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Abstract
Background—Studies have demonstrated an enhanced dynorphin/kappa-opioid receptor (KOR)
system following repeated cocaine exposure, but few reports have focused on neuroadaptations
within the central amygdala (CeA).

Methods—We identified KOR-related physiological changes in the CeA following escalation of
cocaine self-administration in rats. We used in vitro slice electrophysiological (intracellular and
whole-cell recordings) methods to assess whether differential cocaine access in either 1h (short
access, ShA) or 6h (long access, LgA) sessions induced plasticity at CeA GABAergic synapses, or
altered the sensitivity of these synapses to KOR agonism (U50488) or antagonism (nor-BNI). We
then determined the functional effects of CeA KOR blockade in cocaine-related behaviors.

Results—Baseline evoked GABAergic transmission was enhanced in the CeA from ShA and
LgA rats compared to cocaine-naïve rats. Acute cocaine (1 uM) application significantly
decreased GABA release in all groups (naïve, ShA, and LgA rats). Application of U50488 (1 uM)
significantly decreased GABAergic transmission in the CeA from naïve rats, but increased it in
LgA rats. Conversely, nor-BNI (200 nM) significantly increased GABAergic transmission in the
CeA from naïve rats, but decreased it in LgA rats. Nor-BNI did not alter the acute cocaine-induced
inhibition of GABAergic responses. Finally, CeA microinfusion of nor-BNI blocked cocaine-
induced locomotor sensitization and attenuated the heightened anxiety-like behavior observed
during withdrawal from chronic cocaine exposure in the defensive burying paradigm.

Conclusion—Together these data demonstrate that CeA dynorphin/KOR systems are
dysregulated following excessive cocaine exposure and suggest KOR antagonism as a viable
therapeutic strategy for cocaine addiction.
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Introduction
Cocaine addiction is a chronic relapsing disorder characterized by compulsive cocaine
intake, dysregulation of brain reward and stress systems, and persistent cocaine-seeking
behavior (1, 2). Chronic cocaine exposure produces multiple neuroadaptations in limbic
brain circuitry implicated in distinct aspects of the addiction cycle, while a recruitment of
brain stress (or anti-reward) circuitry following extensive cocaine experience is thought to
mediate a shift to negative reinforcement mechanisms underlying excessive cocaine use (3).
Moreover, this transition may further drive compulsive drug-seeking behavior by facilitating
the intersection of positive and negative motivational circuitry (4), including a potentiation
of extended amygdala signaling (2, 5). For example, extended access to cocaine self-
administration in rats produces profound motivational deficits (6) along with a recruitment
of corticotropin-releasing factor (CRF) signaling in the central amygdala (CeA), a
neuroadaptation thought to contribute to the production of withdrawal-induced negative
affective states during withdrawal (7).

Extended withdrawal from cocaine exposure also potentiates CRF-mediated
neurotransmission at lateral amygdala-to-CeA synapses (8), suggesting that CeA activity
and drug-seeking behavior may be facilitated by stress-associated neuropeptide systems in
the CeA. In this regard, there is substantial CeA co-localization of CRF and the endogenous
opioid dynorphin (9), a neuropeptide hypothesized to drive negative reinforcement
mechanisms in addiction (10, 11). With regard to their actions at neuronal opioid receptors,
dynorphins, particularly dynorphin A, are preferential kappa opioid receptor (KOR) agonists
(12). Mansour and colleges (13) found that KOR binding, while not as widespread as both
mu and delta opioid receptor binding, was densely distributed in the nucleus accumbens
(NAc) and CeA. Consistent with this observation, the KOR agonist salvinorin A increases
Fos protein levels in both the NAc shell and CeA (14). Chronic KOR blockade can be
achieved via a single administration of the long-acting antagonist nor-binaltorphimine (nor-
BNI, 15). Importantly, nor-BNI attenuates progressive-ratio responding for cocaine in LgA
animals (16), suggesting that dynorphin signaling mediates compulsive cocaine seeking
during withdrawal, although the neural circuitry mediating this effect is currently unknown.
It is believed that the influence of the dynorphin system on the rewarding properties of drugs
of abuse is primarily mediated by its action in the NAc (17), where KOR activation inhibits
dopamine (18) and glutamate (19) release. Here, we hypothesize that dysregulated KOR
activity in the CeA, possibly in cooperation with CRF signaling, may contribute to the
development of negative motivational states closely associated with withdrawal and
protracted abstinence associated with cocaine addiction.

Little direct information is available regarding interactions between the dynorphin/KOR
system and GABAergic transmission in the CeA in animals with extended access to cocaine
self-administration. To address this question, using in vitro electrophysiological studies we
compared basal GABAergic transmission in short access (ShA-1 hour cocaine access per
day) and long access (LgA-6 hours access to cocaine per day) animals with cocaine-naïve
controls to determine whether excessive cocaine administration might produce differential
neuroadaptations in CeA GABAergic plasticity. We also examined the acute effects of
applied cocaine and KOR ligands on evoked and spontaneous GABAergic transmission in
CeA slices from cocaine-experienced versus naive animals. Finally, to link these
neuroplastic changes to functional neuroadaptations, we determined the in vivo effects of
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intra-CeA KOR antagonism on two distinct and complementary models of cocaine addiction
symptomatology: cocaine-induced locomotor sensitization and withdrawal-induced anxiety-
like behavior. We found that acute cocaine significantly decreased GABAergic responses
via decreasing GABA release in both naïve and LgA rats but not ShA rats. The application
of U50488, a KOR agonist, significantly decreased, while nor-BNI, a KOR antagonist,
significantly increased CeA GABAergic transmission in the CeA from naïve rats. Notably,
application of U50488 significantly increased, while nor-BNI significantly decreased, CeA
GABAergic transmission in LgA rats. In naïve rats, application of nor-BNI did not alter the
acute cocaine-induced inhibition of GABAergic transmission, ruling out a direct mediation
of cocaine effects by KORs. Finally, CeA microinfusion of nor-BNI blocked cocaine-
induced locomotor sensitization and attenuated the heightened anxiety-like behavior
observed during withdrawal from chronic cocaine exposure in the defensive burying
paradigm. These combined electrophysiological and behavioral results demonstrate that the
CeA dynorphin/KOR pathway is dysregulated following excessive cocaine exposure, and
support KOR antagonism as a potential therapeutic strategy for cocaine addiction.

Methods and Materials
Detailed methods are provided in the Supplemental Information.

In vitro brain slice preparation
We prepared in vitro brain CeA slices (300–400 μm thick) as previously described (20–22)
from male Wistar rats (556.9 ± 16 g) that were anesthetized with isoflurane (1–3%) and
decapitated during withdrawal from cocaine self-administration (methods described in the
Supplemental Information).

Intracellular recordings
We recorded from CeA neurons (primarily from the medial subdivision of the CeA) with
sharp micropipettes filled with 3M KCl using discontinuous current-clamp mode (21). We
held most neurons near their resting membrane potential (RMP), acquired the data with an
Axoclamp-2A preamplifier (Axon Instruments, Foster City, CA) and analyzed using
pClamp software (Axon Instruments, Foster City, CA). We evoked pharmacologically
isolated GABAA receptor-mediated inhibitory postsynaptic potentials (IPSPs) by stimulating
locally within the CeA through a bipolar stimulating electrode while superfusing the slices
with the glutamate receptor blockers 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 μM)
and DL-2-amino-5-phosphonovalerate (APV; 30 μM), and the GABAB receptor antagonist
(CGP 55845A; 1 μM) (21) (20).

Whole-cell patch-clamp recording of miniature IPSCs
We recorded from CeA neurons visualized in brain slices using infrared differential
interference contrast (IR-DIC) optics and a CCD camera (EXi Aqua, QImaging) (22–23).
Whole-cell voltage-clamp recordings were made with a Multiclamp 700B amplifier
(Molecular Devices), low-pass filtered at 2–5kHz, digitized (Digidata 1440A; Molecular
Devices), and stored on a PC using pClamp 10 software (Axon Instruments). Patch pipettes
(4–8MΩ) were pulled from borosilicate glass (Warner Instruments) and filled with an
internal solution composed of (in mM): 145 KCl; 0.5 EGTA; 2 MgCl2; 10 HEPES; 2 Na-
ATP; 0.2 Na-GTP. GABAergic miniature IPSCs (mIPSCs) were recorded in the presence of
10 μM CNQX, 30 μM APV, 1 μM CGP 55845A, and 1 μM tetrodotoxin (TTX). Frequency,
amplitude, and kinetics of miniature IPSCs were analyzed using a semi-automated,
threshold-based mini detection software (Mini Analysis, Synaptosoft Inc., Fort Lee, NJ).
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Cocaine-induced locomotor sensitization and withdrawal-related behaviors
Two separate cohorts of animals were injected chronically with cocaine (20 mg/kg, IP)
following intra-CeA administration of the KOR antagonist nor-BNI. Measures of
locomotion and defensive burying were recorded as described in the Supplemental
Information.

Statistical analysis
Self-administration data were analyzed using repeated measures one-way analysis of
variance (ANOVA) with Dunnett’s post-hoc test. We used t-test analyses for individual
mean comparisons and within-subject one-way repeated measures (RM) ANOVA to
compare IPSPs within a group. When appropriate, the Student Newman-Keuls post hoc test
was used to assess significance between treatments. To assess differences resulting from
cocaine treatment and drug interaction between groups, we used two-way repeated-measures
ANOVA. Statistical significance was set at p < 0.05. Averaged values are presented as mean
± SEM.

Results
Baseline evoked CeA GABAergic responses are elevated in cocaine self-administering
animals

Cocaine self-administration in LgA rats significantly escalated with extended access and
reached the maximum within 11 sessions [F (17,233)=25, p < 0.001] (Fig. 1). ShA rats did
not display a significant increase in cocaine self-administration [F (12,96)=1.8, p > 0.05].
One day following the last cocaine self-administration, animals were sacrificed for
electrophysiological analysis. We first examined whether there were any differences in
baseline GABA release in animals with differential experience with cocaine self-
administration. We recorded intracellularly from a total 94 CeA neurons with a mean RMP
of −78.5 ± 0.9 mV and a mean input resistance of 115.3 ± 3.9 MΩ. We did not observe
significant differences in membrane properties (see Supplement: Table S1), and there were
also no significant differences in voltage–current relationships (not shown). We evoked
pharmacologically isolated GABAA-IPSPs (IPSPs) by stimulating locally within the CeA.
Baseline IPSP input–output curves generated by equivalent stimulus intensities were
significantly higher [F (2,78) = 1.81, p < 0.05] in slices from both self-administering groups
compared to those from cocaine-naive animals (Fig. 2A), suggesting an increased efficiency
of GABAergic transmission after cocaine self-administration. We examined paired-pulse
facilitation (PPF) of the IPSPs to assess pre- versus postsynaptic mechanisms. One-way
ANOVA revealed a significant difference in the baseline PPF ratios from both ShA and LgA
groups compared to cocaine-naive animals [(F (2,62) = 19.37, p < 0.001)] (Fig. 2B),
suggesting an increased baseline evoked GABA release.

Acute cocaine superfusion decreases CeA GABAergic transmission
We next determined the effect of acute superfusion (10–20 min) of 1 uM cocaine (24–26) on
GABAergic transmission in CeA neurons from naïve, ShA, and LgA animals. We used two
protocols: 1) input-output (I/O) relationships, and 2) averages of 4 consecutive responses at
50% maximal amplitude determined from the I/O relationship (Fig. 3A). In cocaine-naïve
rats, we found that acute cocaine superfusion significantly (p < 0.05; n=7) decreased by 20%
the mean evoked CeA IPSP amplitude measured over all stimulus strengths with recovery
upon 20–25 minutes of washout (Fig. 3A). In CeA neurons from naïve rats, 10 uM or 500
nM cocaine induced an irreversible (by 50%; n = 5) or a slight (by 10 %; n = 6) decrease in
GABAergic transmission, respectively (data not shown). In 11 and 10 CeA neurons from
ShA and LgA rats, similar to naïve rats, cocaine significantly (p < 0.05) decreased evoked
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IPSPs by 20% (Fig. 3A). In all animal groups, acute cocaine also significantly (p < 0.05)
increased the 50 msec PPF ratios of IPSPs in the majority of CeA neurons tested (Fig. 3B),
suggesting decreased GABA release. To confirm that cocaine decreases presynaptic release
of GABA in the CeA, we recorded spontaneous miniature IPSCs (mIPSCs) using whole-cell
patch-clamp in the presence of 1 μM TTX to eliminate action potential-dependent release of
neurotransmitters. In CeA neurons from a naïve rat, cocaine superfusion significantly (p <
0.01) decreased the mean mIPSC frequency to 73.8 ± 5.1% of control (Fig. 3C and D) and
shifted the cumulative frequency distribution to longer inter-event intervals, further
indicating decreased presynaptic GABA release. Cocaine had no effect on mean mIPSC
amplitudes (p > 0.05; control: 83.5 ± 7 pA; cocaine: 87.8 ± 10 pA; Fig. 3D), decay (p >
0.05; control: 2.04 ± 0.2 msec; cocaine: 2.16 ± 0.2 msec), or rise (p > 0.05; control: 1.30 ±
0.2 msec; cocaine: 1.22 ± 0.2 msec) time of mIPSCs (Fig. 3D). In 10 CeA neurons from
ShA rats, the decrease induced by acute cocaine in mean mIPSC frequency was similar to
that obtained in cocaine-naïve rats (Supplement: Figure S1).

KOR antagonism does not block the decrease of GABAergic transmission induced by
acute cocaine application

In this set of experiments, we tested whether blockade of KOR with 200 nM nor-BNI would
affect cocaine-induced decreases in GABAergic responses. We found that nor-BNI alone
significantly (p < 0.05; n = 7) increased evoked IPSPs to 121.7 ± 5.9% of control (averaged
over all stimulus strengths; Fig. 4A), and the addition of cocaine significantly (p < 0.05)
decreased IPSP amplitudes to 92.0 ± 9.7% of control (Fig. 4A). In another 7 CeA neurons,
nor-BNI (200 nM) significantly (p < 0.05) increased the frequency of mIPSCs to 124.8 ±
5.1% of control (Fig. 4B, C and D) and shifted the cumulative frequency distribution to
shorter inter-event intervals, indicating increased presynaptic GABA release. Cocaine (1uM)
in the presence of nor-BNI significantly (p < 0.05) decreased mIPSCs frequency (Fig. 4B
and C) and shifted the cumulative frequency to longer inter-event intervals (Fig. 4D).
Neither nor-BNI nor cocaine altered the amplitudes (p > 0.05; control: 55.7 ± 9.5 pA; nor-
BNI: 61.8 ± 14.0 pA; cocaine in nor-BNI: 57.7± 6.7), decay (p > 0.05; control: 2.01 ± 0.15
msec; nor-BNI: 1.97 ± 0.11 msec; cocaine in nor-BNI: 2.09 ± 0.18), or rise (p > 0.05;
control: 3.3 ± 0.9 msec; nor-BNI: 3.6 ± 1.2 msec; cocaine in nor-BNI: 3.2 ± 0.9 Fig. 4B)
time of mIPSCs. The cocaine-induced decrease (by 20–25%) in GABAergic responses was
comparable in the presence or absence of nor-BNI. Thus, application of nor-BNI did not
alter cocaine-induced inhibition of IPSPs, ruling out a direct mediation of cocaine effects by
KORs.

KOR activation produces a differential effect on GABAergic transmission in cocaine-naïve
and ShA vs. LgA animals

We next assessed the impact of the KOR selective agonist U50488 on CeA GABAergic
transmission. In CeA cells tested from cocaine-naïve rats, we found that bath application of
U50488 (1 uM for 15–20 min) significantly (p < 0.05; n = 8) decreased the peak amplitude
of the evoked IPSP to 80 ± 6% of baseline (Fig. 5A). Similar to naïve rats, in 8 CeA neurons
from ShA rats, U50488 significantly (p<0.05) decreased evoked IPSPs (Fig. 5A).
Remarkably, the typical U50488-induced inhibition of GABAergic transmission switched to
a facilitation of GABAergic transmission in LgA rats (Fig. 5A). Thus, in CeA neurons from
LgA rats, U50488 significantly (p < 0.05) increased evoked IPSPs. These effects were
reversible upon 30 minutes of washout (Fig. 5A). In both cocaine-naïve and ShA rats,
U50488-induced decreases of evoked IPSPs correlated with significant (p < 0.05) increases
in PPF ratios, suggesting decreased GABA release (Fig. 5B). In CeA neurons from LgA
animals, the KOR agonist did not alter the PPF ratios of IPSPs (Fig. 5B). A presynaptic
inhibition of vesicular GABA release as a predominant effect of KOR activation was further
confirmed by our mIPSC results. The mean frequency of mIPSCs was significantly (p <
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0.01; n =11) reduced by 25% ± 4% of the baseline in CeA neurons from naïve rats. U50488
had no effect on mean mIPSC amplitudes (p > 0.05; control: 67.5 ± 3.1 pA; U50488: 64.0 ±
2.4 pA; Fig. 5C and E), decay (p > 0.05; control: 2.06 ± 0.1 msec; U50488: 2.04 ± 0.12
msec), or rise (p > 0.05; control: 4.46 ± 0.4 msec; U50488: 4.40 ± 0.4 msec) time of mIPSCs
(Fig. 5C and E). The application of U50488 significantly shifted the cumulative frequency
distribution to longer inter-event intervals in CeA neurons of naïve rats (Fig. 5D, Left
Panel). We also found that U50488 significantly (p < 0.05) increased the frequency of
mIPSCs in CeA cells from LgA rats. The cumulative frequency distribution was shifted to
the right in CeA neurons of LgA rats (Fig. 5D, Right Panel). The KOR agonist did not affect
the mean mIPSC amplitudes (p > 0.05; control: 76.2 ± 9.0 pA; U 50488: 75.6 ± 8.1 pA; Fig.
5C and E), decay (p > 0.05; control: 2.12 ± 0.2 msec; U50488: 2.11 ± 0.2 msec), or rise (p >
0.05; control: 4.85 ± 0.8 msec; U50488: 4.96 ± 0.7 msec) time of mIPSCs (Fig. 5C and E).

KOR antagonism leads to a presynaptic activation of CeA GABAergic transmission in
cocaine-naïve rats, but to an inhibition in cocaine LgA rats

To assess tonic KOR activation we applied 200 nM nor-BNI for 20 minutes onto CeA
neurons from naïve rats. We found that nor-BNI significantly increased the evoked basal
IPSP amplitude (124.4 ± 3% of the baseline; n=10; Fig. 6A) in CeA neurons. This increase
in evoked basal IPSP amplitude was associated with a significant (p < 0.05) decrease in PPF
ratios, suggesting a tonic inhibition of GABA release (Fig. 6B). Nor-BNI also significantly
(p < 0.05) increased mIPSC frequencies (Fig. 6C and E; n=12) and shifted the cumulative
frequency to shorter inter-event intervals (Fig. 6D, Left Panel). Nor-BNI did not alter the
amplitudes (p > 0.05; control: 64.5 ± 3.7 pA; nor-BNI: 67.4 ± 4.2 pA), decay (p > 0.05;
control: 2.23 ± 0.16 msec; nor-BNI: 2.14 ± 0.16 msec), or rise (p > 0.05; control: 3.7 ± 0.6
msec; nor-BNI: 3.8 ± 0.6 msec Fig. 6C and E) time of mIPSCs. In contrast, in 8 CeA
neurons from LgA cocaine rats, nor-BNI significantly (p < 0.05) decreased by 20–25% the
amplitude of evoked IPSPs (Fig. 6A) and significantly (p < 0.05) increased the PPF ratio of
IPSPs (Fig. 6B). Nor-BNI also significantly (p < 0.05; n=12) decreased the frequency of
mIPSCs in CeA from LgA rats and shifted the cumulative frequency to longer inter-event
intervals (Fig. 6D, Right Panel). The amplitudes (p > 0.05; control: 72.4 ± 5.1 pA; nor-BNI:
67.4 ± 4.2 pA), decay (p > 0.05; control: 2.27 ± 0.11 msec; nor-BNI: 2. 4 ± 0.14 msec), or
rise (p > 0.05; control: 4.98 ± 0.4 msec; nor-BNI: 4.87 ± 0.5 msec) time of mIPSCs was not
altered by nor-BNI (Fig. 6C and E).

Intra-CeA injection of nor-BNI attenuates both cocaine-induced locomotor sensitization
and cocaine withdrawal-induced anxiety-like behavior

Repeated cocaine produced progressively greater increases in locomotor activity over the
consecutive days of testing in comparison to chronic saline (Fig. 7A left panel, group x day
interaction, F (9,51)=2.159, p=0.041), while intra-CeA nor-BNI markedly abolished these
behavioral effects of cocaine (Also see Supplement: Figure S3). Even after the fifth
challenge with 20 mg/kg cocaine, increases in cocaine-stimulated locomotor activation were
still prevented in the cocaine/nor-BNI group (Fig. 7A right panel, group effect, F
(3,17)=6.271, p=0.005). Since withdrawal from chronic cocaine exposure produces anxiety-
like behavior as revealed by the defensive burying procedure, we next determined whether
the CeA dynorphin/KOR system plays a role in mediating this behavior. Forty-eight hours
after the last saline or cocaine injection, animals were subjected to the defensive burying test
to evaluate the anxiogenic-like effects of a shock-paired stimulus following the treatment
regimens. ANOVA revealed an overall treatment effect on the height of the bedding
material [F (3,36)=3.48, p < 0.05 (0.025)]. Neuman-Keuls analysis indicated that cocaine/
vehicle-treated animals displayed more anxiety-like behavior (indicated by a significantly
increased height of burial mound) compared to control animals (p < 0.05). Neuman-Keuls
testing also revealed that intra-CeA nor-BNI attenuated the anxiogenic-like effects of
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cocaine withdrawal compared to intra-CeA vehicle (p < 0.05) (Fig. 7B). Furthermore,
ANOVA revealed an overall group effect on the total duration of burying [F (3,36) =3.18; p
< 0.05 (=0.036)], with cocaine/nor-BNI-treated animals displaying a significantly attenuated
total time burying (i.e., an anxiolytic-like effect) compared to the cocaine/saline-treated
group (p < 0.05) (Fig. 7B).

Discussion
Chronic cocaine dysregulates CeA GABAergic transmission and KOR modulation of CeA
synapses

We examined neuroadaptations occurring in the CeA, a principal component of extended
amygdala circuitry well known for its functional position at the interface of negative
reinforcement and drug addiction (3). In particular, the GABAergic system in the CeA is
thought to play an important role in the manifestation of anxiety-like behaviors associated
with drug dependence. This is the first study to demonstrate that acute cocaine application
decreases both basal evoked and spontaneous GABA transmission primarily via a
presynaptic decrease in GABA release. We found increased baseline evoked GABAergic
responses in CeA neurons from both ShA and LgA cocaine self-administering rats compared
to naïve controls. The increased GABAergic transmission was associated with a significant
increase in PPF ratios of evoked GABA IPSPs, suggesting increased GABA release. Thus,
similar to ethanol-dependent rats (21, 27), rats displaying compulsive increases in cocaine
self-administration exhibit increased GABAergic tone in the CeA. Despite the enhanced
baseline evoked GABAergic responses, we did not observe enhanced spontaneous
GABAergic transmission in the CeA of cocaine-exposed rats. These data suggest that while
the basal probability of evoked GABA release was affected by cocaine exposure, the
processes involved in action potential-independent release of GABA were not altered. For
example, in the action potential-independent recording configuration, vesicular release could
be affected by a readily releasable pool of transmitter but not by circuit network activity.
Our data are in agreement with the growing body of literature suggesting that the processes
leading to mIPSCs and evoked IPSPs are not always coordinately regulated (28–30).

Our data suggest dramatic neuroadaptations occurring with prolonged cocaine intake at CeA
GABA synapses and that the observed “switch” in the effects of KOR ligands most likely
occurs at the presynaptic level. There are several possible mechanisms that could underlie
this opposing KOR modulation of GABAergic responses. We speculate that in the CeA of
cocaine-experienced animals, increased dynorphin levels might strongly and persistently
stimulate KORs, resulting in substantial alterations in KOR-coupled signaling (31) involved
in presynaptic GABA release mechanisms. One possible target may be synapsin I, a
presynaptic phosphoprotein that regulates the mobilization of synaptic vesicles, and
synapsin I phosphorylation is increased in the CeA of cocaine self-administering animals
(32). Heightened CeA dynorphin activity acting through our observed neuroadaptation in
KOR signaling would appear to facilitate GABAergic transmission similar to, and possibly
additive with, CRF activation of CeA GABAergic signaling (27), aligning these two brain
stress neuropeptide systems to possibly synergize in the production of negative motivational
states driving compulsive cocaine intake (Supplement: Figure S4). In contrast, blockade of
this KOR signal via nor-BNI appears to blunt CeA GABAergic signaling, which may not
only preclude the effects of dynorphin but may also dampen the effects of a potentiated CRF
system on GABA activity and facilitation of negative motivational processes. This process
may be facilitated due to parallel actions of CRF and dynorphin, or as a result of CRF
driving dynorphin release/activity as occurs in multiple brain regions (33–35).

Importantly, we found that nor-BNI does not block acute cocaine-induced decreases in
evoked and spontaneous GABA responses, ruling out a direct involvement of KORs in acute
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cocaine actions. We speculate that these acute cocaine actions are complex and may involve
multisynaptic circuit actions. Future studies will shed light on the precise cellular
mechanisms of acute cocaine physiology in the CeA. Interestingly, a recent study found that
central KOR antagonism attenuated cocaine withdrawal-associated anhedonia-like behavior
only if administered prior to, but not during, a binge cocaine regimen (36), suggesting an
important role for dynorphin/KOR signaling in early neuroplastic mechanisms that
eventually foster the development of cocaine intake escalation and addiction. This
hypothesis is further supported by our current experimental design and results (Figure 7).
However, Wee et al. (16) also demonstrated the efficacy of nor-BNI to block progressive
(but not fixed) ratio responding for cocaine in escalated animals, suggesting that KOR
blockade may remain capable of attenuating motivation for cocaine even after the
establishment of the addicted state. Altogether, these findings suggest a more complex role
for KOR signaling in addiction beyond a simple interaction with acute cocaine
pharmacology.

Role of central amygdala dynorphin/KOR activity in cocaine addiction-related
symptomatology

Several lines of evidence have suggested a potential recruitment of endogenous dynorphin/
KOR signaling in cocaine addiction (35, 37). Increases in prodynorphin gene expression
(38–40), dynorphin immunoreactivity (41–42), KOR gene expression (43), and KOR density
(44) are found following a history of cocaine administration, primarily in the striatum.
Increases in dynorphin levels and function have been proposed to underlie the negative
emotional states (45–47) and dysregulated motivational processes (10) driven by excessive
cocaine exposure. Kreek and colleagues (11) have recently proposed roles for magnified
KOR signaling throughout distinct stages of the addiction cycle along with proposed
therapeutic strategies of KOR antagonism during early withdrawal (to alleviate dysphoria
and anxiety) and KOR partial agonism during protracted withdrawal (to diminish the
propensity for future relapse or re-escalation of intake via buffering of both KOR and
dopamine signaling).

Our results suggest that CeA KOR signaling may substantially influence amygdalo-striatal
circuitry to alter cocaine sensitization processes. Our findings, at first glance, appear to
conflict with studies showing that KOR agonism also blocks cocaine locomotor sensitization
(see 48). However, both KOR agonists (49) and antagonists (16) modify cocaine reward,
although KOR antagonism specifically blocks progressive ratio responding in LgA (but not
ShA) animals while, in contrast, KOR agonism only reduces low-dose (i.e., ascending limb)
cocaine self-administration. Thus, KOR-mediated regulation of addiction-like behaviors
would appear to depend heavily on the extent and context of cocaine exposure, with KOR
stimulation capable of blocking the rewarding effects of limited cocaine experiences and
KOR antagonism becoming effective only in the context of excessive motivation for cocaine
typically associated with addicted phenotypes (50–52). The latter scenario may reflect a
greater or more sustained activation of dynorphin systems, and it is known that chronic KOR
stimulation can potentiate cocaine’s locomotor effects in distinct environments (14). The
fact that both KOR agonists and antagonists can differentially block cocaine-associated
behaviors depending on magnitude of exposure and context suggests a dynamic balance of
limbic KOR signaling that may become dysregulated as the addiction timeline progresses
(10, 31).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

LgA long access

ShA short access

CeA central amygdala

ACSF artificial cerebrospinal fluid

U50488 kappa opioid receptor agonist

norBNI kappa opioid receptor antagonist

IPSPs inhibitory postsynaptic potentials

mIPSCs miniature inhibitory postsynaptic currents

PPF paired-pulse facilitation

TTX tetrodotoxin
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Figure 1.
Cocaine self-administration in LgA (6h/d) and ShA (1h/d) rats. LgA rats displayed a
significant escalation of intake over repeated cocaine self-administration sessions (***p <
0.001). Data are expressed as mean ± SEM of the number of cocaine infusions/session on
the left axis and mg/kg cocaine intake on the right axis.
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Figure 2.
Basal evoked GABAergic transmission is enhanced in ShA and LgA rats. A: Input-output
curves of mean GABAA-IPSP amplitudes. Mean baseline GABAergic transmission is
significantly (*p < 0.05) increased in neurons from ShA (n = 24) and LgA (n = 29) animals
compared with naive rats (n = 28). B: Histograms plotting the baseline PPF ratio of IPSPs in
CeA neurons from naïve, ShA, and LgA rats. In the ShA (n = 22) and LgA (n = 20) groups,
baseline PPF ratios were significantly (*p < 0.05) lower versus naïve (n = 23).
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Figure 3.
Acute application of cocaine decreases baseline evoked and spontaneous GABAergic
transmission. A: Top Panel: Representative evoked IPSPs recorded before, during cocaine
(1 μM) application, and washout in naïve, ShA, and LgA rats. Bottom Panel: Pooled data of
the experiments from A: time course depicting changes in evoked IPSP amplitude upon
cocaine application and washout in the three groups. Insert: Histograms representing
maximal percent decrease in mean (± SEM) evoked IPSP amplitudes averaged over the
middle three stimulus strength intensities tested with cocaine application. *Indicates p <
0.05. B: Top Panel: Representative recordings of evoked PPF of IPSPs in CeA neurons from
naïve, ShA, and LgA rats. Bottom Panel: Cocaine significantly (*p < 0.05) increases the
PPF ratio of IPSPs in the CeA from naïve and LgA rats. C: Top Panel: Representative
mIPSC recordings in CeA neurons from a cocaine-naïve rat during control, application of 1
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uM cocaine, and washout. Cocaine decreased mIPSC frequency and (bottom panel) shifted
the cumulative frequency histogram to the right, indicating a longer inter-event interval
(lower frequencies) during cocaine application. D: Mean ± SEM frequency, amplitude, rise,
and decay time of mIPSCs for CeA neurons. Cocaine significantly (*p < 0.05) decreases the
mean mIPSC frequency but does not change mean mIPSC amplitude, rise, or decay time.
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Figure 4.
KOR antagonism does not block the decrease of GABAergic transmission induced by acute
cocaine application. A: Top Panel: Representative evoked IPSPs recorded in control, nor-
BNI (200 nM), and cocaine (1 μM) plus nor-BNI in the CeA of a cocaine-naïve rat. Bottom
Panel: Histograms representing maximal percent decrease in mean (± SEM) evoked IPSP
amplitudes averaged over the middle three stimulus strength intensities tested during the
experimental protocol. Nor-BNI increased evoked IPSP amplitudes while cocaine reduced
them (n = 7). *Indicates p < 0.05 between nor-BNI and control; # Indicates p < 0.05 between
cocaine plus nor-BNI and nor-BNI alone. B: Mean ± SEM frequency, amplitude, rise, and
decay time of mIPSCs for CeA neurons. Nor-BNI significantly (*p < 0.05) increased the
mean mIPSC frequency while cocaine in the presence of nor-BNI significantly (#p < 0.05)
decreased it. No changes in mean mIPSC amplitude, rise, or decay time were observed. C:
Top Panel: Representative mIPSC recordings in CeA neurons from a cocaine-naïve rat
during control, application of 200 nM nor-BNI, and 1 uM cocaine plus nor-BNI. D: Nor-
BNI shifted the cumulative frequency histogram to the left, indicating a shorter inter-event
interval (higher frequencies) during nor-BNI application. Cocaine decreased mIPSC
frequency and shifted the cumulative frequency histogram to the right, indicating a longer
inter-event interval (lower frequencies) during cocaine application.
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Figure 5.
Extended access to cocaine self-administration inverts the effects of a KOR agonist
(U50488) on evoked and spontaneous CeA GABAergic transmission. A: Top Panel:
Representative evoked IPSPs recorded before and during U50488 (1 uM) superfusion and
washout in naïve, ShA, and LgA rats. Bottom Panel: Pooled data of the experiments from A:
time course depicting changes in evoked IPSP amplitude upon U50488 application and
washout in the three groups. In naive and ShA rats, U50488 significantly decreased evoked
IPSPs. In contrast, U50488 increases evoked IPSPs in neurons from LgA rats. Insert:
Histograms representing percent decrease in mean (± SEM) evoked IPSP amplitudes
averaged over three stimulus strength intensities tested with U50488 application. *Indicates
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p < 0.05. B: Top Panel: Representative evoked PPF of IPSPs from CeA neurons of naïve,
ShA, and LgA rats. Bottom Panel: U50488 significantly (*p < 0.05) increases the PPF ratio
in CeA from naïve and ShA, but not LgA rats. C: Representative mIPSC recordings in CeA
neurons from naïve and LgA rats. U50488 decreases the mIPSC frequency in the CeA from
naïve rats but increased frequencies in LgA rats. D: Upon U50488 application the
cumulative frequency histogram for the same neuron of C was shifted to the right, indicating
lower frequencies in CeA neurons of naïve rats. U50488 shifted to the left the cumulative
frequency histogram, indicating higher frequencies in CeA neurons of LgA rats. E: Mean ±
SEM frequency, amplitude, rise, and decay time of mIPSCs for 9 and 7 CeA neurons from
naïve and LgA rats, respectively. In naive rats, U50488 significantly (*p < 0.05) decreased
the mean mIPSC frequency. In LgA rats, U50488 significantly (*p < 0.05) increased the
mean mIPSC frequency. U50488 did not alter the mean mIPSC amplitude, rise, or decay
time in the two groups. Also see Supplement: Figure S2.
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Figure 6.
Long access cocaine administration inverts the effects of a KOR antagonist (nor-BNI) on
evoked and spontaneous GABAergic transmission in the CeA. A: Top Panel: Representative
evoked IPSPs recorded before and during superfusion of nor-BNI (200 nM) and washout in
naïve and LgA rats. Bottom Panel: Pooled data of the experiments from A: time course
depicting changes in evoked IPSP amplitude upon nor-BNI application and washout in the
two groups. In naive rats, nor-BNI significantly (p < 0.05) increases evoked IPSP
amplitudes. In contrast, nor-BNI significantly (p < 0.05) decreases evoked IPSP amplitudes
in neurons from LgA rats. Insert: Histograms representing percent decrease in mean (±
SEM) evoked IPSP amplitudes during nor-BNI application. *Indicates p < 0.05. B: Top
Panel: Representative recordings of evoked 50 msec paired-pulse IPSPs in representative
CeA neurons from naïve and LgA rats. Bottom Panel: nor-BNI significantly (*p < 0.05)
decreases the 50 msec PPF ratio of IPSPs in CeA neurons from naïve rats, but increases
ratios in 8 CeA neurons from LgA rats. C: Representative mIPSC recordings in CeA
neurons from naïve and LgA rats. Superfusion of nor-BNI increases the mIPSC frequency in
the CeA of naïve rats and decreases frequency in LgA rats. D: Upon nor-BNI application,
the cumulative frequency histogram for the same neuron of C was shifted to the left,
indicating higher frequencies in neurons of naïve rats (Left Panel). Nor-BNI shifted the
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cumulative frequency histogram to the right, indicating lower frequencies in neurons of LgA
rats (Right Panel). E: Mean ± SEM frequency, amplitude, rise, and decay time of mIPSCs
for 9 and 7 CeA neurons from naïve and LgA rats, respectively. In naive rats, nor-BNI
significantly (*p < 0.05) increased mean mIPSC frequency, while in LgA rats, nor-BNI
significantly (*p < 0.05) decreased mean mIPSC frequency. Nor-BNI did not alter the mean
mIPSC amplitude, rise, or decay time in the two groups. Also see Supplement: Figure S2.
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Figure 7.
Blockade of cocaine sensitization and withdrawal-related behaviors by prior CeA kappa-
opioid receptor (KOR) antagonism. A: Repeated cocaine produced progressively greater
increases in locomotor activity in comparison to chronic saline (Bonferroni tests, *p < 0.05,
** p <0.001), while intra-CeA nor-BNI markedly abolished these effects of cocaine. Even
after the fifth challenge, the single nor-BNI pretreatment still prevented increases in cocaine-
induced locomotion (Neuman-Keuls tests, **p < 0.01). B: Forty-eight hours after the last
saline or cocaine injection, animals were subjected to the defensive burying test to evaluate
the anxiogenic-like effects of a shock-paired stimulus following the treatment regimens.
Cocaine/vehicle-treated animals displayed more anxiety-like behavior (indicated by a
significantly increased height of burial mound) compared to control animals (# p < 0.05).
Intra-CeA nor-BNI administered prior to cocaine exposure attenuated the anxiogenic effects
of cocaine withdrawal compared to intra-CeA vehicle (*p < 0.05, Neuman-Keuls test).
Cocaine/nor-BNI-treated animals also displayed a significantly attenuated total time burying
(i.e., an anxiolytic-like effect) compared to the cocaine/saline-treated group (*p < 0.05,
Neuman-Keuls test).
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