to the
mesolimbic regions, in response to cocaine and especially to the early phase of withdrawal.
This compensatory mechanism may be responsible for the decrease DA levels in the
mesolimbic areas (including prefrontal cortex), and could be activated in different stages of
drug exposure or withdrawal.
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Abbreviations

AcC Accumbens core

AcS Accumbens shell

BLA basolateral amygdala

CO2 carbon dioxide

CPu caudate putamen

DA dopamine

G-protein guanine nucleotide-binding protein

GTPγS guanosine 5'-O-[gamma-thio]triphosphate acid

KOPr kappa opioid receptor

LH lateral hypothalamus

mRNA messenger ribonucleic acid

nor-BNI nor-binaltorphimine dihydrochloride

ppDyn preprodynorphin

SNc substantia nigra compacta

SNr substatia nigra reticulata

U-69,593 (+)-(5α,7α,8β)-N-Methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-
benzeneacetamide

VTA ventral tegmental area
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Figure 1.
Effects of 14 days escalating-dose binge cocaine administration or saline (a), of 1 day
withdrawal from 14 days escalating-dose binge cocaine administration or saline (b) and of
14 days withdrawal from 14 days escalating-dose binge cocaine administration or saline (c)
on the body weight of rats. Data are expressed as mean ± SEM of seven rats.
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Figure 2.
Autoradiography showing antagonist reversal of agonist [35S]GTPγS binding by kappa
opioid receptor. The brain sections were incubated with 2 mM GDP before adding 0.04 nM
radiolabeled [35S]GTPγS and 10 µM U-69,593 with (a) or without 1 µM nor-BNI (b) and in
presence of 0.04 nM radiolabeled [35S]GTPγS with 10µM U-69593 and 10µM unlabeled
GTPγS (c). (Bregma = −4.80). 14C scale bar on the left indicates lower levels of G protein
activation correspond to 33.1 Kbq/g and higher levels of G protein activation correspond to
1.1 Kbq/g.
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Figure 3.
U-69593-stimulated [35S]GTPγS binding in the ventral tegmental area (VTA) of rats given
14 days cocaine or saline, 1 day and 14 days withdrawn from cocaine or saline. Data are
expressed as percent of basal [35S]GTPγS binding + SEM of seven rats. *p<0.01.
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Figure 4.
Digital images obtained from autoradiography of coronal brain sections showing the
distribution of [35S]GTPγS binding stimulated by kappa opioid receptor. Autoradiograms
represent brain sections incubated in presence of 0.04nM radiolabeled [35S]GTPγS without
(basal) [a, d] or with 10µM U-69593 (specific binding) [b, e] and in presence of 0.04 nM
radiolabeled [35S]GTPγS with 10µM U-69593 and 10µM unlabeled GTPγS (non specific
binding) [c, f] in rat withdrawn for 1 day from 14 days of escalating-dose binge saline
administration (a, b and c) and withdrawn for 1 day from 14 days of escalating-dose binge
cocaine administration (d, e and f) (Bregma = −4.80).
14C scale bar on the left indicates lower levels of G protein activation correspond to 33.1
Kbq/g and higher levels of G protein activation correspond to 1.1 Kbq/g.
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