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Abstract

A functionally hypoactive prefrontal cortex (PFC) is thought to contribute to decreased cognitive
inhibitory control over drug-seeking behavior in cocaine addicts. Alterations in PFC dopamine
(DA) and GABA transmission are involved in the development of behavioral sensitization to
cocaine, and repeated exposure to cocaine decreases DA D2 receptor (D2R) function in the PFC.
We used recordings in PFC slices from adult rats to investigate how repeated cocaine treatment
followed by 2 weeks of withdrawal affects DA modulation of GABA transmission and interneuron
firing. In agreement with previous results in drug-naive animals (Seamans, et al 2001; Trantham-
Davidson, et al 2004) we found that in saline-treated control animals DA (20 uM) modulated
evoked inhibitory synaptic currents (elPSCs) in a biphasic, time- and receptor-dependent manner.
Activation of D2Rs transiently reduced, while D1 receptor activation persistently increased the
amplitude of eIPSCs. In cocaine-sensitized animals the D2R-dependent modulation of eIPSCs was
abolished and the time course of DA effects was altered. In both saline- and cocaine-treated
animals the effects of DA on elPSCs were paralleled by distinct changes in spontaneous IPSCs. In
cocaine-treated animals the alterations in DA modulation of eIPSCs and sIPSCs correlated with a
lack of D2R-specific reduction in action potential-independent GABA release, which might
normally oppose D1-dependent increases in GABA transmission. Recordings from interneurons
furthermore show that D2R activation can increase current-evoked spike firing in saline- but not in
cocaine-treated animals. Altered DA regulation of inhibition during cocaine withdrawal could
disturb normal cortical processing and contribute to a hypoactive PFC.
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Introduction

Addiction to cocaine involves neurobiological changes in limbic and cortical circuits that
mediate a variety of cognitive and emotional processes. Several lines of evidence suggest
that a functionally “hypoactive” frontal cortex results in decreased cognitive inhibitory
control to regulate drug-seeking behavior. Areas of the prefrontal cortex (PFC) are activated
in addicted subjects during intoxication and exposure to drug-associated cues, but they are
deactivated during withdrawal (Goldstein and Volkow, 2002; Bolla, et al 2004). Similarly,
in rats inhibition of the medial frontal cortex blocks reinstatement of drug seeking
(McFarland and Kalivas, 2001; McLaughlin and See, 2003; McFarland, et al 2004), and the
suppression of drug seeking during extinction requires activation of the infralimbic cortex
(Peters, et al 2008). Interestingly, cue-induced drug-seeking selectively increases expression
of the immediate early gene c-Fos in interneurons of the PFC, while at the same time it
reduces markers of activity in pyramidal cells (Miller and Marshall, 2004). Similarly,
cocaine-sensitized animals showed an increase in extracellular GABA in the medial PFC
(Jayaram and Steketee, 2005). These results suggest that in cocaine-sensitized animals
interneurons may be preferentially activated, while the overall PFC output (the activity of
pyramidal cells) is attenuated. Dopamine (DA) projections from the VTA provide a
modulatory input to the PFC that is essential for optimal cognitive performance and this
projection may be involved in sensitization processes (Brozoski, et al 1979; Steketee, 2003).
Animals with a history of cocaine self-administration show deficits in tasks that require an
intact medial PFC, an effect that is accompanied by a significant decrease in D2 receptors
(Briand, et al 2008). Activation of D2 receptors (D2R) in the PFC of sensitized animals is
less effective due to elevated levels of AGS3, a member of a family of G protein regulators
that decreases signaling via Gia (Bowers, et al 2004). Dopaminergic fibers contact both
pyramidal cells and GABAergic interneurons in the PFC of rats and primates (LeMoine and
Gaspar, 1998; Sesack, et al 1995), and D2R activation modulates interneuron activity and
GABAergic synaptic transmission in drug-naive animals (Seamans, et al 2001; Trantham-
Davidson, et al 2004; Tseng and O’Donnell, 2007).

We used whole-cell recordings in PFC slices from adult animals treated repeatedly with
cocaine and then subjected to long-term withdrawal, in order to assess changes in the
DAergic modulation of PFC interneurons and GABAergic transmission. We hypothesized
that in cocaine-sensitized animals the effect of D2R activation is blunted, so that D1 receptor
(D1R)-dependent increases in GABAergic synaptic transmission dominate. Our results
support this idea, showing that the D2R-dependent transient reduction in the amplitude of
synaptically evoked inhibitory synaptic currents (eIPSCs) seen in saline-treated rats is
abolished in cocaine-sensitized animals. In contrast, both in saline and cocaine-treated
animals D1R-dependent modulation of IPSCs was unaffected, leading to increased elPSC
amplitudes, which was paralleled by an increase in the frequency of spontaneous IPSCs. In
saline-treated animals the effects of D1R stimulation were at least partly countered by a
D2R-dependent reduction of GABA release measured as action potential-independent
release of miniature IPSCs. In cocaine-treated animals this D2R-dependent reduction in
GABA release was not observed. Moreover, current clamp recordings from interneurons
also show that D2R modulation of spike firing is disrupted in cocaine sensitized animals.
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Taken together these results show opposing D1R and D2R-dependent mechanisms that
contribute to DA modulation of GABAergic synaptic transmission in the cortex of saline-
treated animals. Chronic exposure to cocaine and withdrawal that induces behavioral
sensitization selectively disrupts D2R-dependent signaling. Altered DA regulation of
inhibition during cocaine withdrawal could disturb normal cortical processing and contribute
to a hypoactive PFC.

Materials and Methods

All procedures were carried out in accordance with the NIH Guide for the Care and Use of
Laboratory Animals, and were approved by the Medical University of South Carolina
Animal Care and Use Committee. Subjects were adult male Sprague Dawley rats (Charles
River Laboratories, Wilmington, MA), that were older than 50 days before the start of the
experiment. Animals were housed in pairs in a temperature-controlled colony room on a 12
h light/dark cycle (lights on at 7:00 A.M.), and food and water were available ad libitum.
Animals were allowed to acclimatize to the colony room for 3-5 d after their arrival before
they were divided into 2 treatment groups: Animals in the control group received daily
intraperitoneal (IP) injections of saline for 7 days while animals in the cocaine group
received daily injections of cocaine hydrochloride in saline (Sigma) using a dosing regimen
previously described to produce locomotor sensitization (Pierce, et al 1996; Bowers, et al
2004). On the first and last days of cocaine administration, the rats were injected with 15
mg/kg cocaine IP. On the intervening days, the animals were injected with 30 mg/kg cocaine
IP. Both groups of animals were subjected to a 2 week withdrawal following the last
injection of saline or cocaine. On the first day of drug administration and after the
withdrawal period the motor activity of animals in both groups was monitored in a photocell
apparatus (Omnitech, Columbus, OH, USA) as described elsewhere (Pierce, et al 1996).
Briefly, animals were placed in the photocell cages for 1 hr after which time they were
removed from the cages, injected with cocaine or saline, respectively, and returned to the
photocell cages for an additional 2 hrs. Consistent with previous studies (Pierce, et al 1996)
the cocaine treatment produced locomotor sensitivity. The total distance traveled during the
first hour after cocaine injection (15 mg/kg) was significantly increased after 2 weeks of
withdrawal when compared with activity on the fist day of cocaine treatment (day 1: 1500.7
+ 260.0 cm; day 23: 3523.3 + 741.3 cm; paired Student’s-test, P< 0.01). Animals were
sacrificed the following day for the preparation of brain slices. The experimenter was not
blind to the treatment condition of the animal on the day of the electrophysiological
recordings.

Brain slice preparation and electrophysiology

Saline or cocaine-treated rats (72—100 days old) were deeply anesthetized with an IP
injection of chloral hydrate (400 mg/kg) and transcardially perfused with an ice-cold high
sucrose substituted ACSF (in mM): 230 sucrose, 1.9 KCI, 1.2 NayHPQy, 33 NaHCO3, 6
MgCl,, 0.5 CaCly, 10 glucose, and 0.4 ascorbic acid. Coronal slices (350 pum) were cut on a
vibratome (Leica, VT1000S or VT1200S, Nussloch, Germany). Slices were incubated at
room temperature for at least 1 h in a solution consisting of (in mM) 125 NaCl, 2.5 KCl,
1.25 NayHPOy, 10 glucose, 25 NaHCO3, 6 MgCl,, and 1 CaCl,. Finally, slices were
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transferred to a submersion-type recording chamber and recordings were performed at 33 +
1 °C using a recording ACSF consisting of (in mM): 125 NaCl, 2.5 KCI, 25 NaHCOs, 1.3
MgCl,, 2 CaCly, 10 glucose and 0.4 ascorbic acid at a rate of 1-2 ml/min. All ACSF
solutions were constantly aerated with a mixture of 95% 0,-5% CO, to maintain ~7.2 pH.
Whole-cell recordings were obtained from neurons in layers 5 and 6 of the prelimbic cortex
(between 3.7 and 2 mm from bregma) using differential interference contrast optics
(Axioskop, Zeiss; Germany) and videomicroscopy (Dage MTI, Michigan City, IND). For
voltage-clamp recordings electrodes (3-5 MOhm open tip resistance) were filled with (in
mM): 130 CsCl, 20 TEA, 10 HEPES, 2 MgCls,, 0.5 EGTA, 4 Na-ATP, 0.3 Na-GTP, 14
phospocreatine, and 2 QX-314. For current-clamp recordings, electrodes were filled with a
solution containing (in mM): 125 K-gluconate, 10 HEPES, 20 KCI, 4 ATP-Mg, 0.3 GTP-
Na, 14 phosphocreatine and 0.4 Alexa 594.

Data Collection and Analysis

Recordings were obtained with a Multiclamp 700B amplifier (Molecular Devices,
Mississauga, CAN). Membrane potential was not corrected for changes in junction potential
after break-in. Signals were low-pass filtered at 3 kHz and digitized at 10 kHz. Data were
stored on PC for off-line analysis. Data acquisition and analysis were performed using
software written in LabView (National Instruments, Austin, TX) or Axograph-X (J.
Clemens, AUS). In voltage-clamp experiments we examined both evoked and spontaneous
inhibitory post-synaptic currents (IPSCs). The membrane potential was held at =80 mV and
GABA-mediated events were pharmacologically isolated by adding 20 uM 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, to block AMPA receptors) and 50 UM (£)2-amino-5-
phosphonopentanoic acid (APV, to block NMDA receptors) to the bath. Action-potential
independent miniature IPSCs (mIPSCs) were recorded under the same conditions but in the
presence of 1 pM tetrodotoxin (TTX; Sigma) to block sodium channels. Synaptic
stimulation of evoked IPSCs (elPSCs) occurred every 30 seconds via a bipolar stimulation
electrode positioned within 200 pm of the soma. Under baseline conditions the input-output
curves for evoked IPSCs did not differ between the two experimental groups (i.e. cocaine-
or saline-injected rats) (Figure S1). In current clamp recordings series of hyperpolarizing
and depolarizing current steps (500 ms duration; 10-30 pA increments at 0.3 Hz) were
delivered from resting membrane potential to evoke subthreshold responses and spike firing.
Intrinsic membrane properties and the evoked firing pattern were used to distinguish
subtypes of GABAergic interneurons. In order to determine changes in neuronal excitability
following pharmacological manipulations the series of current pulses was repeated every 3
minutes for the duration of the experiment. Comparisons of changes in the number of
evoked spikes were made at a current level that reliably produced repetitive firing under
control conditions. In both voltage-clamp and current clamp recordings access resistance
was continuously monitored by applying small hyperpolarizing or depolarizing current steps
through the recording pipette at the beginning of the sweep and cells that changed more than
20% during the recording were excluded from analysis. The morphology of non-pyramidal
cells was verified at the end of the experiment via confocal imaging of Alexa 594. After
collection of baseline data, DA, or specific DA receptor agonists were bath-applied for 2-3
minutes. We used the agonist (+)-Quinpirole dihydrochloride to activate D2-like receptors
and (z)-6-chloro-PB hydrobromide (SKF-81297) to activate D1-like receptors. When the
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effects of DA antagonists were examined, the D1 antagonist R-[+]-7-chloro-8-hydroxy-3-
methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine (SCH23390), or the D2 antagonist
(x)-Sulpiride were bath-applied at least 10 minutes before application of DA and continued
to be present throughout the remainder of the experiment. All DAergic agents were obtained
from Sigma (St. Louis, MO). The frequency and amplitude of IPSCs were measured using
MiniAnalysis (Synaptosoft, Decatur, GA). Spontaneous or miniature events were detected
when they crossed a threshold set at two times the RMS baseline noise. The detected events
were confirmed as synaptic events by eye. For sIPSCs and mIPSCs we collected 9 second
long sweeps every 30 seconds. Two sweeps (representing one minute) were averaged and
changes in the amplitude of elPSCs or the frequency of sIPSCs, respectively, were plotted
over time. For statistical comparisons the number of evoked responses or spontaneous
events was averaged across two separate 5 minute intervals as indicated in the Results
section and compared to baseline values. For statistical comparisons in current clamp
recordings at least 3-5 responses under baseline and drug condition were averaged and
compared. Comparisons were performed using two-tailed, paired t-tests unless indicated
otherwise. Differences of alpha <0.05 were considered statistically significant. All data are
presented as means + SEM.

Dopamine has a temporally biphasic effect on the amplitude of eIPSCs in saline-treated
animals. Figure 1A shows the effect of a high dose (20 uM) of dopamine on isolated elPSCs
in pyramidal neurons. On average, dopamine modulated elPSC amplitude in a biphasic,
time-dependent manner, producing an initial decrease (2—20 min after application), followed
by a prolonged increase in the amplitude of the elPSC. In order to quantify this effect we
averaged the responses over 5 minute periods either briefly after DA bath application (“early
DA”, between 5-10 minutes after DA was first perfused into the bath) and at a later time
point when the increase in elPSC amplitude had reached a plateau (“late DA”, between 25—
30 minutes after DA application). In this and all following experiments the averaged
responses from these time periods were then compared with the averaged response of the
baseline period prior to drug application. As seen in Figure 1A, in saline-treated rats 20 M
DA reduced the amplitude of the elPSC during the “early DA” period by about —24.4 + 14.2
% (p<0.01; n=8) and increased the elPSC amplitude during the “late DA” period on average
by +64.2 + 29.7 % (p<0.05). In contrast, in cocaine-treated animals the initial reduction in
elPSC amplitude was absent and instead an immediate increase of elPSC amplitude was
observed during the early phase of the DA effect (+30.1 £ 10.6 %; p<0.05) that persisted
through the late phase of the DA effect (+51.1 + 23.6 %; p<0.05; n=7; Figure 1B).

Receptor-specific modulation of evoked IPSCS

The biphasic modulation of elPSCs in our adult saline-treated animals is consistent with
previous observations in young drug-naive animals. In these studies concentrations of
extracellular DA high enough to activate both receptor subtypes in the PFC (>1 uM DA)
lead to a long-lasting enhancement of elPSCs via activation of D1Rs, whereas the initial
reduction in elPSC amplitude required activation of D2Rs (Seamans, et al 2001; Trantham-
Davidson, et al 2004). Accordingly, we found that in saline-treated animals bath application
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of the D2R agonist quinpirole (5 pM, n=6) reduced the amplitude of the eIPSC during the
period of the early measurement (5-10 min after drug application), which partly recovered
by the time of the second late measurement (25-30 min after drug application) (quinpirole
early —37.7 + 16.4 %, p<0.01, quinpirole late =23.4 £ 24.7 %; p<0.01; n=6, Figure 2A).
Similar results were also observed when DA (20 uM) was applied in the presence of the D1
antagonist SCH-23390 (10 uM, n=3; data not shown). In contrast, in cocaine-sensitized
animals bath application of the selective D2 agonist quinpirole (5 uM) failed to induce a
reduction in elPSC amplitude (Figure 2B). Quinpirole did not significantly affect elPSCs at
either the early or late time point (quinpirole early +0.7 = 10%; quinpirole late —12.3 + 8%j;
n=11). On the other hand, D1R- dependent signaling appeared to be unaffected in cocaine-
sensitized animals, resulting in increased elPSC amplitudes. Using different approaches to
stimulate D1Rs this effect consistently became significant by the time of the second late
measurement (Figure 2C-E): Bath application of the selective D1R agonist SKF-81297 (5
UM; n=6) increased elPSC amplitude by 31.4 £ 22% (p>0.05) during the period of the early
measurement, and by 85.7 + 30% (p<0.05) during the period of the late measurement.
Similarly, application of 20 UM DA in the presence of the selective D2R antagonist sulpiride
(5 uM) increased elPSC amplitudes by 27.9 £ 18 % (p>0.05) during the early measurement
and by 26.0 £ 5 % (p<0.01; n=11) during the period of the late measurement, respectively.
Finally, a low dose (100 nM) of DA by itself, which previously had been shown to
predominantly activate D1Rs under similar recording conditions in drug-naive animals
(Trantham-Davidson, et al 2004), also increased elPSC amplitudes in cocaine-sensitized rats
(Figure 2E; early DA +20.9 + 12.6, p>0.05; late DA +33.7 £ 11.3, p=0.5; n=8). Taken
together these results suggest that in cocaine-sensitized animals D2 mediated modulation of
IPSCs is compromised but D1R-dependent mechanisms are unaffected.

Dopamine modulation of spontaneous IPSCS

In a first effort to asses which components of synaptic transmission are altered in cocaine-
sensitized animals we analyzed the frequency and amplitude distribution of spontaneous
IPSCs (sIPSCs) in saline and cocaine-treated animals (Figure 3). Our results show that in
slices from both groups of animals bath application of a high dose of DA (20 uM) led to a
significant increase in the frequency of sIPSCs. The development of this effect over time
was noticeably different in saline- and cocaine-treated animals. Figure 3B and 3C, show the
time-course of the change in sIPSC frequency and the relative changes in the amplitude
distribution of sIPSCs between 5-10 minutes and 25-30 minutes after DA bath application,
respectively, compared with baseline measures. In slices from saline-treated animals the
frequency of sIPSCs gradually rose and reached a plateau value after about 20 min (Figure
3B; early DA +15.4 + 6 %, p>0.05; late DA +29.0 £ 12%, p<0.05; n=8). We plotted changes
in the frequency distribution of sSIPSC amplitudes to see whether DA might selectively
modulate sIPSCs of a certain size (Figure 3B, right column). We found that DA consistently
increased the frequency of events of all amplitudes, with the exception of very small events
(<10pA) that were decreased during the period of the early DA effect. However, across all
events within a measurement period the DA-induced increase in sIPSC frequency had no
effect on mean sIPSC amplitude (Figure 3B inset). In cocaine-sensitized animals (Figure
3C) the frequency of sIPSCs increased rapidly after DA application and remained
significantly elevated throughout the time of the recordings (early DA +44.7 + 13 %,
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p=0.05; late DA +24.9 + 7 %, p<0.05; n=6). As in saline animals the mean amplitude of
sIPSCs did not significantly change during any of the three measurement periods (Figure 3C
inset), but unlike in slices from saline animals there occurred no reduction in small
amplitude events during the early measurement of DA effects in cocaine-treated animals.
Instead, there was a disproportional increase in the number of large amplitude (>70 pA)
events (Figure 3, right column). One potential mechanism for the differential DA
modulation of small and large amplitude IPSCs, respectively, in saline- and cocaine-treated
animals was explored in a series of action potential-independent miniature IPSC recordings
(see below).

The increase in sIPSC frequency seen in cocaine-sensitized animals in response to 20 pM
DA depended on D1R activation, as similar increases were seen in response to SKF-81297
(5 UM; n=6). SKF-81297 increased the frequency of sIPSCs by 23.1 + 4 % (p<0.01; n=6)
during the early measurement and by 36.0 £ 11 % (p<0.05; n=6) during the period of the
late measurement, respectively (Figure 4C,D), and this again was mimicked by the
application of a low dose of DA (Figure 4D). In contrast, D2-receptor activation with 5 uM
quinpirole (Figure 4A,B,D) decreased the number of sIPSCs in saline-treated animals (early
quinpirole —15.6 = 7 %, p>0.05; late quinpirole +32.7 £ 7 %, p<0.05, n=8), but had no
consistent effect in slices from cocaine-treated animals (early quinpirole +7.0 £ 8 %, p>0.05;
late quinpirole —9.9 + 22 %, p>0.05; n=6).

Dopamine and D2 receptor-dependent modulation of miniature IPSCS

Spontaneous IPSCs represent both action potential-dependent and -independent release of
GABA In contrast, miniature IPSCs (mIPSCs) are recorded in the presence of TTX (1 uM)
to eliminate the contribution of action potential-mediated release events. Changes in
GABAergic release could also contribute to the D2R-dependent reduction in eIPSC
amplitude and the lack thereof in cocaine-sensitized animals. We therefore studied the
effects of DA and D2R stimulation on mIPSCs in order to determine whether the increase in
the frequency of sIPSCs was due to a selective effect on interneuron excitability and spike
firing, or reflected at least in part a modification of GABA release as measured with
mIPSCs. Miniature IPSCs were recorded in the presence of TTX (1 uM) and changes in the
frequency of mIPSCs were compared between cocaine and saline-treated animals (Figure 5).
In saline animals quinpirole (5 uM) significantly reduced the number of mIPSCs 5-10
minutes after drug application (Figure 5A; —13.3 * 6%; p<0.05; n=7). DA D2 receptor
activation not only reduced the frequency but also the average amplitude of mIPSCs,
suggesting the presence of an additional postsynaptic mechanism through which DA can
modulate inhibitory synaptic currents (Seamans et al., 2001). Quinpirole-induced changes in
mIPSC frequency and amplitude occurred independent of changes in access resistance.

In cocaine-sensitized rats a similar change in the number of events was not observed at any
time of the recording (Figure 5B; —0.7 + 9%; p>0.05; n=7). Bath application of the full
agonist DA (20 uM) led to a significant increase in the frequency of mIPSCs in slices from
cocaine-sensitized animals (Figure 5D; baseline 4.7 + 0.4 events/s, DA early 6.3 + 0.5
events/s; p<0.01; DA late 6.7 £ 1.0 events/s p<=0.05; n=7), but only a moderate increase in
slices from saline-treated animals (Figure 5C; baseline 5.8 + 0.4 events/s, DA early 6.2 + 1.7
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events/s; p>0.05 early; DA late 6.2 + 1.4 events/s p>0.05; n=4). This DA-induced increase
in the frequency of mIPSCs, together with the absence of an effect of quinpirole on sIPSCs,
suggests that a D1R-dependent increase in GABA release contributes to the rapid increase in
the number of sIPSCs described above (c.f. Figure 3), but that in normal animals this is
counteracted by a D2-mediated reduction in release. Thus taken together, the data from
sIPSC and mIPSC recordings suggest that in control animals opposing D1/D2 mechanisms
determine the direction and time course of DA modulation of inhibition, and that both a
D2R-dependent reduction in GABA release and the desensitization of postsynaptic GABA
receptors could contribute to the reduction of elPSCs. In contrast, in cocaine-sensitized
animals the efficacy of D2R stimulation appears to be greatly reduced, resulting in a change
in the time-course of DA modulation of IPSCs and enhanced inhibition via D1-dependent
mechanisms, most likely due to parallel increases in the frequency of action potential-
dependent and —independent synaptic events.

Cocaine-sensitization reduces D2 receptor-dependent modulation of action-potential firing
in PFC interneurons

Recently, it was shown that in PFC interneurons from adult drug-naive animals D2R
activation can increase action potential firing evoked by somatic current injection (Tseng
and O’Donnell, 2007). Therefore, we examined whether withdrawal from cocaine can
potentially also affect cortical inhibition via D2-dependent modulation of spike firing in
interneurons. To this end we obtained current clamp recordings from identified non-
pyramidal neurons in the PFC (Figure 6A) and we examined changes in membrane
excitability in response to D2R activation with quinpirole. Based on their firing pattern,
afterhyperpolarization (AHP), and spike frequency adaptation characteristics (Cauli, et al
1997; Kroener, et al 2007), cells were classified either as fast-spiking interneurons (FS;
n=14) or non-fast spiking cells (NFS; n=12) (Figure 6). Fast-spiking cells were
characterized by action potentials of short duration, which were followed by fast,
monophasic AHPs of large amplitude (table 1). Fast-spiking cells were able to sustain high
steady-state firing frequencies with relatively little spike-frequency adaptation (Figure 5B).
Non-fast spiking cells displayed conspicuous spike frequency adaptation (Figure 6B), and
their spike kinetics and AHP amplitude were significantly different from those of FS cells
both in tissue from saline-treated and cocaine treated animals (table 1). No differences in
basic membrane properties were observed when comparing cells belonging to the same class
in saline-treated or cocaine-treated rats. However, both FS and NFS cells showed similar
differences in their response to quinpirole (5 uM) when comparing cells in slices from
saline-treated and cocaine-treated animals (Figure 6C,D): In saline animals quinpirole
produced a small but consistent increase in the number of current-evoked spikes in both FS
cells (baseline 8.2 + 1.4; quinpirole 11.0 + 1.5; p<0.05) as well as NFS cells (baseline 6.5 +
0.38; quinpirole 7.6 £ 0.32; p<0.05). In contrast, in cocaine animals quinpirole had no
consistent effect on membrane excitability or the number of evoked spikes in either FS or
NFS cells (Figure 6C, D). Taken together our results suggest that in cocaine-sensitized
animals the ability of D2R stimulation to modulate the activity of interneurons and to
regulate GABAergic transmission onto pyramidal cells is greatly reduced. In contrast, D1R-
dependent mechanisms, which can increase the amplitude of evoked IPSCs and the
frequency of spontaneous IPSCs are not affected.
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Discussion

We show that repeated non-contingent exposure and withdrawal from cocaine alter DA
modulation of inhibition in the PFC. In control animals DA and D2R stimulation result in a
transient reduction of elPSCs, which is absent in cocaine-sensitized animals. These changes
in elPSCs are paralleled by a lack of D2R modulation of GABAergic release as measured
with mIPSCs, and they manifest in changes in the time course of DA modulation of sIPSCs.
In addition, D2R-mediated increases in current-evoked spike firing in interneurons from
saline-treated animals were absent in cocaine-sensitized animals. Therefore, the time- and
concentration-dependent interplay of D1Rs and D2Rs that characterizes DA modulation in
control animals is disrupted in sensitized animals, resulting in an unopposed D1R-mediated
increase in GABAergic inhibition. This loss of synergism may alter normal PFC network
processing, thus contributing to the functional hypofrontality seen in cocaine addicts.

Dopamine-GABA interactions in the PFC as targets for cocaine-induced neuroadaptations

Numerous studies have shown the importance of prefrontal cortical DA and GABA
neurotransmission in the development or reinstatement of addiction to cocaine. Injections of
DA receptor antagonists into the PFC prevent, while agonists can induce reinstatement, and
DA release in the PFC is increased during reinstatement (Sorg, et al 1997; McFarland and
Kalivas, 2001; McFarland, et al 2004; Sun and Rebec, 2005; Williams and Steketee, 2005).
Repeated exposure to cocaine decreases D2R function in the PFC, leading to persistent
cognitive deficits (Briand, et al 2008). Injections of quinpirole into the mPFC block
sensitization (Beyer and Steketee, 2002), while injections of a D2 antagonist enhance motor
activity (Steketee and Walsh, 2005). Moreover, non-contingent cocaine administration
produces a persistent decrease in D2R-dependent regulation of cortical excitability
(Nogueira, et al 2006). GABA in the PFC is released from local interneurons and
projections from the VTA (Carr and Sesack, 2000). GABAergic interneurons are a
prominent target of cortical DA innervation (Sesack, et al 1995) and they possess both D1-
and D2-type DA receptors (LeMoine and Gaspar 1998; Santana, et al 2009). Local infusion
of the GABAg agonist baclofen blocks the initiation of cocaine-induced behavioral
sensitization (Steketee and Beyer, 2005). Once sensitization is induced, the levels of
extracellular GABA in the PFC are increased (Jayaram and Steketee, 2005, 2006), and cue-
induced drug-seeking selectively increases the expression of c-Fos in interneurons of the
prelimbic cortex, while simultaneously reducing activity in pyramidal cells (Miller and
Marshall, 2004).

Mechanisms of DA modulation of inhibition in control- and cocaine-sensitized animals

Reports on the effects of DA on GABAergic transmission in the PFC of drug-naive animals
paint a complex and often contradictory picture, and both a reduction (Abekawa, et al 2000;
Gonzalez-1slas and Hablitz 2001; Seamans, et al 2001; Gao, et al 2003; Trantham-Davidson,
et al 2004) and an increase (Retaux, et al 1991; Grobin and Deutch, 1998; Zhou and Hablitz
1999; Gulledge and Jaffe, 2001; Seamans, et al 2001; Gao, et al 2003; Trantham-Davidson,
et al 2004, Kroener, et al 2007) in either the amplitude of elPSCs, the frequency of sIPSCs,
or the extracellular levels of GABA as measured with microdialysis have been described,
hampering the interpretation of changes seen in cocaine-sensitized animals.
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We found that in adult saline-treated animals DA had time-dependent effects on synaptically
evoked IPSCs that were specific for D1R and D2R activation, respectively, replicating
previous results in young drug-naive rats (Seamans, et al 2001; Trantham-Davidson, et al
2004). Under normal conditions high DA (>1 uM) activates both D1Rs and D2Rs, but the
initial D2R-mediated reduction in elPSC amplitude occludes the prolonged D1R-mediated
enhancement (Figure 1; Seamans, et al 2001; Trantham-Davidson, et al 2004). The D2R-
dependent reduction in elPSC amplitude in saline-treated animals could result from
alterations in GABA release at the presynaptic terminal as indicated by a reduction in the
frequency of mIPSCs. Surprisingly, in saline-treated animals a high dose of DA did not
result in a similar reduction in the frequency of mIPSCs, thus leaving the need for an
additional mechanism to explain the transient reduction of elPSCs in control animals. In
young drug naive animals D2R activation has previously also been shown to decrease the
response of postsynaptic GABA, receptors on pyramidal neurons (Seamans, et al 2001)
thus working to further diminish the amplitude of eIPSCs. Here we also demonstrate data
that is consistent with this idea as we show that in saline-treated animals not only the
frequency, but also the amplitude of mIPSCs was reduced by application of the D2 agonist.
In contrast this effect did also not occur in cocaine-treated animals. Thus under normal
conditions D2 receptor activation appears to reduce both release of GABA via a presynaptic
mechanism and may reduce the sensitivity of postsynaptic GABA receptors to decrease the
amplitude of the IPSC. On the other hand, direct D1R activation (either via DA in the
presence of a D2 antagonist or through a specific D1 agonist) or low extracellular
concentrations of DA increased the amplitude of elPSCs and the frequency of sIPSCs
consistent with previous reports in drug-naive animals (Zhou and Hablitz 1999; Gulledge
and Jaffe, 2001; Seamans, et al 2001; Trantham-Davidson, et al 2004; Kroener, et al 2007).
Because D1R activation also increases the membrane excitability of fast-spiking
interneurons these changes reflect at least in part a presynaptic modulation of excitability
and spontaneous action-potential firing (Gorelova, et al 2002; Kroener, et al 2007; Tseng
and O’Donnell, 2007).

Repeated cocaine exposure reduced all measures of D2R activity tested here, shifting the
time course of DA-induced changes and generally resulting in increases in inhibition. In
cells from cocaine-sensitized animals elPSCs showed an immediate increase in amplitude,
which was paralleled by an increase in the frequency of sIPSCs and mIPSCs following
application of DA or a D1 agonist. The D2R-specific reduction in mIPSC frequency was not
observed in cocaine-sensitized animals. In acute brain slices action potential-independent
“miniature” release represents a significant portion of the total number of spontaneous
synaptic events (Simkus and Stricker, 2002; Kroener, et al 2007; present data). The lack of
D2R modulation of mIPSCs may thus explain the rapid increase in sIPSCs in cocaine
animals. This interpretation is further supported by the observation that in cocaine sensitized
animals the full agonist DA increased the frequency of mIPSCs, and the fact that during the
early DA effect the amplitude distribution of sSIPSCs was shifted to the left, indicating a
relative greater contribution of small amplitude mIPSCs to the overall number of synaptic
events. Dopamine D1Rs in the terminals of interneurons provide an anatomical substrate for
presynaptic modulation of GABA release by DA (Gulledege and Jaffe, 2001; Paspalas and
Goldman-Rakic, 2005; Muly, et al 1998). Moreover, the D1R-dependent changes in
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membrane excitability and action potential-dependent release discussed above likely also
contributed to the increase in the frequency of sIPSCs and the increased amplitude of
elPSCs. The reduction in GABA release via D2Rs is functionally similar to stimulation of
presynaptic GABAg autoreceptors with baclofen, which prevents the initiation of
sensitization to cocaine (Steketee and Beyer, 2005). Reductions in the effectiveness of D2R
or GABAGg receptor signaling in the PFC of sensitized animals may result from elevated
levels of AGS3 and these alterations have been shown to persist though up to 8 weeks of
withdrawal (Bowers, et al 2004; Frankowska, et al 2008). AGS3 is a member of a family of
G-protein regulators, which sequesters Gia and thereby limits signaling via Gia-coupled
receptors. Finally, D2R activation increased the number of current-evoked spikes in
interneurons from saline-treated, but not from cocaine-sensitized animals, providing further
evidence for a generalized reduction in Gi-receptor signaling in cocaine-sensitized animals.
However, the results in control animals also indicate an obvious paradox in that it appears
that D2R activation can differentially modulate action potential-mediated release of GABA
with opposing results (Retaux, et al 1991). D2R activation decreases the amplitude of
elPSCs (Figure 1; Seamans, et al 2001; Trantham-Davidson, et al 2004), yet it can also
increase current-evoked firing in interneurons (Figure 6; Tseng and O’Donnell, 2007; Tseng,
et al 2008) and DA release in vivo (Grobin and Deutch, 1998). We replicate two of these
findings in adult (>72d) saline-treated rats, thus ruling out that these discrepancies solely
reflect differences in the developmental state of animals used in previous studies. One
potential caveat is that the response to somatic current injection may not adequately reflect
the mechanisms that govern spike firing resulting from integration of synaptic inputs. We
have recently shown that DA can decrease cortical network activity, even though it
consistently increased somatic current-evoked spike firing in individual pyramidal cells
(Kroener, et al 2009). Similarly, our results from mIPSC recordings may not fully reflect the
effects of DA and D2 receptor activation on synaptic integration, and furthermore these
effects may differ from the postsynaptic effects of DA that regulate spike firing. Thus
clearly more research is needed to unveil the mechanisms through which D2Rs regulate
inhibition in the cortex under normal conditions.

Functional implications of altered DA modulation of inhibition

Drug addiction has been conceptualized as a syndrome of impaired response inhibition and
salience attribution (Goldstein and VVolkow, 2002). Prefrontal control over top-down
processes is reduced in addiction (Bolla, et al 2004; Briand, et al 2008). Behavioral data
indicate that activating the DAergic projection from the VTA to the PFC initiates
reinstatement via a glutamatergic projection to the nucleus accumbens core (McFarland et al
2004). On the other hand blocking all PFC activity through injections of GABA agonists
reduces drug seeking (McFarland and Kalivas, 2001; McLaughlin and See, 2003; McFarland
et al 2004). Our data using non-contingent delivery of cocaine indicate that changes in the
dopaminergic modulation of inhibition contribute to the behavioral sensitization following
withdrawal from cocaine. The most parsimonious interpretation of our data is that addiction
to cocaine changes the balance between D1 and D2 receptor contribution in DA modulation
of inhibition. It has been hypothesized that preferential activation of D1Rs and D2Rs,
respectively, correlates with different PFC activity states that determine the ability of
competing motivational representations to drive PFC output to the nucleus accumbens
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(Seamans, et al 2001; Kalivas, et al 2005; Durstewitz and Seamans, 2008). Interneurons that
receive DAergic innervation are well positioned to mediate a switch between different
network states (Lapish, et al 2007). At the circuit level, interneurons gate inputs to a
network and pattern its outputs (McBain and Fisahn, 2001; Compte, et al 2000; Lapish, et al
2007). Dopamine increases the temporal precision of interneuron firing in the PFC (Tierney,
et al 2008), and thus cocaine-induced alterations in DAergic control will disrupt optimal
signal processing in the PFC (Kroener et al., 2009). If D2 regulation of PFC activity is
disturbed as a result of repeated cocaine exposure the shift towards D1R signaling may
result in attenuated PFC output to subcortical targets (Franklin and Druhan, 2000) and/or a
breakdown in optimal processing of salient stimuli that guide behavior (Durstewitz and
Seamans, 2008), which can be characterized as hypofrontality and reduced motivation to
respond to non-drug-related stimuli. Under these conditions only very strong motivational
stimuli (e.g., drug-associated cues) will prevail in activating PFC networks and initiating
goal-directed behavior towards this limited set of stimuli (Kalivas, et al 2005). Our data
provide physiological evidence for this hypothesized shift in network activation.
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Figure 1. Dopamine effects on the amplitude of synaptically evoked IPSCs
A, In saline-treated animals bath application of 20 uM DA produced a temporally biphasic

effect on the amplitude of eIPSCs, resulting in an initial decrease followed by a prolonged
increase in the amplitude of the elPSC. Top, Representative traces of elPSCs at 3 different
time points. Traces are averaged sweeps of 10 responses during baseline, or “early” (5-10
min after DA bath application) and “late” (25-30 min after DA application) time periods
used to measure drug effects. Bottom, Group data showing the time course of elPSC
amplitude changes in saline-treated animals (n=8). Changes in amplitude are relative to the
averaged response of the baseline period. The large vertical bar indicates the duration of DA
application. Small horizontal bars indicate the periods from which averaged measures were
used for statistical comparisons of “early” (black bar) and “late” (grey bar) drug effects. The
numbers above the bars indicate the mean (+ SEM) percentage change in amplitude during
these periods. B, Bottom: In cocaine-treated animals (n=7) the initial reduction in eIPSC
amplitude was absent and instead the elPSC amplitude showed a rapid and persistent
increase. Top: Representative traces of elPSCs for the same time periods as indicated in A.
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Figure 2. Phar macology of DA effects on el PSCsin saline-treated and cocaine-sensitized animals
A. Bath application of the D2-type receptor agonist quinpirole (5 uM) induced a rapid

reduction in elPSC amplitude in saline-treated animals. The graph shows the time course of
elPSC amplitude changes relative to the averaged response of the baseline period. In all
graphs the large vertical bar indicates the period of drug application. Horizontal bars
indicate the periods from which averaged measures were used for statistical comparisons of
“early” (black) and “late” (grey) drug effects, and the numbers indicate the mean (+ SEM)
percentage change in amplitude during these 5 minute periods. B. Activation of D2-type
receptors in cocaine-treated animals (n=11) failed to induce a similar reduction in eIPSC
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amplitude as seen in saline animals. The differential responses to quinpirole in the two
treatment groups parallel the effects of DA on the transient reduction in eIPSCs amplitude in
saline- and cocaine-treated animals, respectively. C, D. In contrast to D2 receptor activation,
D1 receptor activation is unaltered in cocaine-treated rats. Bath application of the D1 agonist
SKF-81297 (C) or of DA (20 uM) in the presence of the D2 receptor antagonist sulpiride
(D) evoked a rapid and persistent increase in the amplitude of the elPSCs (n=7). Sulpiride
was present in the bath for the duration of the recording (black line). E. Bath application of a
low dose (100 nM) of DA also results in an immediate and long-lasting increase in elPSC
amplitude. Low concentrations of DA (< 1uM) were previously reported to preferentially
activate D1 receptors (Trantham-Davidson, et al 2004). See text for details.
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Figure 3. Dopamine modulation of spontaneous | PSCsin saline- and cocaine-treated animals
A) Example traces showing voltage-clamp recordings of pharmacologically isolated sIPSCs

from PFC pyramidal cells under baseline conditions (left column) and after application of 20
UM DA. Most synaptic events were blocked by bath application of the GABAA antagonist
bicuculline (20 pM) at the end of the experiments. Both in saline- and in cocaine-treated
animals DA led to an increase in the frequency of sIPSCs, albeit with different time courses
(B, C). B, Time course and amplitude histograms of the effect of 20 uM DA on sIPSCs in
saline-treated animals (n=8). Left, The graph shows minute by minute changes in the
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frequency of sIPSCs compared to the baseline average. The frequency rose slowly and
reached a relatively stable level after about 20 minutes. The periods of measurement of early
(5-10 min, light grey) and late (25-30 min, dark grey) DA effects are indicated by
horizontal bars. The increase in the average frequency of sIPSCs was significant for the late
measurement (p<0.05). Right, Plotting the relative change in the number of sIPSCs across a
range of amplitudes (10 pA bins) revealed that DA consistently increased events of all
amplitudes with the exception of very small events (<10pA) which showed a decrease in
frequency during the period of the early DA effect. Inset, Changes in the overall frequency
and the relative distribution of sIPSCs did not affect the amplitude of the average sIPSC. C,
Time course and amplitude histograms of the effect of 20 UM DA on sIPSCs in cocaine-
treated animals (n=6). Left, In cocaine-treated animals the frequency of sIPSCs rapidly
increased. The increase in the average frequency of sIPSCs was significant at both the early
and late measurement (p<0.05). Right, Plotting the relative change in the number of sIPSCs
across a range of amplitudes showed a consistent increase of events across all amplitudes
following DA application. Inset, Similar to the effects in saline animals any shift in the
relative distribution of events was not large enough to affect the average sIPSC amplitude.
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Figure 4. Phar macology of dopamine modulation of spontaneous | PSCsin saline- and cocaine-

treated animals

A, B, Time course of changes in sIPSC frequency following D2 receptor stimulation with
quinpirole (5 uM) in saline- (A) and cocaine-treated (B) animals. In saline animals (n=6)
there was a slowly developing reduction in the number of sIPSCs that became significant by
the time of the late measurement period (see D). In cocaine-treated animals there was no
discernible effect of D2 receptor stimulation. C, In contrast, D1 receptor stimulation with
SKF-81297 produced a rapid and persistent increase in the frequency of sIPSCs in cocaine-
treated animals (n=6). Similar increases were seen with bath application of 100 nM DA (see
D). D, Summary graph showing the average changes in sIPSC frequency during the early
(5-10 min following drug application) and late (25-30 min following drug application)
measurement periods for the data shown in A-C, as well as results obtained with bath
application of 100 nM DA (n=8) (* p<0.05, ** p<0.01, paired t-tests).
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Figure 5. Dopamine and D2 receptor-dependent modulation of action potential independent
miniature IPSCsin saline- and cocaine-treated animals

A, In saline-treated animals (n=7) quinpirole (5 uM) significantly reduced the frequency and
the average amplitude of mIPSCs. Top, Representative traces showing voltage clamp
recordings of mIPSCs in PFC pyramidal cells before (left column) and after quinpirole
application. A2, Time course of quinpirole effects on the frequency of mIPSCs. The inset
shows a comparison of the average frequency of events from all cells during baseline and 5—
10 minutes after quinpirole application. A3 Time course of quinpirole effects on the average
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amplitude of mIPSCs. The reduction in mIPSC amplitude became significant during the end
of our recordings (23-27 min post quinpirole application; —34.7 £ 10%; p<0.05) before
experiments were terminated by the experimenter. B, In cocaine-treated animals (n=7)
quinpirole did not consistently change the frequency or amplitude of mIPSCs. Top,
Representative traces showing voltage clamp recordings of mIPSCs before (left column) and
after quinpirole application. B2, Time course of quinpirole effects and average frequency of
events from all cells during baseline and 5-10 minutes after quinpirole application (inset).
B3, Time course of quinpirole effects on average mIPSC amplitude. C, D, Activation of both
D1 and D2 receptors with the full agonist DA (20 uM) did not significantly change the
frequency of mIPSCs in saline-treated animals (C, n=4), but as shown in D led to a
significant increase in the number of mIPSCs in cocaine-sensitized animals (n=7; * p<0.05,
** p<0.01, paired t-tests).
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Figure 6. D2 receptor-dependent modulation of current-evoked action potential firingin
interneurons from saline- and cocaine-treated animals

A, Examples of fast-spiking (FS) and non-fast spiking (NFS) interneurons recorded in the
prelimbic cortex of adult rats. Cells were filled with Alexa 594 during whole-cell recording
and reconstructed using z-stacked confocal images. Scale bar is 50 pm. B, Example sweeps
showing that D2 receptor stimulation with quinpirole (5 uM) increases action potential firing
evoked by somatic current injection in both NFS and FS cells from saline-treated animals
(left column), but not from cocaine-treated animals. Scale bars represent 200 ms and 20 mV.
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C, Summary plot for the effects of quinpirole on evoked spike firing in FS cells (open
symbols) and NFS cells (grey squares) in saline- and cocaine-treated animals. Individual
values for each cell are averages of at least 3 repetitions for baseline and quinpirole
condition, respectively. D, Same data as in C plotted to show the average change in the
number of action potentials for FS and NFS cells in saline- and cocaine-treated animals (*
p<0.05 paired t-tests).
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