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Dopamine and Corticotropin-Releasing Factor
Synergistically Alter Basolateral Amygdala-to-Medial
Prefrontal Cortex Synaptic Transmission: Functional Switch
after Chronic Cocaine Administration

Luis Orozco-Cabal, Jie Liu, Sebastian Pollandt, Kady Schmidt, Patricia Shinnick-Gallagher, and Joel P. Gallagher
Department of Pharmacology and Toxicology, The University of Texas Medical Branch, Galveston, Texas 77555-1031

Basolateral amygdala (BLA) neurons provide a major excitatory input to medial prefrontal cortex (mPFC)-layer V pyramidal neurons.
Under stressful conditions, commonly associated with chronic cocaine abuse, altered BLA-to-mPFC synaptic transmission could lead to
defective emotional information processing and decision making within the mPFC and result in misguided and inappropriate behaviors.
We examined the effects of cocaine administered chronically in vivo on EPSCs recorded from a putative BLA-mPFC pathway in vitro and
their modulation by dopamine (DA), corticotropin-releasing factor (CRF), and their combination (DA plus CRF). In saline-treated
animals, activation of D, 5 receptors depressed BLA-mPFC EPSCs, whereas CRF, receptor activation alone had no effect on EPSCs.
Activating D, ,; and CRF, receptors in combination, however, worked synergistically through presynaptic and postsynaptic mechanisms
to depress EPSCs to levels greater than D, s receptor activation alone. After chronic cocaine administration, the function of DA, 5 and CRF
receptors switched from inhibitory to excitatory. In slices from cocaine-treated animals, putative BLA-mPFC EPSCs were depressed
through a presynaptic mechanism. Now, activation of either D, 5 or CRF, receptors increased the cocaine-induced, depressed EPSCs.
Additionally, simultaneous activation of presynaptic D, ,; and CRF, receptors led to further enhancement of EPSCs. These data indicate
that CRF acting synergistically with DA normally potentiates D, ;-induced synaptic depression. However, after chronic cocaine, the
combined synergistic actions of DA and CRF switched polarity to enhance facilitation of BLA-mPFC glutamatergic transmission. Also
unmasked after acute withdrawal from chronic cocaine are endogenous, tonic-inhibitory D,-like and tonic-facilitatory CRF, receptor
actions. These multiple functional and receptor changes may underlie the altered, possibly aberrant, decision-making process after
chronic cocaine.
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mation by excitatory efferents to pyramidal neurons in the me-
dial PFC (mPFC) (Krettek and Price, 1977; Gabbott et al., 2006;

Introduction
Cocaine addiction is a chronic medical disorder characterized by

compulsive cocaine use despite adverse consequences (Leshner,
1996), and is associated with changes within prefrontal cortex
(PFC) networks (Everitt and Robbins, 2005).

The amygdala is an important component of PFC networks by
its involvement in decision-making processes as it encodes the
emotional value/intensity of environmental stimuli and out-
come-action associations (Winston et al., 2005; De Martino et
al., 2006). Basolateral amygdala (BLA) neurons relay this infor-
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Orozco-Cabal et al., 2006a). However, after chronic cocaine use,
BLA-mPFC neurotransmission may become aberrant as
cocaine-dependent individuals exhibit inappropriate utilization
of emotional information to guide behavior (Schoenbaum et al.,
2006).

Dopamine (DA) and corticotrophin-releasing factor (CRF)
are essential contributors within the PFC (Koob, 1999; Kelley,
2004) during cocaine abuse. DA mediates incentive salience of
reward-related stimuli (Berridge, 2007), and is a critical modula-
tor of pyramidal neuron excitability and excitatory synaptic
transmission in the PFC (Seamans and Yang, 2004; Floresco and
Tse, 2007). Pyramidal neurons in the mPFC and their afferents
express receptors for DA (D,- and D,-like) (Smiley et al., 1994;
Krimer et al., 1997). After chronic cocaine administration, DA
neurotransmission in the PFC undergoes significant changes
(Williams and Steketee, 2005), time-dependent changes that may
be caused by increases/decreases in binding to DA receptor sub-
types (Ben-Shahar et al., 2007). In cocaine addicts, changes in DA
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actions have been associated with executive dysfunction (Dackis
and Gold, 1985; Volkow et al., 1996).

CREF plays a crucial role in stress responses by integrating en-
docrine and neural systems to facilitate coping in mammals (Vale
etal., 1981). CRF effects are mediated by two G-protein-coupled
receptors, CRF, and CRF,. Extrahypothalamic CRF receptors
regulate cellular excitability and synaptic plasticity within fron-
tolimbic circuits (Liu et al., 2004), and because CRF is released
(Yan et al., 1998) within layer V of the PFC, activation of PFC-
CREF receptors may affect local neurotransmission.

Chronic cocaine administration is associated with CRF hyper-
secretion (Richter et al., 1995), whereas CRF receptor binding
was increased or decreased (Goeders et al., 1990; Ambrosio et al.,
1997). Chronic cocaine induced a switch from an expected CRF,-
mediated depression of glutamatergic transmission to one of fa-
cilitation (Liu et al., 2005).

The effects of chronic cocaine administration on BLA-mPFC
EPSCs remain unclear. In controls, exogenously applied DA in-
duced depression of EPSCs at putative BLA—-mPFC synapses.
Furthermore, this DA-induced EPSC depression was enhanced
significantly when combining DA with CRF, whereas CRF itself
had no action. After chronic cocaine administration in vivo, a
switch in function of DA and CRF actions became apparent.
Presynaptically, D,-like receptors facilitated EPSCs with emer-
gence of a D,-like depressant tone. CRF again enhanced the ac-
tion of DA, but now the combination facilitated rather than de-
pressed EPSCs. In addition, CRF itself now enhanced EPSCs via
an endogenous facilitatory CRF, receptor tone.

These multiple changes in DA and CRF modulation of puta-
tive BLA-mPFC EPSCs after chronic cocaine may provide aber-
rant emotional information that contributes to compulsive drug-
seeking and drug-taking behaviors in cocaine-dependent
subjects.

Materials and Methods

Subjects and treatment groups. After 5 d of acclimatization to the colony
room, male rats [postnatal day 22 (P22)-P25, 75 g, Sprague Dawley,
Harlan, Houston, TX] were divided into two groups. Control rats (sa-
line-treated/control group) received 0.9% saline injections (1 ml/kg, i.p.)
in their home cages according to the same schedule as chronic cocaine-
treated (chronic cocaine-treated group; 15 mg/kg, i.p., twice a day for
14 d at 9:00 A.M. and 4:00 P.M.) rats. The rats (P36-P39, 175-225 g)
were decapitated within 17-24 h after receiving their last injection of
saline or cocaine, and their brains were rapidly removed for brain slice
preparation. Rats of this age group are considered adolescent to young
adult and would be most comparable in age to the most prevalent age
group experiencing drug abuse, because over one-half (51%) of Ameri-
ca’s teenagers have tried an illicit drug by the time they finish high school
(Rice, 1999).

Animal experiments were performed in accordance with the National
Research Council Guide for the Care and Use of Laboratory Animals.

PFC slice. The brains were immersed in a modified cold (~4°C) arti-
ficial CSF (ACSF) bubbled continuously with 95% O,/5% CO, to main-
tain proper pH (7.3-7.4). The composition of the ACSF solution was as
follows (in mm): 117 NaCl, 3.5 KCl, 1.2 NaH,PO,, 2.5 CaCl,, 1.3 MgCL,,
25 NaHCO3, and 11.5 glucose. Subsequently, brains were cut at the level
of the optic chiasm, and 400 um coronal slices containing the PFC [ap-
proximately +3.20 mm from bregma (Paxinos and Watson, 1998)] were
made from the remaining tissue block using a Vibroslice (World Preci-
sion Instruments, Sarasota, FL). After 1 h in ACSF at 33 * 2°C for
recovery, individual slices were transferred and submerged in a cylindri-
cal Plexiglas recording chamber (volume = 2 cc) and continuously per-
fused (2.0-2.5 ml/min) with ACSF maintained at 33 * 2°C. The record-
ing chamber was transilluminated to facilitate identification of mPFC
cortical layers for electrode placement.
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Figure1.  Brainslice preparation of the rat PFCused to study putative BLA-mPFCsynapse. 4,
Photograph of a PFC slice submerged in our recording chamber depicting the position of stim-
ulating (from the left) and recording (from the right) electrodes for EPSC recordings. CgL, Cin-
gulate cortex; fmi, forceps minor. Scale bar, 1 mm. Dashed rectangle depicts area expanded
below of typical biocytin-filled, layer V, PrL pyramidal neuron from which recordings were
made. B, Photograph of DAB-stained layer V pyramidal neuron filled with biocytin in the cresyl
violet-counterstained mPFC. Cortical layers are indicated by roman numerals at the bottom of
the photograph. Scale bar, 50 pm.

Stimulating and recording electrode placements were made within the
slice obtained at +3.20 mm from bregma. Briefly, the concentric stimu-
lating electrode was positioned within layer V of the infralimbic cortex
(IL) at 400-450 wm lateral to the interhemispheric fissure (Fig. 1A).
Positioning of the stimulating electrode is based on our previous quan-
titative analyses, which had determined that the highest labeling inten-
sity, after injection of Dil into the BLA (Orozco-Cabal et al., 2006a),
appeared along layer V in the infralimbic cortex. The recording electrode
was then positioned within layer V of the prelimbic cortex (PrL) sepa-
rated by 600—800 wm dorsal to the stimulating electrode. The recording
electrode was also ~600-700 wm lateral to the interhemispheric fissure;
this position was aligned as a continuum from the recording site and
represented the highest density of Dil labeling (see Fig. 2) (Orozco-Cabal
etal., 2006a). After recording, biocytin labeling (Fig. 1 B) of the recorded
layer V-VI pyramidal neurons provided another monitor of these neu-
rons within prelimbic layers V-VI. Positioning of the stimulating elec-
trode within the slice was based on our previous published work
(Orozco-Cabal et al., 2006a).

Whole-cell patch-clamp recordings. Whole-cell patch-clamp recordings
were performed from mPFC-layer V pyramidal neurons using patch
electrodes with tip resistances of 3—4 M{) when filled with a solution
consisting of the following (in mm): 122 K-gluconate; 0.3 CaCl,; 2 MgCl,;
1 EGTA; 10 HEPES; 5 Na,-ATP; 0.4 Na;-GTP; 5 N-(2,6-
dimethylphenylcarbamoylmethyl) triethylammonium  bromide
(QX314), and 0.2% biocytin. The pH of the internal solution was ad-
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justed to 7.2 with KOH, and osmolality was corrected to 280-290
mmol/kg with sucrose. In addition, a modified internal electrode solu-
tion containing 1 mM guanosine 5’-O-[B-thio] diphosphate (GDPfS)
was used to inactivate postsynaptic G-protein-coupled receptors
(GPCRs). The effectiveness of GDPS at blocking postsynaptic GPCRs
was assayed for the loss of a baclofen-induced (100 um, drop applied)
outward current in mPFC-layer V pyramidal neurons.

Recorded pyramidal neurons were identified based on the membrane
electrical properties (Yang et al., 1996; Orozco-Cabal et al., 2006a) and
were included for analyses if they maintained stability with a resting
membrane potential more negative than —60 mV. Access resistance was
monitored continuously throughout recordings; neurons were discarded
if access resistance exceeded 30 M).

Evoked EPSCs. Putative excitatory afferents to the mPFC from the
basolateral amygdala were stimulated at 0.05 Hz with a Grass S-88 stim-
ulator (with isolation units) through a low-resistance concentric elec-
trode (Frederick Haer, Bowdoinham, ME) placed in cortical layer V
(400—450 wm from the interhemispheric fissure of the slice) and within
the IL cortex (Fig. 1 A) (Orozco-Cabal et al., 2006a). The recording elec-
trode was situated within layer V of the PrL mPFC cortex (~700 um
from the interhemispheric fissure) (Fig. 1 A). Both stimulating and re-
cording electrodes were positioned under visual control using a dissect-
ing microscope (0.5X; Nikon Instruments, Melville, NY). We are aware
that other glutamatergic afferents, arising from sources in addition to the
BLA such as midline thalamic nuclei, the hippocampus, and septum, may
course along our stimulation site. As a result, we have modified our
description of the pathway we are stimulating and the synapse from
which we are recording as the “putative” BLA-mPFC pathway and its
synapse. Nonetheless, in support of our experimental results and de-
scription of the excitatory synapses from which we recorded as being
putative BLA-mPFC synapses, Gabbott et al. (2006) concluded that ex-
citatory BLA afferents to mPFC pyramidal neuron spines formed pre-
dominantly (>94%) asymmetric (Gray type I) monosynaptic synapses.

EPSCs were recorded at —70 mV holding membrane potential and in
the presence of (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-
hydroxypropyl] (phenylmethyl)phosphinic acid (CGP55845; 2 um) to
block GABAj, receptors and p-2-amino-5-phosphonovaleric acid (p-
APV; 10 pum) to partially block NMDA receptors while preventing signal
contamination by recurrent activity within the slice preparation. The
membrane holding potential (—70 mV) corresponds to the reversal po-
tential for Cl ~ determined experimentally and is also based on the com-
position of the bath and pipette solutions; holding at this membrane
potential controlled for GABA, receptor-mediated conductances (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). EPSCs obtained under these recording conditions consisted pri-
marily of non-NMDA-mediated postsynaptic responses (Orozco-Cabal
etal., 2006a). This recording solution would have prevented activation of
possible disynaptic inhibitory currents arising from excitatory activation
of inhibitory interneurons within our slice preparation. Data were ac-
quired using an Axoclamp-2A amplifier (Axon Instruments, Foster City,
CA) with a switching frequency of 5-6 kHz (30% duty cycle; gain of 3
nA/mV, time constant = 20 ms). To test for drug effects, the stimulus
intensity was set to elicit 50-70% of the maximal response. Current
signals were low-pass filtered at 1 kHz with a 4-pole Bessel filter (Warner
Instrument, Hamden, CT), digitized at 5.5 Hz (DigiData 3200 interface,
Axon Instruments), and stored on a Dell computer for off-line analysis
using pClamp (version 9.2; Axon Instruments) software.

Evoked fast IPSCs. The stimulating electrode was placed in layer II-III
of the PrL cortex adjacent to the recording electrode (100-200 pum in-
terelectrode distance), which was located within layer V of the mPFC
cortex (~700 um from the interhemispheric fissure). Stimulating and
recording electrodes were positioned under visual control using a dis-
secting microscope (0.5X; Nikon Instruments). Evoked fast IPSCs (f-
IPSCs) were acquired in the presence of CGP55845 (2 um), 6,7-
dinitroquinoxaline-2,3(1 H,4 H)-dione (DNQX; 20 um), and p-APV (50
M), while the neuron was clamped at —55 mV membrane potential
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). Pharmacological blockade of glutamate receptors did not have
a depressant effect on f-IPSCs, suggesting that positioning of the stimu-
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lating electrode in layer II-IIT of the PrL cortex and in close proximity
(100-200 pm) to the recording electrode yielded direct monosynaptic
orthodromic stimulation of inhibitory interneurons in the slice prepara-
tion. Additionally, f-IPSCs could be completely blocked using a mixture
of picrotoxin (PTX; 50 um) and bicuculline methiodide (BMI; 10 um),
which confirmed the monosynaptic generation of these currents and
their mediation by GABA, receptors (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). QX314 was not added to
the internal pipette solution for f-IPSC recordings.

mEPSCs. Action potential-independent miniature EPSCs (mEPSCs)
were collected for 2 min after a 20 min period after the addition of
tetrodotoxin (TTX; 1 um) to the standard ACSF and analyzed off-line
using Synaptosoft Mini Analysis software (Synaptosoft, Fort Lee, NJ).
mEPSC events were defined as amplitudes above a preset baseline/noise
level (5 pA). D-APV (50 um), PTX (50 um), and BMI (10 um) were added
to the perfusion solution during all mEPSC recordings. Holding mem-
brane potential = —70 mV.

Drug application. All drugs and drug combinations were dissolved in
ACSF and superfused at known concentrations. A wash-in period of at
least 12 min was allowed to establish equilibrium before drug effects were
analyzed in all experiments. After reaching equilibrium concentrations,
drug effects were analyzed over the next 15-20 min period. During wash-
out, return of monitored parameters to predrug or drug combination
baseline values was used as an indication of recovery and reversibility
(usually 15-20 min).

The following drugs were used: rat/human corticotropin-releasing

factor (r/hCRF), cyclo (31-34) [D-Phell,His12,C(a)MeLeul3,39,-
Nle17,Glu31,Lys34] Ac-Svg(8-40) trifluoroacetate salt [Astressin,B
(Ast,B)], p-APV, DNQX, BMI, PTX, dopamine hydrochloride (DA),
S(—)-raclopride r-tartrate, SKF81297 (SKF), QX314, baclofen, TTX,
EGTA, and GDPS from Sigma-Aldrich (St. Louis, MO); CGP55845 and
(R)-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
1 H-3-benzazepine hydrochloride [SCH23390 (SCH)] from Tocris
Cookson  (Ellisville, MO); and  2,5-dimethyl-3-(6-dimethyl-4-
methylpyridin-3-yl)-7-dipropylaminopyrazolo[1,5-a] pyrimidine
[NBI30775 (NBI)/R121919] courtesy of D. E. Grigoriadis (Neurocrine
Biosciences, San Diego, CA).

Data analyses. To avoid cumulative effects of drugs, only one cell per
slice was used for recording and data collection. The amplitudes of EPSCs
and f-IPSCs were normalized to baseline responses and expressed as the
mean percentage of baseline = SEM. To test for the effects of
concentration-dependent effects of drugs applied individually (r/hCRF,
DA, SKF81297, NBI30775, Ast,B, and raclopride), we performed ANO-
VAs for repeated measures with Bonferroni correction using concentra-
tion as a repeated factor. To assess the influence of r/hCRF on the effects
of SKF81297 or DA, we performed two-way mixed ANOVAs with Bon-
ferroni correction using concentration as a repeated factor and treatment
as between-subjects factor. To calculate IC;, and ECg, values for
SKF81297, percentage change of EPSC amplitude after SKF81297 (10
M) application was set as the maximal data point. For analyses of paired-
pulse facilitation data, mixed ANOVAs with interstimulus interval and
concentration as repeated-within-subjects factor, treatment as between-
subjects factor, and post hoc tests were performed. The effects of chronic
cocaine administration on r/hCRF and SKF or DA were tested using
mixed ANOVAs with cocaine/saline-treatment groups as between-
subjects factor and concentration as within-subjects factor with Bonfer-
roni correction for multiple comparisons. Chronic cocaine effects on
passive membrane electrical properties were analyzed using the Wald-
Wolfowitz runs test. Significance level was defined as p = 0.05, n indi-
cates number of neurons, and data are presented as mean = SEM.

Importantly, because brain slices from cocaine-treated rats were col-
lected after only 17-24 h of withdrawal from cocaine administration in all
chronic cocaine administration and acute withdrawal experiments, it is
possible that cocaine withdrawal per se may have an effect on BLA-
mPFC synaptic transmission and CRF and DA receptor-mediated mod-
ulation. However, our experimental design does not allow a clear distinc-
tion between the effects of chronic cocaine administration versus those of
acute (17-24 h) cocaine withdrawal. Therefore, we are not making such
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a distinction and refer to our findings in this
group of rats as chronic cocaine induced.

Results
Experiments in
saline-treated/control rats
D, 5 receptor-mediated depression of
excitatory transmission is enhanced on
activating CRF, receptors at mPFC—BLA
synapse
We initiated our investigation of DA ac-
tions at the putative BLA-mPFC synapse
with the selective D, 5 agonist SKF81297.
Previous studies had confirmed that D,-
like receptors are the most prevalent type
of dopamine receptors within layer V of
the mPFC. In addition, because DA and
CRF systems are implicated in stress and
cocaine abuse, we investigated a possible
interaction between these two systems by
examining the combined actions of
SKF81297 and 1r/hCRF, a CRF agonist ac-
tive at both CRF, and CREF, receptors.
SKF81297 depressed putative BLA-—
mPFC excitatory synaptic transmission in
a concentration-dependent manner (Fig.
2A) (ICs, = 0.6 puM). SKF [1 um (82.4 =
1.3%; p < 0.05) and 10 uM (74.8 = 1.6%j;
p < 0.05)] significantly depressed EPSCs
(Fa60) = 59.5; p < 0.01). Lower concen-
trations of SKF did not affect EPSCs (SKF
at10nM, 96.7 £ 0.7%; p > 0.05; SKF at 100
nM, 97.0 * 2.3%; p > 0.05). Consistent
with a D, receptor-mediated effect, the
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Figure2.  Depression of excitatory transmission at putative BLA-mPFC synapse mediated by the D;-like (D, ;) agonist SKF is

enhanced through activation of CRF, receptors in saline-treated control rats, whereas neither r/hCRF itself nor CRF antagonists
affect evoked EPSCs. A, Representative traces of putative BLA-mPFC EPSCs at baseline and after increasing concentrations of SKF
(top traces) and SKF plus 50 nm r/hCRF (bottom traces). Concentration—response curves for each treatment group are shown
below. SKF (1.and 10 wm) significantly depressed EPSCs. Combining r/hCRF (50 nm) plus SKF (10 nm or higher concentrations)
further depressed EPSCs, indicating that r/hCRF (50 nw) facilitated SKF effects at this putative BLA-mPFC synapse. B, Bar graph
depicts changes in putative BLA-mPFC EPSC amplitudes at two different concentrations of SKF (1, 10 wum) alone and in combi-
nation with r/hCRF (50 nw) in the presence of selective antagonists for D, 5 or CRF, receptors. Shown are SKF (1 um, 10 um) alone
andin the presence of SCH, a selective D, 5 receptor antagonist, and SKF (1 rum, 10 wm) and r/hCRF (50 nw) together and with NBI,
aselective CRF, receptor antagonist. SCH (10 ) prevented SKF-induced depression of EPSCs [1 wm SKF plus SCH, 101.4 == 3.4%;
10 pum SKF plus SCH, 101.2 == 3.3%; p > 0.05 compared with baseline; p << 0.05 compared with SKF (1, 10 rum) alone]. NBI (500
nm) blocked r/hCRF (50 nw)-mediated facilitation of SKF effects [1 um SKF plus r/hCRF plus NBI, 87.4 == 1.1%; 10 m SKF plus
r/hCRF plus NBI, 74.6 == 4.2%; p << 0.05 compared with baseline; p << 0.05 compared with SKF (1, 10 m) plus r/hCRF (50 nw)].
There were no significant differences ( p > 0.05) between EPSC values after SKF (1, 10 M) compared with SKF (1, 10 um) plus
r/hCRF (50 nw) in the presence of NBI. Ast,B, a specific CRF, antagonist, did not affect EPSCs in saline-treated/control rats. , Left,
Bar graphs summarizing lack of effects of different r/hCRF concentrations on EPSCs. Neither NBI (500 nw; center) nor Ast,B (200 nw;
right) had any significant effects on EPSCs before or after washout.

effects of SKF81297 (1 and 10 um) on EP-

SCs were blocked by SCH23390 (10 um)

(Fig. 2B), a selective D, s-antagonist. SCH (10 uM) prevented
SKF-induced depression of EPSCs [SKF (1 um) plus SCH,
101.4 = 3.4%; SKF (10 um) plus SCH, 101.2 * 3.3%; p > 0.05
compared with baseline; p < 0.05 compared with SKF (1, 10 um)
alone]. In addition, SCH23390 did not affect membrane conduc-
tance or evoked EPSC amplitude from pyramidal neurons in our
mPFC slice preparation.

Unlike SKF81297, r/hCRF (12.5-100 nm) did not affect puta-
tive BLA-to-mPFC EPSCs (Fig. 2C) (R/hCRF at 12.5 nMm, 96.0 =
1.6%; at 50 nM, 99 * 1.3%; and at 100 nMm, 95.8 = 1.4%; F(5 5,y =
1.52; p > 0.05). There was also no apparent CRF;- or CRF,-
dependent endogenous tone after application of selective CRF
receptor antagonists, NBI30775 (Heinrichs et al., 2002) and
Astressin,B (Rivier et al., 2002), respectively (Fig. 2C). We ob-
served no changes of EPSCs (95.9 * 1.3%) after 20 min of con-
tinuous application of NBI30775 (500 nm) or after washout
(98.7 = 2.2%; F, 4) = 1.89; p > 0.05). Similarly, Ast,B did not
affect EPSCs (103.9 = 1.8%) after 20 min of continuous applica-
tion or after washout (98.7 * 2.7%; F, 4 = 1.89; p > 0.05).
Together, these results demonstrated that neither exogenous
r/hCRF (=100 nM) or endogenous CRF modulates BLA-mPFC
EPSCs in saline-treated control rats. The lack of exogenous and
endogenous actions of CRF on evoked EPSCs at this synapse
differed from CRF actions at the BLA—central amygdala nucleus
synapse, where exogenously applied r/hCRF (IC5, = 0.32 nm)
depressed evoked EPSCs by a postsynaptic CRF,-mediated ac-

tion, and antagonists revealed tonic activation of CRF, and CRF,
receptors (Liu et al., 2004).

Surprisingly, the combination of r/hCRF (50 nM; a concentra-
tion not affecting EPSCs) with SKF81297 (1 or 10 uMm) synergis-
tically depressed EPSCs (Fig. 2A, B), i.e., to a greater extent than
SKF81297 alone. In these experiments, we compared changes in
EPSCs induced by increasing concentrations of SKF81297 (10 nm
to 10 um) to those caused by the combination of SKF81297 (10
nM to 10 um) with r/hCRF (50 nm). As shown in Figure 2A,
r/hCREF shifted the concentration-response curve for SKF81297
downward and to the left (IC5, = 72 nm with r/hCRF vs 600 nm
without r/hCRF; 44.9% EPSC reduction after 10 um SKF81297
compared with 55.1% reduction after the combination [r/hCRF
(50 nm) plus SKF81297 (10 um)]), suggesting that r/hCRF (50
nM) acted to enhance D, 5 receptor-mediated depression of pu-
tative BLA-mPFC EPSCs in saline-treated control animals. In
addition, the synergistic effects of r/hCRF (50 nM) on SKF81297-
mediated effects could be blocked completely by NBI30775 (500
nm) (Fig. 2 B), indicating that r/hCRF effects were mediated pri-
marily by CRF, receptors in saline-treated control animals.

r/hCRF, facilitation of D, ,s-mediated depression of putative BLA—
mPFC EPSCs was independent of GABA ,-mediated
neurotransmission

Because CRF is known to colocalize with GABA in GABA termi-
nals of PFC interneurons (Merchenthaler, 1984; Morin et al.,
1999; Dautzenberg and Hauger, 2002; Gabbott et al., 2006), we
tested whether the CRF, -induced enhancement of D, s-mediated
depression of EPSCs was related to r/hCRF-induced changes of
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GABA , neurotransmission. R/hCRF (50 nm) did not cause ob-
servable changes (100.9 = 1.0% after 50 nM r/hCRF; 99.2 = 1.6%
after washout; r/hCRF effect, F, ;,) = 1.06; p > 0.05; n = 8) of
fast GABA,-mediated IPSCs (f-IPSCs) recorded from mPFC—
layer V pyramidal neurons (supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material), suggesting that
enhancement of GABA, neurotransmission could not account
for r/hCREF facilitation of D, 5 receptor-mediated EPSC depres-
sion. However, an effect of r/hCRF on GABA; neurotransmission
could not be discounted, because all EPSC and f-IPSC recordings
were performed in the presence of 2 um CGP55845, a selective
GABAj, receptor antagonist that blocks both presynaptic and
postsynaptic GABAjy receptors.

R/hCRF enhanced the depressant effect of DA on putative BLA—
mPFC EPSCs in the presence of a D,,; receptor antagonist
Because SKF81297 is not the endogenous ligand for D, 5 recep-
tors, we tested the effects of DA (10 uMm) in the presence of raclo-
pride (10 uMm), a selective D,,; receptor antagonist, alone and in
combination with r/hCRF (Fig. 3). Blocking D, ; receptors was
necessary because previous studies demonstrated that D, 5 recep-
tor activation decreases non-NMDA EPSCs (Cepeda et al., 1992;
Hsu et al., 1995). Raclopride (10 um) did not cause significant
changes in the amplitude of EPSCs (98.9 % 3.9% of baseline;
paired t = 0.27; p > 0.05; n = 5), suggesting that D,,; receptors
are not tonically activated by endogenous DA in slices from
saline-treated animals [but see raclopride effects after chronic
cocaine (Fig. 7A)].

As shown in Figure 3, A and B, DA (10 uMm) reversibly de-
pressed EPSCs in the presence of raclopride (10 um DA, 76.6 =
1.5%; p < 0.01; after washout, 97.7 = 1.3%; p > 0.05; DA effect,
F;.14) = 118.83; p < 0.01). Combining r/hCRF (50 nm) with DA
resulted in an enhancement of DA effects on EPSCs [23.4% re-
duction after 10 uM DA compared with 40.7% reduction after the
combination 10 um DA plus 50 nm 1/hCRE (r/hCRF X DA, F; »,,
= 19.07; p < 0.01; t/hCRF effect, F; ;) = 53.93; p < 0.01; DA
effect, F( ,4) = 281.75; p < 0.01)]. Because DA effects were tested
in the presence of raclopride, our results confirmed that dopa-
mine inhibitory effects were mediated through D, 5 receptors.

Postsynaptic CRF, receptors mediated r/hCRF facilitation of
presynaptic D, 5 receptor-induced depression of putative BLA—
mPFC EPSCs

To determine the synaptic location (presynaptic vs postsynaptic)
of D, /5 and CRF, receptors, voltage-clamped pyramidal neurons
were loaded with GDPS (1 mMm) dissolved in the patch electrode
solution. GDPSS is a nonhydrolyzable GDP analog that locks
GPCRs in their inactive state (Andrade et al., 1986). Because
CRF, and D, 5 receptors are both GPCRs (Missale et al., 1998;
Grammatopoulos et al., 2001), these receptors would be inacti-
vated by GDPS if present postsynaptically. Consequently, puta-
tive presynaptic CRF;- and D, ,;-mediated effects on EPSCs
would remain unaltered by GDPBS loaded into the recorded
neuron; GDPfS is not membrane permeable.

We assayed the effectiveness of GDPSS at blocking postsyn-
aptic GPCRs by testing for the loss of an outward (hyperpolariz-
ing) current elicited by GABA}, receptor activation (Andrade et
al., 1986; Yamada et al., 1999) with baclofen (100 uM). As shown
in Figure 4 A, GDPBS blocked effectively a GABA;-mediated out-
ward current ~20 min after whole-cell configuration was
achieved. As a result, a 20 min waiting period was allowed before
beginning to test for SKF81297 and r/hCRF effects in the presence
of postsynaptic GDPS.

GDP}S, injected intracellularly into the recorded mPFC neu-
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Figure 3.  R/hCRF facilitated a DA-induced depression of putative BLA—-mPFC EPSCs in the
presence of raclopride, a D,-like antagonist, in saline-treated animals. A, Bar graph depicts
reversible and significant DA-mediated depression of EPSCs in the presence of 10 umraclopride.
Raclopride, itself, did not have a significant effect on EPSC amplitude. DA (10 M) combined
with r/hCRF (50 nw) produced a greater depressive effect on EPSCs, indicating that r/hCRF (50
nu) facilitated DA-induced EPSC depression. B, Top, Representative averaged traces of EPSCs
taken at different time points, indicated by numbers. Bottom, Input conductance plotted as a
function of time.

ron, reduced the postsynaptic-GPCR-mediated actions of D5
and CRF,, which resulted in a reduced depression of EPSCs by
DA and CREF ligands. Significantly, the actions of both concen-
trations of SKF81297 (1 or 10 uM) on EPSCs were diminished but
not blocked by the presence of GDPSS (Fig. 4C). GDP3S reduced
the depression by SKF at 1 uM (93.5 * 1.4% vs 82.4 * 1.3%
without GDPSS; p < 0.01) and at 10 uMm (87.1 = 2.6% vs 74.9 =
1.6%; p < 0.01). These results support presynaptic and postsyn-
aptic locations for D 5 receptors activated by SKF81297, and the
presynaptic actions are consistent with previous reports of mPFC
presynaptic D,,5 receptors on glutamatergic terminals in the
mPFC, which when activated reduce the probability of glutamate
release (Momiyama et al., 1996; Gao et al., 2001; Seamans et al.,
2001a,b; Paspalas and Goldman-Rakic, 2004, 2005). Importantly,
previous reports also indicated that activation of postsynaptic
D, 5 receptors in layer V pyramidal neurons of the mPFC by DA
receptor ligands at low micromolar concentrations enhanced
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Figure 4.  Postsynaptic CRF, receptors enhanced presynaptic D, ;-mediated EPSC depres-

sion at the putative BLA—-mPFC synapse in saline-treated control rats. A, Effects of GDP3S on
GABA receptor-mediated outward current. Current traces obtained under voltage clamp (—70
mV) from mPFC-layer V pyramidal neurons under control conditions and with GDP3S (1 mm)
inside the recording electrode. Baclofen, a GABA, receptor agonist, was drop applied (horizon-
tal bar between top and bottom traces) into the bath while changes in membrane conductance
were monitored. Top trace shows slow outward, hyperpolarizing current in response to ba-
clofen application. Loading pyramidal neurons with GDP3S (1 mm, ~20 min) blocked GABA,
receptor-mediated current (bottom trace). Stimulus artifacts have been partially cut. B, Repre-
sentative traces of EPSCs from mPFC—layer V pyramidal neurons pyramidal neurons loaded with
GDP3S at baseline and after two different concentrations of SKF alone (left) or with coapplica-
tion of r/hCRF (left). €, Bar graph depicts changes in EPSCs after SKF alone (1, 10 wm) or in
combination with r/hCRF (50 nm) in the absence or presence of GDP3S. GDPSS blocked the
effects of SKF at 1 um, but did not block SKF at 10 wum. In addition, GDP3S blocked r/hCRF (50
nm)-induced facilitation of SKF (1 rm; 87.8 == 2.0% vs 44.8%) and 10 wum (80.3 = 0.7% vs
51.9%) effects on EPSCs. All treatments were significantly different from baseline. D, Paired-
pulse ratios (PR = EPSC,/EPSC,) plotted as a function of interstimulus interval. SKF (1 wm) did
not change PPR values, but PPR values were significantly increased at all interstimulus intervals
after 10 um SKF. The combination SKF (1 wum) plus r/hCRF (50 nw) did not change PPR values
from SKF alone or from baseline, whereas the combination SKF (10 ) plus r/hCRF (50 nm)
significantly increased PPR values at all interstimulus intervals compared with baseline; there
were no differences ( p > 0.05) between PPR values after 10 um SKF in the presence or absence
of CRF. *p << 0.05 versus baseline.

NMDA-mediated excitatory responses, while having no or a
small effect on non-NMDA EPSCs (Zheng et al., 1999; Zhou and
Hablitz, 1999; Seamans et al., 2001a,b; Chen et al., 2004).

We also observed that GDPBS blocked r/hCRF (50 nm)-
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induced enhancement of the depression by SKF 1 um (74.9 *
1.6% vs 87.1 = 2.6%) and 10 uM (45.0 = 1.8% vs 80.3 = 0.7%)
effects on EPSCs. All treatments were significantly different from
baseline. These data suggest that CRF, receptors are located
postsynaptically only (see Fig. 9, left) and add support for a D5
and CRF, functional interaction postsynaptically. This result also
confirms the effectiveness of the GDP3S postsynaptically.

We further performed paired-pulse experiments (50, 100, and
200 ms interstimulus intervals) (Fig. 4 D) to corroborate the find-
ings with GDPfS. Paired-pulse ratios (PPR = EPSC,/EPSC,)
were not significantly altered by SKF81297 (1 uMm), a concentra-
tion that significantly reduced EPSCs, and suggested a postsyn-
aptic location for D, 5 receptors (1.38 = 0.04 at 50 ms; p > 0.05;
1.30 * 0.03 at 100 ms; p > 0.05; 1.18 = 0.03 at 200 ms; p > 0.05).
In contrast, PPR values were increased significantly after
SKF81297 (10 M) at all interstimulus intervals (1.36 = 0.02 to
1.66 * 0.3 at 50 ms; p < 0.05; 1.28 = 0.02 to 1.59 * 0.02 at 100
ms; p < 0.05; 1.18 £ 0.2 to 1.49 = 0.14; p < 0.05), suggesting a
presynaptic decrease in transmitter release probability. These
data suggest the presence of both presynaptic and postsynaptic
D, 5 receptors at the putative BLA-mPFC synapse and validate
results with GDPfS. Furthermore, coapplication of r/hCRF (50
nM) with SKF81297 (1, 10 um) did not have a significant effect
(p > 0.05) on PPR obtained with SKF alone (Fig. 4D), further
corroborating GDPf3S data, and supporting a postsynaptic loca-
tion for CRF, receptors.

Collectively, these results also indicate that activation of
postsynaptic CRF, receptors enhanced EPSC depression medi-
ated by presynaptic and postsynaptic D, 5 receptors at the puta-
tive BLA-mPFC synapse in saline-treated control rats.

Experiments in chronic cocaine-treated rats

Chronic cocaine administration modified the passive membrane
electrical properties of mPFC—layer V pyramidal neurons
Common membrane properties of 220 mPFC-layer V pyramidal
neurons recorded from slices of 111 saline/control and 109
cocaine-treated rats are shown in Table 1. Compared with
mPFC-layer V pyramidal neurons from saline-treated control
rats, neurons recorded from chronic cocaine-treated rats exhib-
ited more depolarized resting membrane potentials ( p < 0.01),
higher membrane resistances (R,; p < 0.05), and slower mem-
brane time constants (73 p < 0.01). Mixed ANOVAs yielded no
significant differences (F(, 55y = 0.96; p > 0.05; n = 40) in the
current—voltage relationship between groups (data not shown).

Evoked putative BLA—mPFC EPSCs were depressed and
spontaneous mEPSC frequency but not amplitude was reduced in
chronic cocaine-treated rats

We examined possible changes in EPSCs from brains of chronic
cocaine-treated rats compared with saline-treated controls. The
input—output relationship that measured the amplitude of EP-
SCs as a function of stimulus intensity was shifted downward and
to the right in slices from chronic cocaine-treated rats (Fig. 5A),
indicating that EPSCs were significantly depressed (from a max-
imum value at 12 V stimulus of 254 = 17.0 pA in saline-treated/
controls to 157 = 11.1 pA in chronic cocaine-treated rats, a 55%
reduction). EPSCs were reduced significantly (treatment X stim-
ulus intensity, F(, 40, = 11.2; p < 0.01; chronic cocaine effect,
F(1 8 = 41.0; p < 0.01; stimulus intensity effect, F(5 40, = 172.5;
p < 0.01; n = 10) in chronic cocaine-treated rats (—7.8 = 1.0 pA
at2V; —26.2 = 10.2pAat4V; —852 = 14pAat6V; —1004 =
11.7pAat8V; —1342 = 7.2pAat10V; —157.4 = 11.1 pAat 12
V) compared with saline-treated rats (—7.3 = 3.6 pA at 2 V;
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Table 1. Comparison of membrane electrical properties of layer V pyramidal neurons of the PL cortex recorded

intracellularly from chronic cocaine- and saline-treated/control rats
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completely the effects of SKF81297 (10
uM) (Fig. 6C) (SKEF effect in the presence

Saline/control group Cocaine-treated group

of SCH, Fg; 1, = 1.01; p > 0.05). Also,

Mean SEM Mean SEM P SCH23390 (10 uM), itself, did not signifi-

cantly affect EPSCs, suggesting that tonic

RM(PmV) 59 03 63 - . activation of D, 5 receptors by endogenous

R (MQ) 803 23 870 13 <005 DA Fould no.t accognt for changes in EP-
(ms) 6.7 0.2 74 02 <001 SCsin chronic cocaine-treated rats.

n 111 109 R/hCRF (100 nM) increased putative

RMP, Resting membrane potential; R, membrane resistance; 7, membrane time constant. “Wald-Wolfowltz test.

—482 +55pAatdV; —125.8 + 6.1 pAat6V; —184.2 = 9.1 pA
at8V; —220.7 £ 9.0 pAat 10 V; —253.7 = 17.0 pA at 12 V).

Additionally, PPR values in slices from chronic cocaine-
treated rats were increased significantly compared with saline/
controls (Fig. 5B), suggesting a decrease in glutamate release at
the putative BLA-mPFC synapse after chronic cocaine adminis-
tration. Paired-pulse ratios (PPR = EPSC,/EPSC,) were plotted
as a function of interstimulus interval (Fig. 5B, right). PPR values
were significantly increased (treatment X time interval, F, ,,, =
17.0; p < 0.01; chronic cocaine effect, F(; 55 = 11.6; p < 0.01;
time interval effect, F(, ,,) = 92.9; p < 0.05; n = 27) in slices from
chronic cocaine-treated rats compared with saline-treated rats
(1.3 £ 0.03 vs 1.6 = 0.02 at 50 ms; p < 0.01; 1.2 + 0.03 vs 1.3 *
0.03 at 100 ms; p = 0.06; 1.1 = 0.03 vs 1.1 * 0.05 at 200 ms; p >
0.05).

We also measured mEPSCs from mPFC-layer V pyramidal
neurons in slices from chronic cocaine-treated rats and saline-
treated rats in the presence of TTX (1 uM). Consistent with a
decrease in evoked glutamate release, analyses of mEPSCs re-
vealed a significant reduction of mEPSC frequency with no
change in mEPSC amplitude in chronic cocaine-treated rats
compared with saline-treated rats (Fig. 5C,D). After chronic co-
caine, mEPSP analyses showed a significant reduction in fre-
quency, but not amplitude (mEPSC amplitude = 15.9 * 1.2 pA
for saline-treated/controls; 14.8 £ 1.1 pA for cocaine-treated
rats, t = 0.67; p > 0.05; n = 10; mEPSC interevent interval =
3571 = 545 ms for saline-treated/controls; 6706 * 576 ms for
cocaine-treated rats; t = —3.94; p < 0.01; n = 10).

In summary, the decrease in PPR values and mEPSC analyses
suggested a reduction of glutamate release probability at the pu-
tative BLA-mPFC synapse in chronic cocaine-treated rats com-
pared with saline-treated rats.

Activation of D, 5 or CRF, receptors increased putative
BLA-mPFC EPSCs in chronic cocaine-treated rats

Subsequently, the D, 5 receptor-mediated modulation of EPSCs
was analyzed in chronic cocaine-treated rats. As shown in Figure
6A, SKF81297 (10 uM) significantly increased EPSCs (114.1 =
2.5%) (F 4,40y = 15.3;p < 0.01). Lower concentrations of SKF (10
nM, 100 nMm, or 1 um) did not affect EPSCs in chronic cocaine-
treated rats, effects not significantly different from those ob-
served in saline-treated/control rats (10 nM, 99.1 = 1.3%; p >
0.05; 100 nm, 99.4 * 1.7%; p > 0.05; 1 uMm, 102.7 * 2.3%; p >
0.05). This facilitatory effect was directly opposite to that ob-
served in saline-treated/control animals, in which SKF81297 (10
uM) depressed EPSCs (compare Fig. 2) ( p < 0.01). SKF81297 (1
M) did not increase EPSCs significantly in chronic cocaine-
treated rats compared with baseline. However, EPSC values were
significantly (p < 0.01) different from those observed with an
equivalent concentration of SKF81297 (1 uMm) in saline-treated/
control rats. Consistent with a D,,5 receptor-mediated effect,
SCH23390 (10 uM), a selective D, 5 receptor antagonist, blocked

BLA-mPFC EPSCs (Fig. 6B), an action
not present in saline-treated/controls.
EPSC amplitudes after r/hCRF (12.5, 50
nM) were not significantly different (p > 0.05) from those ob-
tained after r/hCRF (12.5, 50 nM) in saline-treated/controls.
These data indicated that in chronic cocaine-treated rats, but not
in saline-treated controls, r/hCREF itself increased EPSCs.

To characterize the type of CRF receptor mediating r/hCRF-
induced increases in EPSCs, we tested r/hCRF (100 nm) with
selective antagonists for CRF, and CRF, receptors, NBI30775 and
Ast,B, respectively. As shown in Figure 6 D, NBI30775 (500 nm)
did not block the effects of r/hCRF (100 nm) on EPSCs. In addi-
tion, NBI30775 (500 nm) by itself did not affect EPSC amplitude.
Together these data suggested that CRF, receptors neither medi-
ated r/hCRF (100 nMm) effects on EPSCs, nor were activated by
endogenous CRF in chronic cocaine-treated rats. Conversely,
Ast,B itself significantly depressed EPSCs and blocked the effect
of r/hCRF (100 nM) on EPSCs (Fig. 6 E). Thus, our data demon-
strated that activation of CRF, receptors by r/hCRF applied ex-
ogenously or by endogenously released CRF-related peptides fa-
cilitated EPSCs in chronic cocaine-treated rats.

r/hCRF-facilitated D, ;5 receptor-mediated increase of putative
BLA-mPFC EPSCs was synergistically increased when combined
with r/hCRF

Based on our results (Fig. 2A) showing that DA-mediated de-
pression of mPFC EPSCs was synergistically enhanced when DA
was combined with r/hCRF in saline-treated/controls, we also
tested for modulatory effects of D5 receptor ligands combined
with r/hCRF after chronic cocaine. R/hCRF (50 nm) plus SKF
(100 nMm or higher concentrations) further enhanced EPSCs (10
nM, 99.8 = 0.1%; p > 0.05; 100 nm, 106.2 = 1.1%; p < 0.05; 1 uM,
124.8 = 2.3%; p < 0.05; 10 pM, 122.3 = 0.1%; p < 0.05), indi-
cating that r/hCRF (50 nm) synergistically enhanced SKF effects
(r/hCRF X SKF concentration effect, F(, ,5) = 18.7; p < 0.01;
r/hCREF effect, F(, ;) = 35.0; p < 0.01; SKF concentration effect,
F476)=70.2;p <0.01; n = 21). As shown in Figure 6 A, r/hCRF
shifted the concentration—response for SKF81297 upward and to
the left (EC5, = 183.6 nM compared with 6.6 um without
r/hCREF), resulting in a 22.3% facilitation after SKF81297 (10 um)
plus r/hCRF (50 nMm) compared with 14.1% facilitation after
SKF81297 (10 um), suggesting that r/hCRF (50 nM) synergisti-
cally enhanced the SKF81297-induced increases of EPSCs in
chronic cocaine-treated rats.

We examined the subtypes of DA and CRF receptors involved
in the synergistic facilitatory effect of r/hCRF and SKF81297 by
testing the combined effects of SKF81297 (1 um) plus r/hCRF (50
nM) on EPSCs in the presence of selective antagonists for Dy s,
CRF,, and CRF, receptors (Fig. 6C—F). The concentrations (1 um
SKF81297 plus 50 nM r/hCRF) used to probe for DA and CRF
receptor interactions were chosen because each drug lacked sig-
nificant effects on EPSCs at these concentrations either in saline-
treated controls or chronic cocaine-treated rats when tested in-
dependently. Thus, if present, changes in EPSCs after SKF81297
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Chronic cocaine administration affected presynaptic mechanisms to depress putative BLA—-mPFC EPSCs and mEPSC frequency but not mEPSCamplitude. A, Left, Representative traces

of EPSCs evoked at different stimulus intensities from saline-treated rats (top traces) and chronic cocaine-treated rats (bottom traces). Stimulation parameters noted above. Right, EPSCamplitude
(in picoamperes) plotted as a function of stimulus intensity (in volts) for each treatment group. EPSCs were significantly reduced in chronic cocaine-treated rats compared with saline-treated rats.
B, Representative traces of EPSCs evoked by pairs of stimuli at different interstimulus intervals in saline-treated (top traces) and chronic cocaine-treated rats (bottom traces). Right, Paired-pulse
ratios (PPR = EPSC,/EPSC,) plotted as a function of interstimulus interval. PPR values were significantly increased in slices from chronic cocaine-treated rats compared with saline-treated rats. ,
Representative records of mEPSC activity after TTX (1 wum) recorded from mPFC—layer V pyramidal neurons from saline-treated (left traces) and chronic cocaine-treated (right traces) rats. D,
Cumulative fraction plots for mEPSC amplitude and interevent intervals calculated from a representative single recording with summary bar graphs. Note that mEPSCs were only included if they
exceeded the preset baseline/noise level (5 pA). After chronic cocaine, mEPSP analyses showed a significant reduction in frequency, but not amplitude.

(1 M) plus r/hCRF (50 nm) would likely result from the syner-
gistic action of CRF and DA receptors and their associated mech-
anisms, rather than from a summation of their individual effects.

As shown in Figure 6F, SCH23390 and Ast,B, but not
NBI30775, blocked completely the effects of SKF81297 (1 um)
plus r/hCRF (50 nm) on EPSCs. These data suggested that after
chronic cocaine, CRF, and D, 5 receptors mediated the synergis-
tic potentiation of EPSCs by SKF81297 (1 um) plus r/hCRF (50
nM) in chronic cocaine-treated rats. In addition, CRF, receptors
do not contribute to the effects of SKF81297 (1 um) plus r/hCRF
(50 nM) in chronic cocaine-treated rats. Thus, based on our find-
ings, there is an apparent loss of function for CRF, receptors in
the modulation of EPSCs after chronic cocaine administration. A
similar result was obtained at the lateral septum mediolateral
nucleus (LSMLN) synapse after chronic cocaine administration
(Liu et al., 2005).

In chronic cocaine-treated rats, DA and r/hCRF synergistically
enhanced putative BLA—mPFC EPSCs in the presence of a D,
receptor antagonist

To confirm our findings with SKF81297 and r/hCRF, we tested
the endogenous ligand DA (10 uMm) in combination with r/hCREF,
in the presence of raclopride (10 um), a selective D, 5 receptor
antagonist (Fig. 7). In slices from cocaine-treated rats, exogenous
application of raclopride (10 M), itself, resulted in an increase of

EPSCs, possibly because of the unmasking of a tonic depressant
action of D, ; receptors by an elevated endogenous DA (Fig. 7A).
This tonic endogenous depressant effect of D,,; receptors on
EPSCs unmasked by raclopride (raclopride, 131.3 *= 2.6; p <
0.05; after washout, 122.7 * 8.3; p > 0.05; F, ¢) = 13.46; p <
0.05) in chronic cocaine-treated rats was not blocked by loading
pyramidal neurons with GDPS (data not shown), suggesting a
presynaptic location for tonically active D, 5 receptors in chronic
cocaine-treated animals. After raclopride (10 uMm), exogenous ap-
plication of DA 10 uM further increased EPSCs in a significant
and reversible manner (DA effect, F, 5 = 10.2; p < 0.01). In
addition, coapplication of DA (10 um) with r/hCRF (50 nm)
enhanced DA effects on EPSCs (DA-control, 12.2% increase; DA
plus r/hCRF, 25.4% increase) (Fig. 7A,B) (DA plus 1/hCRF,
1254 = 1.2%; p < 0.01; washout, 99.1 £ 3.4%; p > 0.05;
r/hCRF X DA concentration, F, ) = 7.36; p < 0.01; r/hCRF
effect, F(, 5y = 5.33; p < 0.01; DA effect, F(, ;) = 55.5; p < 0.01;
n = 10). The increases in EPSC amplitude by DA alone and the
combination of DA plus CRF occurred independent of any sig-
nificant postsynaptic change as monitored continuously as input
conductance (Fig. 7B). These data with DA and raclopride con-
firmed our findings with SKF81297 and demonstrated that
r/hCRF acted synergistically to enhance D, 5 receptor-mediated
facilitating effects on EPSCs in chronic cocaine-treated rats.
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Figure 6.  Actions of SKF alone, in combination with r/hCRF, with r/hCRF alone, and with

antagonists were altered after chronic cocaine administration. A, Representative traces of EPSCs
at baseline, after increasing concentrations of SKF (top traces), and SKF plus r/hCRF (50 nw;
bottom traces). Bottom, Concentration—response curves for each treatment group. SKF (10 pum)
significantly increased EPSCs (114.1 == 2.5%). Lower concentrations of SKF did not affect EPSCs,
indicating that r/hCRF (50 nm) synergistically enhanced SKF effects. B, Representative traces of
EPSCs at baseline and after r/hCRF (12.5, 50, 100 nm). R/hCRF (100 nw) significantly increased
EPSCamplitude (115.0 == 1.2%; p < 0.01). Lower concentrations of r/hCRF (12.5, 50 nwm) did
not have a significant effect on EPSC amplitude (12.5 nm, 99.3 = 1.3%; p > 0.05; 100.9 =
1.1%; p > 0.05). €, Representative traces of EPSCs at baseline, after SCH (10 ), after SCH (10
M) plus SKF (10 um), and after 20 min washout. Summary data are shown in bar graph below.
SCH (10 um) did not have a significant effect on EPSCs (99.4 = 4.2%; p > 0.05). SCH (10 um)
blocked the effects of SKF (10 pum, 95.3 == 2.4% after SCH plus SKF; p > 0.05; 99.6 = 2.0% after
washout; p > 0.05). D, Representative traces of EPSCs at baseline after NBI (500 nm), after
r/hCRF (100 nm) plus NBI (500 nm), and after 20 min washout. Summary data are shown in bar
graph below. NBI (500 nm) did not affect EPSCs (101.9 == 0.9%; paired t = —2.02; p > 0.05),
and NBI (500 nw) did not block the effects of r/hCRF (100 nw; r/hCRF effect, F 5 ,,) = 58.99;p <
0.01) on EPSCs (122.1 = 1.7% after 500 nm NBI plus 100 nm r/hCRF; p << 0.01; 1083 == 2.3%
after washout; p > 0.05). E, Representative traces of EPSCs at haseline, after Ast,B (200 nw),
after r/hCRF (100 nw) plus Ast,B, and after 20 min washout. Summary data areillustrated in bar
graph below. Ast,B itself depressed EPSCs (68.8 = 1.2%; Ast,B effect, 3 15 = 144.4;p <
0.01) and blocked r/hCRF (100 nw) effects on EPSCs (Ast,B plus r/hCRF, 69.1 == 0.1%; p > 0.05
compared with Ast,B alone). F, Bar graph summarizes the effects of selective antagonists for
D, 5 (SCH, 10 um), CRF, (NBI, 500 nm), and CRF, (Ast,B, 200 nm) receptors on the effects of
combined agonists. Ast,B and SCH blocked the effects of the combined agonists on EPSCs (SCH
plus r/hCRF plus SKF, 100.8 = 2.7%; paired t = 0.30; p > 0.05; Ast,B plus r/hCRF plus SKF,
98.9 = 1.3%; paired t = 0.85; p > 0.05). NBI (500 nm) was unable to block the effects of the
combined agonists (118.5 == 2.9%; p << 0.05 compared with baseline; t = 1.6; p > 0.05
compared with SKF plus r/hCRF). *p << 0.05 versus baseline.
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Figure 7.  R/hCRF facilitated a DA-mediated increase of putative BLA—-mPFC EPSCs in the
presence of raclopride, a D,;-like antagonist, in chronic cocaine-treated rats. 4, Left, Applica-
tion of raclopride (10 ), a D,-like antagonist, unmasked tonic inhibitory action of D, ; recep-
tors at the synapse, thus increasing EPSCs (127.0 = 1.4%; paired t = —19.17; p < 0.05).
Right, DA (10 wm) caused a significant increase of EPSCs (112.2 == 1.8%; p << 0.01), which
returned to baseline (100.1 == 3.1% after 20 min washout; p > 0.05 when compared with
baseline with raclopride). R/hCRF (50 nm) enhanced DA (10 um) effects on EPSCs. Note that
raclopride (10 ) is present throughout. B, Plots depict amplitude of EPSCs (percentage of
baseline) as a function of time in each treatment group. Top, Representative averaged traces of
EPSCs taken at different time points, indicated by numbers. Bottom, Input conductance is plot-
ted as a function of time.

CRF, and D, receptors mediating the effects of /hCRF and DA

ligands in chronic cocaine-treated rats are located presynaptically

To determine the location of CRF, and D, receptors at the
putative BLA-mPFC synapse after treatment with chronic co-
caine, voltage-clamped pyramidal neurons were loaded with
GDPSS (1 mMm) before testing the effects of r/hCRF, SKF81297, or
the combination on EPSCs. The effectiveness of GDPS was as-
sayed as described previously (Fig. 3A). GDPSS (1 mm) did not
block the effects of r/hCRF (100 nm; 120.1 % 1.45%; paired ¢ =
—13.13; p < 0.01;n = 5), SKF (10 uM; 119.9 * 1.5%; paired t =
—13.11; p < 0.01; n = 5), or the combination (117.3 * 2.8%;
paired t = —6.2; p < 0.01;n = 5) on EPSCs. EPSCs from neurons
loaded with GDP3S were not different from those obtained from
neurons without GDPSS (100 nm r/hCRF, t = 2.40; p > 0.05; 10
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Figure8. Presynaptic CRF,and D, 5 receptorsinteract toincrease putative BLA-mPFCEPSCs
in chronic cocaine-treated rats. A, Bar graph summarizes the effects of r/hCRF (100 nm), SKF (10
), and a combination (50 nwm r/hCRF plus 1 wm SKF) on EPSCs recorded from mPFC—layer V
pyramidal neurons loaded with GDP3S (1 mm) from chronic cocaine-treated rats. Data from
neurons without GDP BS are included for comparison. Vertical solid lines divide the data foreach
drug-treatment group. GDP3S (1 mw) did not block the effects of the individual ligands or their
combination. B, Representative traces of EPSCs evoked by pairs of stimuli at different inter-
stimulus intervals at baseline (left column) and after r/hCRF (100 nu; right column, top traces),
SKF (10 pum; right column, middle traces), and the combination (50 nm r/hCRF plus 1 pum SKF).
Right, Paired-pulse ratios (PPR = EPSC,/EPSC,) plotted as a function of interstimulus interval
for each treatment group. PPR values were decreased significantly by r/hCRF (100 nm) compared
with baseline only at the shortest interval (50 ms).

uM SKF, t = —1.49; p > 0.05; the combination, t = —1.43; p >
0.05) (Fig. 8A).

To validate these findings, we conducted paired-pulse exper-
iments (50, 100, and 200 ms interstimulus intervals) (Fig. 8 B).
R/hCRF (100 nm), SKF81297 (10 um), and the combination 50
nM r/hCRF plus 1 um SKF81297 consistently decreased PPR val-
ues compared with baseline values at 50 ms (1.63 = 0.0.04 vs
1.32 = 0.05; p < 0.01). Less consistent were the effects of these
compounds on PPR values measured at 100 and 200 ms inter-
stimulus intervals (Fig. 8 B) (100 ms, 1.38 = 0.07 vs 1.27 = 0.07;
p > 0.05; 200 ms, 1.29 £ 0.1 vs 1.15 = 0.05; p > 0.05; r/hCRF
effect, F(, 4,y = 64.44; p < 0.01; 7 = 5). PPR values were decreased
significantly by SKF (10 um) compared with baseline only at the
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two shorter intervals (50 ms, 1.80 = 0.11 vs 1.15 = 0.09; p < 0.05;
100 ms, 1.31 £ 0.14 vs 0.95 = 0.11; p < 0.05; 200 ms, 1.13 = 0.1
vs 1.01 * 0.04; p > 0.05; SKF effect, F, 4y = 215.82;p <0.01;n =
5). PPR with the combination 50 nm r/hCRF plus 1 um SKF was
similarly reduced when compared with baseline (50 ms, 1.56 *
0.02vs1.13 = 0.07; p < 0.01; 100 ms, 1.28 * 0.03 vs 1.09 * 0.04;
p < 0.05; 200 ms, 1.10 * 0.05 vs 1.10 %= 0.08; p > 0.05; 50 nM
r/hCRF plus 1 um SKF effect, F(, 4y = 96.05;p < 0.01;1n=5).*p <
0.05 versus baseline.

These results suggested that CRF, and D, 5 receptors are lo-
cated presynaptically in chronic cocaine-treated rats and differed
from those obtained in saline-treated controls (Fig. 1).

In addition, comparison of data, not shown but collected after
chronic cocaine administration, demonstrated that EPSCs re-
corded in the presence of raclopride are still significantly de-
pressed (149.4 = 6.5 pA; p < 0.003) relative to EPSCs recorded
from saline-treated neurons (205.8 = 12.9 pA).

Similarly, EPSCs recorded in the presence of Astressin,B from
neurons collected after chronic cocaine administration are de-
pressed significantly (143.7 = 14.9 pA; p < 0.04) relative to EP-
SCs recorded from saline-treated neurons (210.1 = 24.7). These
results support the concept of a chronic cocaine-induced tonic
regulation of EPSCs by CRF, and D,-like receptors, respectively,
after chronic cocaine administration (Fig. 9).

Discussion

Experiments in saline-treated/control rats

We provide evidence for an interaction between DA and r/hCRF
on glutamatergic synaptic transmission at a critical synapse car-
rying input from the basolateral amygdala to the prelimbic pre-
frontal cortex. The results demonstrated a novel process through
which increased CRF, as might occur after a stressor, potentiates
an ongoing modulation of excitatory transmission by DA. Spe-
cifically, we showed that a concentration-dependent D, 5 recep-
tor activation depressed EPSCs (Fig. 1) and localized these recep-
tors with GDPBS and PPR analyses (Figs. 3, 9) to both
presynaptic and postsynaptic sites. Although demonstrating sim-
ilar concentration sensitivity, these results differ from Onn et al.
(2006), who report that D, receptor activation facilitated corpus
callosum afferent to type I mPFC (including the anterior cingu-
late, Cg3 area, and prelimbic cortex) pyramidal neuron EPSCs.
Our findings that DA or SKF81297 depressed mPFC EPSCs are
consistent with previous reports of presynaptic D, 5 receptors in
the mPFC (Law-Tho et al., 1994; Momiyama et al., 1996; Gao et
al., 2001; Urban et al., 2002; Paspalas and Goldman-Rakic, 2004;
Mair and Kauer, 2006), and also support a postsynaptic locus for
D, 5 receptors. D 5 receptors enhance NMDA EPSCs (Zheng et
al., 1999; Seamans et al., 2001a; Wang and O’Donnell, 2001;
Tseng and O’Donnell, 2004), while having only a small or no
effect on non-NMDA EPSCs. Because putative BLA-mPFC EP-
SCs lack a significant NMDA component (Orozco-Cabal et al.,
2006a), our results indicated a significant D, 5 effect mediated
through non-NMDA receptors. R/hCRF (=100 nm) (Fig. 1C)
alone did not have a significant effect on EPSCs, consistent with
results in ventral tegmental DA neurons, in which r/hCRF did not
affect non-NMDA EPSCs (Ungless et al., 2003). However,
r/hCREF (50 nm) acted through postsynaptic CRF, receptors (Figs.
2, 3, 9) to enhance EPSC depression induced by coapplied D, 5
receptor agonists. Synergistic EPSC depression by a combined
activation of postsynaptic CRF, and D, 5 receptors has not been
reported previously but may be caused by activation and retro-
grade release of substances acting presynaptically and/or the
modulation of an adjacent, third receptor type, e.g., metabo-
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Figure 9.  The type and function of CRF and DA receptors at the putative BLA—-mPFC synapse were different in saline-treated
controls compared with chronic cocaine-treated rats. Left, Activation of presynaptic and postsynaptic D, 5 receptors in saline-
treated/control rats decreased EPSCs (inhibitory effect; red). Activation of postsynaptic CRF, receptors (orange) by r/hCRF in the
presence of glutamate and D, ; agonists further depressed EPSCs. In addition, no tonic modulatory effects for D, 5, CRF , or CRF,
receptors were measurable in saline-treated/controls. Right, After chronic cocaine administration, activation of presynaptic D, 5
receptors increased cocaine-induced depressed EPSCs. Moreover, activation of presynaptic CRF, receptors, unmasked by chronic
cocaine administration, led to EPSC enhancement. Furthermore, a synergistic interaction by coactivation of these receptors with
low concentrations of r/hCRF and D s agonists increased EPSCamplitude to values greater than occurred after activation of either
receptor independently. On the other hand, CRF, and D, 5 postsynaptic receptor functions were lost in chronic cocaine-treated
rats. Our results also revealed a tonic facilitatory and depressant effect for CRF, and D,-like receptors (shaded), respectively, that
was unmasked after chronic cocaine administration. Thus, there was an apparent switch in the function of presynaptic D, 5
receptors along with a novel facilitatory effect for presynaptic CRF, receptors. Tonic inhibitory activation of presynaptic D,/;
receptors may also contribute to depression of synaptic transmission within this putative BLA-mPFC synapse after chronic cocaine
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ings of increased input resistance values
are consistent with previous reports for
mPFC-layer V/VI pyramidal neurons af-
ter repeated cocaine administration de-
spite differences in cocaine regimens,
withdrawal periods, and recording tech-
niques (Trantham et al., 2002; Nasif et al.,
2005a,b).

EPSCs in the chronic cocaine-treated
group were depressed compared with
saline-treated controls (Fig. 5A). Paired-
pulse experiments (Fig. 5B) and analyses
of mEPSCs (Fig. 5C,D) suggested that
EPSC depression was attributable to a re-
duction in glutamate release at BLA termi-
nals. This reduction could result from
cocaine-induced changes in modulatory
systems regulating glutamate release at
BLA terminals [e.g., autoreceptors
(mGluRs) (Martin et al., 2007), heterore-
ceptors (DA) (Chen et al., 2007), associ-
ated signaling mechanisms (Bergson et al.,
2003), or ligands (adenosine) (Steketee,
2005; Ladera et al., 2007)]. The finding
(Fig. 7A) that presynaptic D, ; receptors
exert a tonic inhibitory effect on EPSCs
suggests that this mechanism may contrib-
ute to depressed EPSCs in the chronic co-
caine group.

In human cocaine addicts or animals ex-
posed to cocaine, several studies using gam-
bling tasks and reversal learning paradigms
show that outcome-dependent decision

administration.

tropic glutamate receptor (Ohno-Shosaku et al., 2002) or canna-
binoid receptor (Melis et al., 2004).

Our data also demonstrated that r/hCRF alone or in combi-
nation with D,,; receptor agonists does not affect GABA,
receptor-mediated IPSCs in slices from either saline- or cocaine-
treated animals (supplemental Fig. 1, available at www.jneuro-
sci.org as supplemental material).

The concentrations of r/hCRF used in these studies are within
physiological (endogenous) ranges. Based on our previous stud-
ies demonstrating significant effects of r/hCRF on EPSCs in lim-
bic structures related to the PFC (Liu et al., 2004; Pollandt et al.,
2006), concentrations of r/hCRF <100 nMm were used here. Low
nanomolar concentrations of r/hCRF closely mimic CRF concen-
trations (0.3 nM) reported for the amygdala after acute with-
drawal from chronic cocaine administration (Richter et al., 1995;
Merlo et al., 1995; Richter and Weiss, 1999). Also, comparable
endogenous levels of CRF outside the hypothalamic—pituitary—
adrenal axis have been reported in human plasma and CSF, re-
spectively (Catalan et al., 1998; Baker et al., 1999).

Experiments in chronic cocaine-treated rats

Electrical and synaptic properties of mPFC—layer V

pyramidal neurons

Electrical membrane properties at layer V prelimbic pyramidal
neurons were different in chronic cocaine-treated rats compared
with saline-treated controls (Table 1). The combination of depo-
larized membrane potential with increased input resistance
would provide a more excitable state for these neurons. Our find-

processes are defective (Bechara and

Damasio, 2002; Schoenbaum et al., 2006).

Stalnaker et al. (2007) demonstrated that
these deficits relate to persistent encoding of outdated associative
information in the BLA. Our findings suggest that synaptic depres-
sion between the BLA and prelimbic pyramidal neurons might also
contribute to abnormal processing of drug-related information
leading to biased decision-making processes. Synaptic depression
may reduce the dynamic range of BLA-to-mPFC synapse, thus lim-
iting information processing. In fact, this hypothesis is in agreement
with recent observations of congruent and abnormal metabolic ac-
tivity after chronic cocaine administration in the PFC and temporal
lobe structures such as the amygdala using a nonhuman primate
cocaine-self administration model (Beveridge et al., 2006). The sub-
sequent reversal in polarity of the actions of DA and CRF after
chronic cocaine may be an adaptive process to compensate for the
synaptic depression associated with chronic cocaine administration.

Modulatory effect of CRF and DA receptors on putative
BLA-mPFC EPSCs

Exogenous r/hCRF (Fig. 6 B, D) or endogenous CRF-related pep-
tides (after Ast,B) (Fig. 6 E) increased EPSCs in chronic cocaine-
treated rats via CRF, receptors (not detected in recordings from
saline-treated/control slices). Unmasking of this presynaptic
CRF, receptor facilitatory function after chronic cocaine was
similar to the previously reported occurrence of a CRF, receptor-
mediated facilitation at the LSMLN after chronic cocaine (Liu et
al., 2005). Our findings do not support a role for postsynaptic
CREF, receptors in the modulation of EPSCs by r/hCRF alone or
combined with DA receptor ligands in chronic cocaine-treated
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rats. This loss of function for postsynaptic CRF, receptors in
mPFC neurons after chronic cocaine is an illustration of the dy-
namic changes in CRF systems in response to chronic cocaine
administration (cf. Liu et al., 2005). After chronic cocaine admin-
istration, a prominent PKA signaling process evident in saline-
treated/control slices was reduced with a dominance of PKC sig-
naling (Liu et al., 2005).

Importantly, stress levels have been shown to modulate the
behavioral effects of CRF, receptor activation (Henry et al,
2006), suggesting that “emotional states” may influence the func-
tion of CRF systems in the brain. We propose that as endogenous
CRF concentrations change as a result of various stressors (e.g.,
mental disorders, including cocaine addiction), modulation of
synaptic transmission by CRF receptors will be affected (Orozco-
Cabal et al., 2006b; Gallagher et al., 2008). For example, unlike in
saline-treated rats, postsynaptic CRF, receptors did not play a
role in the modulation of EPSCs by r/hCRF alone or combined
with DA receptor ligands in chronic cocaine-treated rats.

The changes in CRF receptor modulation affecting putative
BLA-mPFC EPSCs may be related to adaptations initiated during
chronic cocaine administration, such as persistently elevated
CRF levels. For example, CRF-like immunoreactivity is increased
in the PFC during protracted withdrawal from cocaine-binge
sessions in rats trained to self-administer cocaine, suggesting that
delayed increases in CRF-like immunoreactivity “may reflect a
subsequent failure to shut down compensatory CRF-mRNA syn-
thesis” (Zorrilla et al., 2001). Their studies suggested that a mas-
sive overflow of CRF in the PFC could lead to CRF receptor
changes, including upregulation of CRF, and downregulation of
CRF, receptors.

In our studies, activation of presynaptic D, 5 receptors in-
creased EPSCs in chronic cocaine-treated rats (Fig. 6), and this
facilitatory effect was enhanced by activating presynaptic CRF,
receptors. Also, SKF81297, r/hCRF, and the combination de-
creased PPR values, suggesting that presynaptic D, 5 as well as
CREF, receptors increased glutamate release from BLA terminals.
Interestingly, the effects of the combined agonists could be
blocked completely by either SCH23390 or Ast,B, suggesting that
coactivation of D, 5 and CRF, receptors was required to increase
EPSCs at these concentrations. These findings suggest that syn-
ergism between CRF, and D, 5 receptors at BLA terminals may
arise via one or more mechanisms, e.g., obligate cooperativity
between two different receptors (Levenson, 2006), activation of
one or the other receptors by a heterodimer of DA (Franco etal.,
2007) and CRF (Milan-Lobo et al., 2006), involvement of com-
mon signaling pathways (Hillhouse and Grammatopoulos, 2006;
Tseng and O’Donnell, 2004), etc. Importantly, these data also
show that D, 5 receptor modulatory effects are changed in polar-
ity from inhibitory (saline/controls) to facilitatory (chronic co-
caine) at this synapse.

Postsynaptic D, 5 receptors did not appear to play a significant
role in the modulation of putative BLA-mPFC EPSC in chronic
cocaine-treated rats, whereas in saline-treated/control rats, an
interaction between postsynaptic CRF, and D, 5 receptors was
evident. The lack of postsynaptic D, 5 receptor-mediated effects
after chronic cocaine may be related to CRF, and/or D, 5 receptor
dysfunction. Alternatively, these observations may result from a
decrease in overall function of D, 5 receptors after chronic co-
caine administration. Stanwood and Levitt (2007) reported that
prenatal exposure to cocaine resulted in substantially reduced
D, -like receptor coupling to G(s)-protein, and D,-like receptor
responsiveness was related to a reduced cell-surface localization
of D, -like receptors. In addition, depressed D, 5 receptor func-
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tion in the dorsomedial PFC has been suggested to explain the
cocaine sensitization in rats after repeated administration of co-
caine (Sorg et al., 1997), an effect that may contribute to the
observed increase in behavioral responses (Ragozzino, 2002).

In summary, our results suggest that coactivation of CRF and
DA receptors modulate putative BLA-mPFC EPSCs (Fig. 9). In
saline-treated controls, CRF and DA receptor activation pro-
duced a net inhibitory effect on EPSCs. However, in chronic
cocaine-treated rats, CRF and DA receptor activation caused the
opposite effect (increased EPSCs). Interestingly, the enhancing
effects of presynaptic D,,5 and CRF, receptors coincide with a
depression of EPSCs associated with chronic cocaine administra-
tion, per se. Perhaps, changes in CRF and DA function reflect
compensatory processes at the synaptic level as an attempt to
sustain normal communication during a stressful state.
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