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Cocaine Dysregulates Opioid Gating of GABA
Neurotransmission in the Ventral Pallidum
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The ventral pallidum (VP) is a target of dense nucleus accumbens projections. Many of these projections coexpress GABA and the
neuropeptide enkephalin, a 6 and w opioid receptor (MOR) ligand. Of these two, the MOR in the VP is known to be involved in reward-
related behaviors, such as hedonic responses to palatable food, alcohol intake, and reinstatement of cocaine seeking. Stimulating MORs
in the VP decreases extracellular GABA, indicating that the effects of MORs in the VP on cocaine seeking are via modulating GABA
neurotransmission. Here, we use whole-cell patch-clamp on a rat model of withdrawal from cocaine self-administration to test the
hypothesis that MORs presynaptically regulate GABA transmission in the VP and that cocaine withdrawal changes the interaction
between MORs and GABA. We found that in cocaine-extinguished rats pharmacological activation of MORs no longer presynaptically
inhibited GABA release, whereas blocking the MORs disinhibited GABA release. Moreover, MOR-dependent long-term depression of
GABA neurotransmission in the VP was lost in cocaine-extinguished rats. Last, GABA neurotransmission was found to be tonically
suppressed in cocaine-extinguished rats. These substantial synaptic changes indicated that cocaine was increasing tone on MOR recep-
tors. Accordingly, increasing endogenous tone by blocking the enzymatic degradation of enkephalin inhibited GABA neurotransmission
in yoked saline rats but not in cocaine-extinguished rats. In conclusion, our results indicate that following withdrawal from cocaine
self-administration enkephalin levels in the VP are elevated and the opioid modulation of GABA neurotransmission is impaired. This

may contribute to the difficulties withdrawn addicts experience when trying to resist relapse.
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Introduction

The ventral pallidum (VP) is a nucleus in the basal forebrain that
contains largely GABAergic projection neurons and receives sub-
stantial GABAergic input from the nucleus accumbens. As part of
the basal ganglia, the VP is important for reward-related behav-
ior. For example, rats have been shown to electrically self-
stimulate in the VP (Panagis et al., 1995), and inhibition of the VP
either by lesions (Hubner and Koob, 1990; Hiroi and White,
1993) or by GABA agonists (McFarland and Kalivas, 2001) de-
creases drug-seeking behavior. In addition, in vivo electrophysi-
ology studies have shown that VP neurons change their firing
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patterns during cocaine self-administration (Root et al., 2010,
2012, 2013).

A characteristic of the VP is the abundance of enkephalin
(Zahm et al., 1985; Tripathi et al., 2010), a w and 6 opioid recep-
tor ligand, and the expression of opioid receptors (Mansour et al.,
1988) and mRNA (Mansour et al., 1994). Although all three
classes of opioid receptors are found in the VP, behavioral data
favor the w opioid receptor (MOR) as the most relevant for the
reinforcing properties of drugs, such as heroin (Olive and Maid-
ment, 1998), cocaine (Skoubis and Maidment, 2003; Tang et al.,
2005), and ethanol (Kemppainen et al., 2012) as well as of natural
rewards (Smith and Berridge, 2005; Tindell et al., 2006; Smith et
al., 2009). Enkephalin in the VP arises from the nucleus accum-
bens where it is coexpressed with GABA and D2 dopamine recep-
tors (Zahm et al., 1985). The colocalization of enkephalin with
nonopioid neurotransmitters has been observed in other brain
regions and enkephalin is suggested to have an inhibitory effect
on the release of the coexpressed neurotransmitter (Spanagel et
al., 1990; Finnegan et al., 2006). Thus, the effects of activating
MORs in the VP on reward-related behavior might be mediated
by inhibiting GABA neurotransmission. Indeed, activation of
MORs in the VP reduces extracellular GABA levels in the VP
(Kalivas et al., 2001), and reduces the inhibitory effect of nucleus
accumbens projections on VP neurons (Napier and Mitrovic,
1999). This is of behavioral relevance because GABA levels in the
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VP have been shown to change during cocaine self-administration
(Wydra et al., 2013), as well as during reinstatement of cocaine seek-
ing in cocaine-extinguished rats (Tang et al., 2005). In the latter case,
the decrease in GABA levels and reinstatement of cocaine seeking
were abolished by intra-VP microinjection of a MOR antagonist.

Although the above evidence describes an intimate relation-
ship between activation of pallidal MORs and addictive behav-
ior, it is not known how self-administration of drugs changes
the capacity of MORs to modulate GABAergic transmission at
accumbens-VP synapses. Here, we whole-cell patch-clamped
VP neurons to characterize MOR regulation of GABA neu-
rotransmission, and determine whether and how the modula-
tion of GABA neurotransmission by MORs in the VP is altered
after extinction from cocaine self-administration.

Materials and Methods

Animal housing and surgery. All experiments were conducted in ac-
cordance with the National Institute of Health Guidelines for the Care
and Use of Laboratory Animals, and the Institutional Animal Care and
Use Committee at the Medical University of South Carolina approved
all procedures. Male Sprague-Dawley rats (250 g; Charles River Lab-
oratories) were single housed under controlled temperature and hu-
midity with a 12 h light/dark cycle. All behavioral training occurred
during the dark cycle. Rats were acclimated in the vivarium for 1 week
before surgeries, and fed and watered ad libitum until 2 d before
behavioral training, during which food was restricted to 20 g/d. Rats
were anesthetized with ketamine HCI (87.5 mg/kg Ketaset, Fort
Dodge Animal Health) and xylazine (5 mg/kg Rompum, Bayer), and
implanted with intravenous catheters. Intravenous catheters were
flushed daily with cefazolin (0.2 ml of 0.1 g/ml) and heparin (0.2 ml of
100 IU) to prevent infection and maintain catheter patency, and rats
recovered for a week before behavioral training.

Self-administration and extinction procedures. Rats were trained to
self-administer cocaine (NIH) in operant chambers with two retract-
able levers. The self-administration regimen consisted of 12 d of self-
administration or until reaching the criterion of 10 or more infusions
of cocaine per session during 10 consecutive sessions (average dura-
tion of the self-administration regimen was 11.0 = 0.3 d for yoked
saline rats and 11.1 * 0.2 d for rats self-administering cocaine; min-
imum self-administration period was 10 d; all rats completed self-
administration). Daily sessions lasted 2 h, with an active lever press
resulting in 0.2 mg in 0.05 ml cocaine infusion (dissolved in sterile
0.9% saline) >3 s, whereas inactive lever presses were of no conse-
quence. Average self-administered cocaine dose on last day of self-
administration was 18.0 = 1.2 mg/kg in a 2 h session. Yoked saline
controls received a noncontingent infusion of saline in parallel with
cocaine rats receiving a self-administered infusion of cocaine. A 5 s
cue tone (2900 Hz) and light were presented with each cocaine infu-
sion. Cocaine infusions were also followed by a 20 s timeout during
which active lever presses had no consequence. After reaching the
self-administration criterion rats began extinction training, in which
pressing either lever had no consequence. Extinction training lasted at
least 10 d and was continued until rats reached the extinction crite-
rion of <25 active lever presses for three consecutive sessions (aver-
age duration of extinction training was 18.7 * 1.8 d in the yoked
saline group and 16.4 * 0.9 d in the cocaine group; the statistically
insignificant difference between the groups stems from the fact that
only one rat was used per day for slice electrophysiology).

Slice preparation. Sagittal slices were prepared as described previ-
ously (Kupchik and Kalivas, 2013) from yoked saline or cocaine-
extinguished rats 24 h after the last extinction training session. Rats
were anesthetized with ketamine (100 mg/kg) and decapitated. The
brain was removed and sagittal VP brain slices (220 uwm; VT1200S
Leica vibratome) were collected into a vial containing aCSF (in mm:
126 NaCl, 1.4 NaH,PO,, 25 NaHCO,, 11 glucose, 1.2 MgCl,, 2.4
CaCl,, 2.5 KCI, 2.0 NaPyruvate, 0.4 ascorbic acid, bubbled with 95%
0, and 5% CO,) and a mixture of 5 mm kynurenic acid and 50 um
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Figure1.  Cocaine self-administration and extinction of cocaine-seeking behavior. 4, Active
lever presses of rats receiving either saline (Hl) or cocaine (O) during self-administration train-
ing and extinction of cocaine-seeking behavior. Electrophysiological recordings were
performed 24 h after the last day of extinction training. B, Number of cocaine infusions self-
administered by rats during the self-administration training.

D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5). Slices were
stored at room temperature until used for recording.

In vitro whole-cell recording. All recordings were collected at 32°C
(TC-344B, Warner Instrument). Neurons were visualized with an
Olympus BX51WI microscope. Excitatory synaptic transmission was
blocked with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 um).
Multiclamp 700B (Molecular Devices) was used to record IPSCs un-
der —80 mV voltage-clamp whole-cell configuration. Glass micro-
electrodes (1-2 M{)) were filled with internal solution (in mm: 68
potassium chloride, 65 p-gluconic acid potassium salt, 7.5 HEPES
potassium, 1 EGTA, 1.25 MgCl,, 10 NaCl, 2.0 MgATP, and 0.4
NaGTP, pH 7.2-7.3, 275 mOsm). We targeted only “classic” pallidal
GABAergic cells which were identified by their soma size and mem-
brane potential and avoided the newly discovered accumbens-like
rostral VP neurons (Kupchik and Kalivas, 2013) and cholinergic cells
(Bengtson and Osborne, 2000). All patched cells were located in the
VP within the following approximate boundaries (coordinates rela-
tive to bregma): 1.9-2.9 medial-lateral, 0 to —1 rostral-caudal, 7.5—
8.5 dorsal-ventral (Paxinos and Watson, 2006). Data were acquired at
10 kHz, and filtered at 2 kHz using AxoGraph X software (AxoGraph
Scientific). To evoke IPSCs, a bipolar stimulating electrode was
placed ~200-300 um rostral of the recorded cell to maximize
chances of stimulating accumbens afferents. Stimulating amplitude
was set to evoke an IPSC that was 200—600 pA, which was usually
30-70% of maximal IPSCs. In Figures 7, 8 we used a high-frequency
stimulation (HES) protocol (Nugent et al., 2007) to induce synaptic
plasticity. The HFS protocol consisted of two trains separated by 20's,
each delivering 100 stimulations at 100 Hz. During the HFS protocol,
membrane potential was allowed to change freely (i.e., current-clamp
configuration). Series resistance (Rs) measured with a 5 mV depolar-
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Figure 2. DAMGO, a p-opioid receptor agonist, inhibits GABA release in yoked saline but not cocaine-extinguished rats. A, Recordings were performed on sagittal slices. Patched cells were
located under the anterior commissure (AC) and the stimulating electrode was positioned 200300 rm rostral to the recorded cell. Core, Core subcompartment of nucleus accumbens; IPAC,
interstitial nucleus of the posterior part of the anterior commissure; Shell, shell subcompartment of nucleus accumbens. B, DAMGO dose-dependently inhibited evoked GABA IPSCs in yoked saline
rats but not in rats that underwent cocaine self-administration and extinction [two-way ANOVA; F80) = 8.94,p <0.05 for the main effect of group (saline vs cocaine); Fi3g0) =3.92,p <<0.05
for interaction group X DAMGO]. Number of replicates is presented as number of cells/number of rats for each data point. Number of cells and rats is the same for D, E. €, Representative traces of
elPSCs with increasing doses of DAMGO (0, 10, 100, 1000 nm) in yoked saline and cocaine-extinguished rats. D, sIPSC amplitude was unchanged after treatment with DAMGO in yoked saline and
cocaine-extinguished rats. E, sIPSC frequency was reduced by DAMGO in yoked saline but not cocaine-extinguished rats (two-way ANOVA; F; g = 11.36, p < 0.05 for the main effect of group;
Fis.88 = 3.78, p << 0.05 for the interaction group X DAMGO). F, Representative traces of sIPSCs in yoked saline (left) and cocaine-extinguished (right) rats with increasing DAMGO concentrations.
Note the decrease in sIPSC frequency in yoked saline rats. G, mIPSC amplitude was unchanged by DAMGO in both yoked saline and cocaine-extinguished rats. H, mIPSC frequency was reduced by
DAMGO in yoked saline but not cocaine-extinguished rats (two-way ANOVA; £, ,;) = 9.69, p < 0.05 for main effect of group; £, ,,, = 3.65, p << 0.05 for interaction group X DAMGO). Number
of cellsasin G.1, DAMGO hyperpolarized VP neurons in yoked saline rats but not in rats that underwent cocaine self-administration and extinction (two-way ANOVA; F, ;) = 4.04,p < 0.05 for the
main effect of group). J, DAMGO application dose-dependently decreased action potential (AP) frequency in yoked saline rats (44.12 = 10.10% of baseline with 1000 nm DAMGO; one-way ANOVA;
Fi3.33 = 6.44,p < 0.05). Number of cells is presented above the number of rats (in parentheses). *p < 0.05 comparing the two groups in a given DAMGO concentration using two-way ANOVA and
Bonferroni post hoc analysis. #p << 0.05 compared with baseline using one-way ANOVA and Bonferroni post hoc analysis. Data presented as mean = SEM.

izing step (10 ms) given with each stimulus and holding current were
always monitored online. Recordings with unstable Rs, or when Rs
exceeded 20 M) were aborted.

Materials. All salts were purchased from Sigma-Aldrich. D-APS5,
CNQX, and kynurenic acid were purchased from Abcam. KC-2-009 was
synthesized as described previously (Cheng et al., 2011) and provided by
K.C.R, kelatorphan was provided by B.P.R.

Statistics. All statistical analysis was performed in GraphPad Prism 5.
Statistical tests are indicated in the figure legends.

Results

Cocaine self-administration

Rats self-administered cocaine for a minimum of 10 d until they
reached a stable high level of active lever presses (Fig. 1A) and
drug infusions (Fig. 1B). Active lever pressing was extinguished

for at least 10 d, and rats were then killed for the various experi-
mental procedures described below.

MORs fail to modulate GABA transmission in the VP of
cocaine-extinguished rats

Sagittal slices of the VP were prepared from rats extinguished
from cocaine self-administration or yoked saline rats. IPSCs were
recorded from VP GABAergic neurons using the whole-cell
patch-clamp technique. Evoked IPSCs (eIPSCs) were induced by
a bipolar stimulating electrode placed 200-300 wm rostral to the
recording pipette to increase probability of stimulating nucleus
accumbens afferents (Fig. 2A). of [D-Ala®, N-MePhe*, Gly(ol)°]-
enkephalin (DAMGO), a MOR selective agonist, were washed on
VP slices and eIPSCs were examined in voltage-clamp configuration
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(Fig. 2B,C). DAMGO dose-dependently
inhibited eIPSCs in yoked saline rats by
~50% at the highest concentration (1
uM). However, application of DAMGO on
slices of cocaine-extinguished rats failed to
inhibit the eIPSCs. Examination of the
spontaneous IPSCs (sIPSCs; Fig. 2D-F) or
the miniature IPSCs (mIPSCs; Fig. 2G,H ) in
cocaine-extinguished rats revealed that the
average amplitude and frequency of sIPSCs
or mIPSCs were not changed by DAMGO.
In contrast, yoked saline animals showed a
DAMGO-induced reduction in the fre-
quency but not amplitude of both sIPSCs
and mIPSCs, indicating that the decrease
in eIPSCs in saline rats was a presynaptic
event that had been abolished in co-
caine-extinguished rats.

In current-clamp experiments, simi-
lar to the voltage-clamp experiments,
DAMGO was found to hyperpolarize the
membrane potential of VP neurons in
yoked saline, but not cocaine-extinguished
rats (Fig. 2I'). The DAMGO-induced hyper-
polarization in yoked saline rats resulted in a
reduction in action potential firing fre-
quency of VP neurons (Fig. 2J). Although
these postsynaptic effects of DAMGO may
be of importance, our experiments show
that in the voltage-clamp configuration
postsynaptic activation of the MORs does
not affect the amplitude of the GABAergic
IPSC. Therefore, we did not further pur-
sue the postsynaptic effects of opioids in
the VP.

Blocking MORs enhances GABA
transmission more efficiently in
cocaine-extinguished rats

We next examined the effect of D-Phe-
Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH,
(CTOP) and D-Phe-Cys-Tyr-D-Trp-Arg-
Thr-Pen-Thr-NH, (CTAP), two selective
MOR antagonists, on IPSCs in the VP.
Surprisingly, in contrast to the effect of
DAMGO, both antagonists were highly
effective in cocaine-extinguished rats but
not in yoked saline rats (Fig. 3A,D,F). A
CTOP concentration as low as 5 nm
significantly increased eIPSC amplitude in
cocaine-extinguished rats by ~45%, whereas
only the highest CTOP concentration
used (500 nm) elicited a nonsignificant
trend toward an increase in the eIPSCs.
Examination of the sIPSCs shows, akin to
the effect of DAMGO, that the effects of
CTOP and CTAP were likely of presynap-
tic origin, as both groups of rats differed in
the sIPSC frequency (Fig. 3C, E, F) but not
amplitude (Fig. 3 B,F). These results sug-
gest that the MORs in the VP are tonically
occupied in cocaine-extinguished rats.
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Figure3. (TOP,a w-opioid receptor antagonist, potentiated GABA release in cocaine-extinguished but not yoked saline
rats. A, CTOP dose-dependently potentiated GABA elPSCs after extinction of cocaine self-administration but not in yoked
saline rats (two-way ANOVA; F; 1o, = 7.44, p < 0.05 for main effect of group). Number of replicates is presented as
number of cells/number of rats for each data point. Number of cells and rats is the same for B, C. B, CTOP did not alter sIPSC
amplitude in either group. ¢, CTOP increased sIPSC frequency in cocaine-extinguished rats but not in yoked saline rats
(two-way ANOVA; F; 106y = 5.79, p << 0.05 for main effect of group). D, Representative traces of elPSCs with increasing
doses of CTOP (0, 0.5, 5, 50, 500 nm) in yoked-saline and cocaine-extinguished rats. E, Representative traces of sIPSCs in
yoked-saline (left) and cocaine-extinguished (right) rats with increasing CTOP concentrations. Note the increase in sIPSC
frequency in cocaine-extinguished rats. F, CTAP, a second p.-opioid receptor antagonist, potentiated elPSCs in cocaine-
extinguished rats but notin yoked saline rats (left, two-way ANOVA; F ; 55 = 8.27, p < 0.05 for main effect of group; F; o,
= 7.31for interaction effect group X treatment). This was accompanied by a change in PPR in cocaine-extinguished rats
but not in yoked saline rats (two-way ANOVA; F, ,;, = 5.65, p < 0.05 for main effect of group; F; ,;) = 5.34, p < 0.05
for interaction effect group X treatment). Data collected from three yoked saline rats (six cells) and four cocaine-
extinguished rats (11 cells). B, Baseline; C, 50 nm CTOP. *p < 0.05 compared with CTAP in yoked saline using two-way
ANOVA and Bonferroni post hoc analysis. #p << 0.05 compared with baseline using one-way ANOVA and Bonferroni post hoc
analysis. Data presented as mean = SEM.
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Figure4. KC-2-009, an inverse agonist of the r.-opioid receptor, potentiated GABA release
in cocaine-extinguished rats but not in yoked saline rats. 4, T um KC-2-009 increased the
amplitude of GABA elPSCs after extinction of cocaine self-administration (two-way ANOVA;
Fa,26) = 4.59, p << 0.05 for main effect of group; F(; ,5) = 7.48, p << 0.05 for interaction
group X treatment). Number of cells presented above number of rats (in parentheses). B,
KC-2-009 altered the PPR only in cocaine-extinguished rats (two-way ANOVA; F; 1) = 4.43,
p << 0.05formain effect of group; £ 15 = 4.51,p < 0.05 forinteraction group X treatment).
*p << 0.05 comparing the two groups at 1 pm KC-2-009 using two-way ANOVA and Bonferroni
post hoc analysis. Data presented as mean == SEM.

As another measure of tonic MOR occupancy we applied the
MOR inverse agonist (+)-3-((1S,5R)-2-((Z)-3-Phenylallyl)-2-
azabicyclo[3.3.1]nonan-5-yl)phenol hydrochloride (KC-2-009;
Cheng et al., 2011)on VP slices of yoked saline and cocaine-
extinguished rats. In accordance with the effects of CTOP and
CTAP, KC-2-009 increased eIPSC amplitude (by ~30%) and
caused a corresponding decrease in the paired-pulse ratio (PPR)
in cocaine-extinguished but not yoked saline subjects (Fig. 4).
Note that although KC-2-009 has been reported in the literature
to affect constitutive activity in the MORs (Sadée et al., 2005;
Meye et al., 2012), the effects of the antagonists on GABA neu-
rotransmission indicate that in our experiments KC-2-009 is
most likely antagonizing activity induced by binding of an endog-
enous ligand.
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Figure 5.  Kelatorphan, a dual inhibitor of enkephalin-degrading enzymes, inhibited GABA
neurotransmission in yoked saline rats but not in cocaine-extinguished rats. GABA elPSCs were
inhibited by 10 um kelatorphan in yoked saline rats but not in cocaine-extinguished rats (two-
way ANOVA on yoked saline and cocaine-extinguished groups; £, 5 = 6.14,p << 0.05 formain
effect of group; F; 5,y = 4.11, p << 0.05 for interaction group X treatment). The inhibitory
effect of kelatorphan was blocked by 500 nm CTOP. No changes had been observed in sponta-
neous activity or PPR (data not shown). Number of cells presented above number of rats (in
parentheses). B, Baseline; K, 10 m kelatorphan; K-+C, 10 wm kelatorphan + 500 nwm CTOP.
*p < 0.05 compared with the respective bar in the cocaine-extinguished group using two-way
ANOVA and Bonferroni post hoc analysis. #p << 0.05 compared with baseline using one-way
ANOVA and Bonferroni post hoc analysis. Data presented as mean == SEM.

Blocking enkephalin catabolism does not affect GABA
transmission in cocaine-extinguished rats

The increased basal activity of VP MORs suggests that there may
be increased tone by endogenous enkephalin in cocaine-
extinguished rats. This might be caused by reduced degradation
of released enkephalin (Daugé et al., 1996). To check for this
possibility, we washed the slices with kelatorphan, a dual inhibi-
tor of the two enzymes that scavenge enkephalin, enkephalinase,
and aminopeptidase N (Fournie-Zaluski et al., 1984; Roques et
al., 2012). Akin to the addition of an exogenous MOR agonist in
Figure 2B, a concentration of kelatorphan known to increase
enkephalin levels in brain slices (Bourgoin et al., 1986), was able
to inhibit eIPSCs in yoked saline rats but not in cocaine-
extinguished rats (Fig. 5). Moreover, the effect of kelatorphan
was counteracted by CTOP, indicating that the reduced eIPSC
amplitude was mediated by MORs. In contrast to the results
shown so far, we could not detect an effect of kelatorphan on
sIPSC frequency or amplitude or on PPR (data not shown).
Therefore, we cannot conclude that the effect of kelatorphan was
either presynaptic or postsynaptic. Nonetheless, the dependence
on MOR and similarity to the effects of DAMGO imply that
kelatorphan is acting to increase levels of endogenous enkepha-
lin. Possibly, inhibition of the two peptidases by kelatorphan af-
fects the sIPSC in a more complicated manner due to changes in
levels of peptides other than enkephalin that are known to also be
degraded by enkephalinase and aminopeptidase (for review, see
Roques et al., 2012). For example, a dual inhibitor of enkephalin
degradation was able to reduce stress-induced behavior even in
preproenkephalin knock-out mice (Noble et al., 2008).

GABA release in the VP is tonically depressed in
cocaine-extinguished rats

The above results indicate that in cocaine-extinguished rats there
is tone on presynaptic MORs in the VP imposed by high levels of
enkephalin. This suggests, but does not prove, that GABA neu-
rotransmission in the VP of cocaine-extinguished rats was inhib-
ited. If this were true then, on average, the same amplitude of
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stimulation should result in larger amplitude eIPSCs in yoked
saline compared with cocaine-extinguished rats. To examine this
possibility, we calculated the ratio between the e[PSC amplitude
and the stimulation amplitude (eIPSC/stimulation) in every cell

Kupchik et al. ® Synaptic Plasticity in the Ventral Pallidum

and compared the ratios between the yoked saline and cocaine-
extinguished rats (higher ratio indicating more readily evoked
GABA release). Figure 6A shows that the e[PSC/stimulation was
higher in yoked saline rats than in cocaine-extinguished rats by
~40%. This supports the notion that GABA neurotransmission
is tonically inhibited after extinguishing cocaine self-administration.

Examination of sIPSCs and mIPSCs in the VP of yoked saline
and cocaine-extinguished rats provides a similar conclusion. Al-
though the reduction in sIPSC amplitude and frequency after
extinction of cocaine seeking did not reach significance (data not
shown), both amplitude and frequency of the mIPSCs were sig-
nificantly reduced in cocaine-extinguished rats compared with
yoked saline rats (Fig. 6B,C), indicating both presynaptic and
postsynaptic mechanisms. The difference between the sIPSCs
and mIPSCs implies that the decreased GABA neurotransmission
in cocaine-extinguished rats is caused by lower probability of
vesicle release at the presynaptic terminal rather than by lower
excitability of GABAergic neurons. Importantly, whereas the pre-
synaptic inhibition of GABA neurotransmission is alleviated by
application of MOR antagonists (Fig. 3), the latter did not have a
postsynaptic effect, suggesting that the decrease in mIPSC ampli-
tude found in cocaine-extinguished rats may not be mediated by
MORs.

High-frequency stimulation induces LTD g, through
activation of MORs

The inhibitory state of GABA neurotransmission in the VP of
cocaine-extinguished rats may result in an altered ability to un-
dergo synaptic plasticity. MOR-dependent long-term plasticity
in GABAergic synapses was shown previously in several regions
(Nugent et al., 2007; Dacher and Nugent, 2011; Wamsteeker Cu-
sulin et al., 2013) and may also occur in the VP. Moreover,
changes in basal MOR activation may affect this long-term plas-
ticity. To examine this possibility we applied a HFS protocol
similar to that used by Nugent et al. (2007), to VP slices of yoked
saline rats and recorded GABA eIPSCs. Figure 7A shows that in
control animals the HFS caused an immediate and transient in-
crease in the eIPSC amplitude which declined within 3 min and
was then followed by a long-term depression in GABAergic syn-
apses (LTDgapa) that reached a maximum ~50% reduction in
baseline amplitude by 10 min and endured for up to 25 min (Fig.
7B). The observed LTD 5, Was accompanied by an increase in
the PPR that was time-locked to the inhibitory effect on the
eIPSCs (Fig. 7C,D). This indicates the likely presynaptic origin of
the LTDgaga-

To test whether the LTD 5, was mediated by MORs, we
applied the HEFS protocol in the presence of 50 nm CTOP. In
the presence of CTOP, the LTD 54 was lost (Fig. 7A), indi-
cating a role for MORs in mediating the LTDg 5. Interest-
ingly, applying the HFS protocol in the presence of the MOR
agonist DAMGO or the inhibitor of enkephalin degradation kela-
torphan also resulted in a loss of the LTD 45, akin to that seen
after CTOP (Fig. 7A). When the average change in eIPSC dur-
ing the peak of inhibition in control condition (8 —14 min after
the HFS) was compared, all three treatments were significantly
elevated compared with control (Fig. 7B). Although the block-
ade of LTD by CTOP implicates mediation by MOR stimula-
tion, it seems paradoxical that direct (DAMGO) or indirect
(kelatorphan) activation of MORs would also block LTD.
However, as was shown in Figure 2B, stimulating MORs re-
duces sIPSC amplitude, and Figure 7E, F shows that having
either DAMGO or kelatorphan in the bath during the HFS
experiments significantly reduced the baseline sIPSC ampli-
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Discussion
* The important role for the VP in addictive
behavior has gained increasing interest in
recent years (Kemppainen et al., 2012;
Mahler and Aston-Jones, 2012; Hjelmstad
et al., 2013; Stefanik et al., 2013). In par-
ticular, cocaine-induced adaptations in
MOR signaling in the VP have emerged as
possible candidates for the development
and expression of addictive behavior (Ol-
ive and Maidment, 1998; Skoubis and
Maidment, 2003; Tang et al., 2005; Kemp-
painen et al., 2012). Our findings mecha-
nistically amplify this body of work by
showing profound adaptations in MOR
regulation of presynaptic GABA trans-
mission in rats extinguished from cocaine
self-administration. We demonstrate that
compared with yoked saline rats, GABA
neurotransmission in the VP of cocaine-
extinguished rats is depressed by tonic ac-
tivation of presynaptic MORs. As a result,
the presynaptic inhibition of GABAergic
eIPSCs in VP neurons by the MOR ago-
nist DAMGO seen in yoked saline rats is
markedly attenuated in cocaine-exting-
uished animals. This attenuation was
confirmed to result from increased en-
dogenous tone on MORs that masked the
inhibitory effect of additional MOR stim-
ulation either by a MOR agonist DAMGO
or by preventing the degradation of en-

Figure 7.  Loss of LTD g, under tonic activation or inhibition of w.-opioid receptors. 4, Time course of GABA elPSCs after HFS
(vertical dashed line) in control (black) and in the presence of either 50 nm CTOP (blue), T um DAMGO (red), or 10 um kelatorphan
(green). Compounds were present throughout the experiment and were never washed out. The HFS generated a LTD ; 5, that was
abolished in the presence of either compound. Number of cells in legend is the same for B—D, F. B, Average eIPSCamplitude taken
from 18 to 24 min in A. In control conditions the elPSCis inhibited to 62.1 = 12.5% of baseline and is significantly different from
in the presence of CTOP (121.9 == 18.1% of baseline), DAMGO (138.3 == 12.3% of baseline) and kelatorphan (105.4 = 8.9% of
baseline). , Time course of the PPR in the same experiment shown in A. The PPR was elevated only in the control conditions and
the elevation was synchronous with the LTD; g, shown in A. D, Average PPR during 18 —24 min from experiment depicted in A.
PPRwas elevated in control conditions to 165.4 = 23.2%. In all other conditions, PPR remained unchanged. E, Representative raw
experiments with each compound compared with control condition. Note the difference in baseline between control condition and
in the presence of DAMGO or kelatorphan. F, Average raw baseline elPSCamplitudes in each condition. In the presence of DAMGO
orkelatorphan the elPSCwas under tonic depression. KEL, Kelatorphan. #p << 0.05 compared with 100% using a one-sample t test.
*p < 0.05 compared with control condition (C, D) or baseline (H) using one-way ANOVA and Dunnett’s multiple-comparison post

dogenous MOR ligands with kelatorphan.
The masking produced by increased MOR
tone was revealed most clearly by the fact
that selective MOR antagonists increased
eIPSC amplitude only in cocaine-ex-
tinguished subjects. Similarly, the capac-
ity to induce LTDg a4 in VP neurons was
found to depend on MOR stimulation and
was masked in cocaine-extinguished ani-
mals or by DAMGO pretreatment in con-
trol rats.

hoc analysis. Data presented as mean = SEM.

tude. Thus, the blockade of LTD is likely a masking event
where the neurons were already in an LTD-like state from
MOR stimulation by DAMGO or endogenous enkephalin
(i.e., after kelatorphan).

LTDg g, is abolished in the VP of cocaine-extinguished rats
The results in Figures 2-5 suggest that in cocaine-extinguished
rats the MORs are under a tonic activation by endogenous en-
kephalin, and Figure 7 shows that tonic activation of MORs in the
VP following bath application of DAMGO or kelatorphan leads
to a loss of LTDgaps. Therefore, we predicted that cocaine-
extinguished rats would show a loss of LTD,g,. Figure 8A,C
shows that the HFS protocol in VP slices from cocaine-
extinguished rats did not induce LTDg,p,. Similarly, HES did
not alter PPR in cocaine-extinguished animals, supporting a pre-
synaptic action (Fig. 8 B, D).

Increased endogenous tone on

presynaptic MORs after extinction

from cocaine self-administration
The predominant endogenous opioid in the VP is enkephalin
(Skoubis et al., 2005). Enkephalin arises almost entirely in
GABAergic afferents from the nucleus accumbens and is not syn-
thesized by VP neurons (Zahm et al., 1985). Previous in vitro
studies indicate that one role for enkephalin coexpression with
GABA in striatal medium spiny neurons is for enkephalin to
presynaptically inhibit the release of GABA (Maneuf et al., 1994;
Stanford and Cooper, 1999; Miura et al., 2007, 2008). Also, in vivo
iontophoresis of a MOR agonist presynaptically reduces the
GABAergic inhibition of VP neuron firing (Johnson and Napier,
1997), and microdialysis studies reveal MOR agonist-mediated
reductions in extracellular GABA content in the VP (Tang et al.,
2005). Our data demonstrate that MORs presynaptically regulate
GABA release, and show that endogenous tone on MORs was
elevated after extinction from cocaine self-administration. Given
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the dense enkephalinergic innervation of
the VP, it is likely that colocalized en-
kephalin/GABA afferents are the source of
increased endogenous tone in cocaine-
extinguished subjects. Increases in en-
kephalinergic tone on MORs can have
various effects, including MOR endocyto-
sis (Sternini et al., 2000; Williams et al.,
2013) and affinity changes (Birdsong et
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al., 2013). However, reductions in MOR
signaling are not the likely mechanism
underpinning the lack of response to
MOR agonist in cocaine-extinguished an-
imals because an inverse MOR agonist
had full efficacy in the VP of cocaine-
extinguished rats, and a MOR antagonist
markedly potentiated eIPSCs only in co-
caine subjects. These findings clearly re-
veal substantial tonic MOR activation in
cocaine-extinguished animals. The pres-
ence of MOR tone in VP neurons after
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extinction from cocaine was also mani- 0
fested in GABAergic synaptic plasticity,
where HES produced MOR-dependent
LTDgapa that was absent in cocaine-
extinguished rats as well as when MORs
were either blocked or tonically activated.

Figure 8.

MORs versus other types of

opioid receptors

Whereas the VP expresses 8 (DOR) and «
(KOR), as well as w opioid receptors
(Mansour etal., 1988), the MORs are con-
sidered most important for addictive be-
havior (Johnson and Napier, 2000; Skoubis and Maidment, 2003;
Tang et al., 2005). Supporting this notion, elevating endogenous
enkephalin levels with the enkephalinase inhibitor kelatorphan
reduced GABA eIPSC amplitude and was completely reversed by
CTOP. This indicates that kelatorphan-mediated increases in ex-
tracellular enkephalin are not activating DORs or KORs to mod-
ulate GABA neurotransmission in the VP. A distinction between
MORs and DORs in the VP is also supported by higher levels of
MORs compared with DORs in the more dorsal globus pallidus
(Waksman et al., 1986). Moreover, a double-labeling study show-
ing that whereas MORs are found both presynaptically on termi-
nals of nucleus accumbens afferents and postsynaptically on VP
neurons, DORs are found only postsynaptically, mostly on neu-
rons that project back to the nucleus accumbens (Olive et al.,
1997). Given this preferential postsynaptic localization, it seems
unlikely that DORs significantly affect the presynaptic modula-
tion of GABA neurotransmission that was abolished in the VP of
cocaine-extinguished rats.

A role for tonic MOR stimulation in the VP on

cocaine addiction

The projection from the accumbens to VP has long been known
to regulate a variety of reward-seeking behaviors (Mogenson and
Yang, 1991), including reinstated cocaine-seeking (McFarland
and Kalivas, 2001; Stefanik et al., 2013), and MOR signaling in the
VP is essential in this regard. Thus, injection of MOR antago-
nists into the VP prevents reinstatement of cocaine-seeking
(Tang et al., 2005) and cocaine-induced conditioned-place
preference (Skoubis and Maidment, 2003). Similarly, microin-

20 30
Time (min)

Saline Cbc

LTD¢ga in the VP is lost after extinction of cocaine self-administration. A, Time course of GABA elPSCs after HFS
(vertical dashed line) in yoked saline (filled) and cocaine-extinguished (open) rats. Yoked saline data are the same as presented in
Figure 6A. Number of cells andrats in legend is the same for B—D. B, Average elPSCamplitude taken from 18 to 24 minin A. In yoked
saline rats the elPSC was inhibited to 62.1 = 12.5% of baseline, whereas in cocaine-extinguished rats there was no change
(112.8 == 12%of baseline). C, Time course of the PPRin the same experiment shown in A. The PPR was elevated only in yoked saline
rats and the elevation was synchronous with the LTD 55, sShown in A. D, Average PPR during 18 —24 min from experiment depicted
inA. PPR was elevated in yoked saline rats to 165.4 = 23.18 but remained unchanged in cocaine-extinguished rats. Coc, Cocaine-
extinguished. #p << 0.05 compared with 100% using a one-sample ¢ test. *p << 0.05 compared with control condition using
one-way ANOVA and Dunnett's multiple-comparison post hoc analysis. Data presented as mean == SEM.

jection of MOR agonists into the VP greatly affects reward-
related behavior (Smith and Berridge, 2005; Tindell et al., 2006;
Kemppainen et al., 2012), and potentiates cocaine reinstatement
(Tangetal., 2005). Interestingly, whereas microinjection of mor-
phine induces reinstatement of drug-seeking behavior through a
MOR-dependent mechanism (Tang et al., 2005), application of
DAMGO in cocaine-extinguished rats did not affect GABA neu-
rotransmission. This seeming contradiction may stem from the
use of different MOR agonists [DAMGO here and morphine by
Tang et al. (2005); MORs have been suggested to respond differ-
ently to different types of agonists; Pifieyro and Archer-Lahlou,
2007], differences between in vivo and in vitro examinations, and
last, the morphine-induced reinstatement of cocaine-seeking
may be mediated by an effect of MORs on the release of neu-
rotransmitters other than GABA.

Implicating enkephalin rather than endorphin in the modu-
lation of the VP via MORs, preproenkephalin knock-out mice are
unable to express the conditioned place aversion induced by mi-
croinjecting naloxone into the VP (Skoubis et al., 2005). Our
findings show that there is enduring tone on MORs in the VP
following extinction of cocaine self-administration. This indi-
cates that in addition to changes in the acute regulation of drug-
and reward-seeking behaviors, regulation of basal enkephalin
levels in the VP may undergo long-lasting adaptations in re-
sponse to repeated use of addictive drugs. Consistent with this
possibility, microdialysis experiments in the VP reveal long-
lasting increases in the basal levels of enkephalin following
chronic systemic noncontingent injection of opiates (Olive et al.,
1995; Olive and Maidment, 1998). Also, enkephalin mRNA in
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accumbens cells is elevated during (Hurd et al., 1992), and after
extinction from cocaine self-administration (Crespo et al., 2001).
A role for the loss of MOR-dependent LTD 5 in VP neurons of
cocaine-extinguished subjects in reinstated cocaine seeking is es-
pecially provocative. Synaptic plasticity is required for the learn-
ing of new behaviors (Kauer and Malenka, 2007), and the
inability of inhibitory GABAergic synapses in the VP to undergo
LTDgapa may impair the ability to modify cocaine-seeking and
contribute to the relapse vulnerability that characterizes addiction.

Summary and future directions

Our findings demonstrate that MORs presynaptically regulate
GABA transmission in the VP, and in doing so can promote
synaptic plasticity by inducing LTDg 5. We also demonstrated
tonic MOR presynaptic regulation of GABA transmission in
cocaine-extinguished animals and a corresponding masking of
LTDgaga. This work is consistent with previous studies showing
an important role for enkephalin transmission in the accumbens
to VP projection in regulating reward seeking behaviors (Smith
and Berridge, 2005; Tindell et al., 2006; Kemppainen et al., 2012),
including reinstated cocaine seeking (Tang et al., 2005). En-
kephalin in the VP is released at synapses arising from a subset of
accumbens medium spiny neurons that also express D2 dopa-
mine receptors, dynorphin, and neurotensin. Thus, the release of
enkephalin and subsequent presynaptic regulation of GABA re-
lease may be accompanied by neurotensin and dynorphin release.
Although we definitively show a cocaine-induced adaptation in
MOR signaling in the VP that has an obligatory role in reinstated
cocaine seeking (Tang et al., 2005), there is also microdialysis
evidence that VP neurotensin promotes GABA release and rein-
stated cocaine seeking, although the involvement of neurotensin
was modulatory and not obligatory in cocaine reinstatement
(Torregrossa and Kalivas, 2008). In addition, D1-expressing ac-
cumbens GABAergic neurons that project to the VP coexpress
dynorphin, substance P, and cocaine and amphetamine-
regulated transcript peptide (Zahm and Heimer, 1990; Zhou et
al., 2003); all of which have been shown to modulate cocaine-
related behaviors including locomotion, reward, and/or rein-
statement (Shippenberg et al., 2007; Commons, 2010; Hubert et
al., 2010). Given that MORs may also be localized to these D1-
expressing GABAergic terminals, and that enkephalin released
from the D2-expressing GABAergic input neurons may stimulate
these receptors (especially following kelatorphan), a complete
understanding of the role played by the VP in reinstated cocaine
seeking will require evaluation of interactions between enkepha-
lin, GABA and the various other colocalized neuropeptides.
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