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Abstract
The GABAergic system in the central amygdala (CeA) plays a major role in ethanol dependence
and the anxiogenic-like response to ethanol withdrawal. Alcohol dependence is associated with
increased corticotropin releasing factor (CRF) influence on CeA GABA release and CRF type 1
receptor (CRF1) antagonists prevent the excessive alcohol consumption associated with
dependence. Genetically-selected Marchigian Sardinian (msP) rats have an overactive
extrahypothalamic CRF1 system, are highly sensitive to stress, and display an innate preference
for alcohol. The present study examined differences in CeA GABAergic transmission and the
effects of ethanol, CRF and a CRF1 antagonist in msP, Sprague-Dawley, and Wistar rats using an
electrophysiological approach. We found no significant differences in membrane properties or
mean amplitude of evoked GABAA-inhibitory postsynaptic potentials (IPSPs). However, paired-
pulse facilitation (PPF) ratios of evoked IPSPs were significantly lower and spontaneous miniature
inhibitory postsynaptic current (mIPSC) frequencies were higher in msP rats, suggesting increased
CeA GABA release in msP as compared to Sprague-Dawley and Wistar rats. The sensitivity of
spontaneous GABAergic transmission to ethanol (44 mM), CRF (200 nM) and CRF1 antagonist
(R121919, 1 μM) was comparable in msP, Sprague Dawley, and Wistar rats. However, a history
of ethanol drinking significantly increased the baseline mIPSC frequency and decreased the
effects of a CRF1 antagonist in msP rats, suggesting increased GABA release and decreased CRF1
sensitivity. These results provide electrophysiological evidence that msP rats display distinct CeA
GABAergic activity as compared to Sprague Dawley and Wistar rats. The elevated GABAergic
transmission observed in naïve mSP rats is consistent with the neuroadaptations reported in
Sprague Dawley rats after the development of ethanol dependence.
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1. Introduction
Alcoholism is an etiologically and clinically heterogeneous disorder in which compulsive
alcohol seeking and use represent core symptoms (McLellan et al., 1992). Protracted and
excessive exposure to alcohol is a necessary precondition. However, environment and
heritability factors play a dramatic role in controlling individual vulnerability to developing
alcohol abuse (Bierut et al., 1998; Cloninger et al., 1981; Crabbe, 2002; Lovinger and
Crabbe, 2005; Prescott and Kendler, 2000; Sigvardsson et al., 1996). Increasing evidence
points to extrahypothalamic corticotropin releasing factor (CRF) neurotransmission and to
its interaction with the GABA and the glutamate systems as one of the major neuroadaptive
mechanisms in response to alcohol exposure (Koob, 2006).

The significance of the CRF system in shaping genetic predisposition to alcohol abuse has
also emerged. For example, in a human study, 14 Crhr1 polymorphisms and 2 haplotype
tagging SNPs were identified and analyzed for association with the drinking phenotype
(Treutlein et al., 2006). These findings support the hypothesis that genetic variation at the
corticotropin releasing factor1 receptor (CRF1) locus, in association with environmental
factors, contributes to increased sensitivity to stress and may facilitate the evolution of
alcohol dependence in humans (Enoch and Goldman, 1999; Pohorecky, 1991; Treutlein et
al., 2006). Of note, comparable mutations at loci encoding for CRF1 receptors has co-
segregated with genetic selection for excessive drinking also in genetically selected
Marchigian Sardinian (msP) rats (Hansson et al., 2006). These animals drink excessive
amounts of ethanol in a binge-type pattern (leading to blood alcohol levels as high as 100–
120 mg/dl), are highly sensitive to stress and stress-induced alcohol seeking, show an
anxiety-like phenotype, and have depressive-like symptoms that recover following ethanol
drinking (Ciccocioppo et al., 2006; Ciccocioppo et al., 1999). Similar to rats with a history
of ethanol dependence (Funk et al., 2006; Funk et al., 2007; Roberto et al., 2010) alcohol-
preferring msP rats are highly sensitive to administration of CRF1 antagonists.
Administration of CRF1 antagonists significantly reduces ethanol drinking and stress-
induced reinstatement in msP rats (Gehlert et al., 2007; Hansson et al., 2006). Recent
behavioral and genetic studies in msP rats indicate that alteration in the central nucleus of
the amygdala (CeA) neurotransmission may play an important role in shaping their innate
vulnerability to excessive drinking (Economidou et al., 2008; Hansson et al., 2007; Hansson
et al., 2006). The CeA is a major component of the extended amygdala and is implicated in
the behavioral responses to stressors and physiological responses associated with alcohol
consumption (Funk et al., 2006) and anxiety (Davis et al., 2010; Koob and Volkow, 2010;
LeDoux et al., 1988). We have previously demonstrated that ethanol enhances GABAergic
transmission in CeA neurons via activation of CRF1 neurotransmission; an effect that is
increased following a history of protracted alcohol exposure (Roberto et al., 2010; Roberto
et al., 2003). The purpose of the present study was to identify whether there are specific
functional electrophysiological differences in the CeA GABAergic system of msP rats
compared to Sprague-Dawley and Wistar rats, and how ethanol and CRF regulates
GABAergic neurotransmission in the CeA of msP rats with or without a history of alcohol
drinking. Here, we observed an increased baseline spontaneous GABAergic transmission in
the CeA of msP rats compared to Sprague-Dawley and Wistar rats. We did not observe any
strain differences in the effects of ethanol, CRF and a CRF1 antagonist on CeA GABAergic
synapses of alcohol naïve rats. Specifically, both ethanol and CRF significantly increased
the GABAergic transmission via increased GABA release and the CRF1 antagonist
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decreased GABAergic transmission. In msP rats voluntary alcohol drinking further
increased the baseline spontaneous GABA release resembling previous data in dependent
rats (Roberto et al., 2010). More compellingly, in msP rats the ethanol drinking experience
reduced the sensitivity of the CeA GABAergic system to CRF1 antagonism.

In summary, the present study provides evidence that the msP rat line, which is
characterized by vulnerability to excessive alcohol drinking and innate hypersensitivity to
stress, shows distinct CeA GABAergic activity compared to Sprague Dawley and Wistar
rats.

2. Methods
2.1. Animals

In the present electrophysiological study, we used 54 adult male msP rats bred for three
generations in the Committee on the Neurobiology of Addictive Disorders, at The Scripps
Research Institute obtained from the 64th generation of msP rats previously bred at the
University of Camerino (Italy). For the strain comparison, adult male Wistar (n = 21) and
adult male Sprague-Dawley (n = 16) rats obtained from Charles River (Raleigh, NC) were
used. Male Sprague-Dawley, Wistar and msP rats were housed in a temperature- and
humidity-controlled room on a 12-h light/dark cycle (lights on at 6:00 am) with food and
water available ad libitum. We conducted all care, msP colony breeding and surgical
procedures in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and with the Institutional Animal Care and Use Committee (IACUC)
policies of The Scripps Research Institute.

Electrophysiological studies
2.2 Slice preparation—We prepared CeA slices as previously described (Cruz et al.,
2012; Roberto et al., 2003; Roberto et al., 2004), from 16 male Wistar rats (435.2 ± 26 g), 20
male Sprague-Dawley rats (395 ± 34 g), and 54 genetically selected Marchigian Sardinian
(msP) (425.2 ± 16 g) rats that were anesthetized with isoflurane (1–3%) and decapitated. We
cut transverse slices 300–400 μm thick on a Leica 1000S vibratome (Campden, Lafayette,
Indiana), incubated them in an interface configuration for ~30 min, and then completely
submerged and continuously superfused (flow rate of 2–4 ml/min) them with warm (31° C),
equilibrated with 95% O2/5% CO2 artificial cerebrospinal fluid (aCSF) of the following
composition (in mM): NaCl, 130; KCl, 3.5; NaH2PO4, 1.25; MgSO4 · 7H2O, 1.5; CaCl2,
2.0; NaHCO3, 24; glucose, 10. Drugs were added to the aCSF from stock solutions to obtain
known concentrations in the superfusate.

2.3. Intracellular recording of evoked responses
We recorded from CeA neurons (from the medial subdivision of the CeA) with sharp
micropipettes filled with 3M KCl using discontinuous current-clamp mode (Cruz et al.,
2012; Haubensak et al., 2010; Roberto et al., 2004). We held most neurons near their resting
membrane potential (RMP). Data were acquired with an Axoclamp-2A amplifier (Axon
Instruments, Foster City, CA) and stored for later analysis using pClamp software (Axon
Instruments, Foster City, CA). We evoked pharmacologically-isolated GABAA receptor-
mediated inhibitory postsynaptic potentials (IPSPs) by stimulating locally within the CeA
through a bipolar stimulating electrode while superfusing the slices with the glutamate
receptor blockers 6,7-Dinitroquinoxaline-2,3-dione (DNQX; 20 μM) and DL-2-amino-5-
phosphonovalerate (APV; 30 μM), and the GABAB receptor antagonist (CGP 55845A; 1
μM). At the end of the recording, to confirm the GABAAergic nature of the IPSP we often
superfused 30 μM bicuculline (or 50 μM picrotoxin). To determine the synaptic response
parameters for each cell, we performed an input-output (I-O) protocol (Roberto et al., 2003;
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Roberto et al., 2004) consisting of a range of five current stimulations (50–250 mA; 0.125
Hz), starting at the threshold current required to elicit an IPSP up to the strength required to
elicit the maximum amplitude. These stimulus strengths were maintained throughout the
entire duration of the experiment. We quantified the synaptic responses by calculating the
IPSP amplitude with Clampfit software (Axon Instruments). We examined paired-pulse
facilitation (PPF) in each neuron using paired stimuli at 50 msec inter-stimulus interval
(Roberto et al., 2004). The stimulus strength was adjusted such that the amplitude of the first
IPSP was 50% of maximal, determined from the I-O relationship. We calculated the PPF
ratio as the second IPSP amplitude over that of the first IPSP.

2.4. Whole-cell patch-clamp recording of miniature IPSCs
We recorded from CeA neurons visualized in brain slices (300 μm) using infrared
differential interference contrast (IR-DIC) optics and CCD camera (EXi Aqua and
ROLERA-XR, QImaging) and (Cruz et al., 2012; Gilpin et al., 2011). A w60 water
immersion objective (Olympus) was used for identifying and approaching CeA neurons.
Whole-cell voltage-clamp recordings were made with a Multiclamp 700B amplifier
(Molecular Devices), low-pass filtered at 2–5kHz, digitized (Digidata 1440A; Molecular
Devices), and stored on a PC using pClamp 10 software (Axon Instruments). All voltage-
clamp were performed in a gap-free acquisition mode with a sampling rate per signal of 10
KHz. Patch pipettes (3–5M′Ω) were pulled from borosilicate glass (Warner Instruments)
and filled with an internal solution composed of (in mM): 145 KCl; 0.5 EGTA; 2 MgCl2; 10
HEPES; 2 Na-ATP; 0.2 Na-GTP. GABAergic miniature IPSCs (mIPSCs) were recorded in
the presence of 20 μM DNQX, 30 μM DL-AP5, 1 μM CGP 55845A and 1 μM tetrodotoxin
(TTX). Drugs were constituted in aCSF and applied by bath superfusion. All 124 cells were
clamped at −60 mV for the duration of the recording. In all experiments, series resistance
(<10 M′Ω) was continuously monitored with a 10 mV hyperpolarizing pulse and
experiments with >20% change in series resistance were not included in the final analysis.
Frequency, amplitude and kinetics of miniature IPSCs were analyzed and visually confirmed
using a semi-automated threshold-based mini detection software (Mini Analysis,
Synaptosoft Inc., Fort Lee, NJ). To accurately determine the mIPSC amplitude, only
mIPSCs that were > 5 pA were accepted for analysis. The choice of this cutoff amplitude for
acceptance of mIPSCs was made to obtain a high signal-to-noise ratio. Averages of mIPSC
characteristics were based on a minimum time interval of 3-5 min and a minimum of 50
events. All detected events were used for event frequency analysis, but superimposed events
were eliminated for amplitude and decay kinetic analysis. All data are expressed as mean ±
SEM.

2.5. Drugs
We purchased CGP 55845A, DL-AP5, picrotoxin and bicuculline from Sigma (St. Louis,
MO), CRF from Chempacific Corp (Baltimore, MD), Tetrodotoxin from Biotum (Hayward,
CA); DNQX from Tocris (Ellisville, MO) and ethanol from Remet (La Mirada, CA).
R121919 was synthesized by Dr. Kenner Rice at the Drug Design and Synthesis Section,
Chemical Biology Research Branch, National Institute on Drug Abuse, National Institutes of
Health, Bethesda, MD.

2.6. Data analysis and statistics
To analyze data acquired from intracellular and whole cell recordings, we used Clampfit
10.2 (Molecular Devices) and Mini Analysis 5.1 software (Synaptosoft, Leonia, NJ),
respectively. We used GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA)
and Statistica 7 Package (StatSoft) for all statistical analysis of results. The mIPSC results
were evaluated with cumulative probability analysis, and statistical significance was
determined using the Kolmogorov-Smirnov, non-parametric two-sample test (Van der
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Kloot, 1991) with p < 0.05 considered significant for each neuron. The pooled data for each
experimental condition were then analyzed by paired t-test analyses for individual means
comparisons to evaluate single drug (ethanol, CRF, R121919) effect within the same group
or within-subject one-way repeated measures ANOVA to evaluate multiple drugs (R121919,
R121919 + ethanol) effect. To assess differences resulting from rat strain (Wistar x Sprague-
Dawley x msP) and drug interaction between groups, we also used two-way with one factor
between (strain) and one factor within (treatment) ANOVA. When appropriate, the Student
Newman-Keuls post hoc test was used to assess significance between treatments. We
accepted statistical significance at the p< 0.05. All averaged values are presented as mean ±
SEM.

2.7. Two bottles choice paradigm
Twenty msP rats, housed two per cage, were divided into two groups (n = 10 subject/group).
One group was offered a free choice between water and 10% ethanol (v/v) 24 hours a day
for 4 weeks. The second group received only water. Fluids were offered in plastic bottles
equipped with metallic drinking spouts. Bottles were weighed daily to measure 10% ethanol
and water consumption. For each rat, water and ethanol intake was estimated by dividing the
amount of fluids measured from the bottles by two (number of rats per cage) and averaging
the body weight of the animals. Alcohol intake was reported in g/kg.

3. Results
3.1. Baseline spontaneous but not evoked GABAergic responses are elevated in naïve
msP compared to Sprague-Dawley and Wistar rats

Using intracellular current-clamp mode, we recorded from 69 CeA neurons from either
naïve male Sprague-Dawley (SD), Wistar or msP control rats with a mean RMP of −78 ±
1.0 mV and a mean input resistance of 139 ± 6.6 MΩ. The three groups did not show
significant differences in these properties (Table 1), and there were no significant
differences in the membrane capacitance (Table 1) or the voltage–current relationship (not
shown). We evoked pharmacologically isolated GABAA-IPSPs (IPSPs) by stimulating
locally within the CeA. Baseline IPSP input–output curves generated by equivalent stimulus
intensities were similar in CeA neurons from msP (n = 29) and in those from Wistar (n = 17)
and Sprague Dawley (n = 23) rats (Figure 1A), suggesting no strain difference on evoked
GABAergic transmission. Although the data from I/O relationships showed a tendency
toward increased amplitude of the evoked IPSPs in CeA neurons from msP rats compared to
Wistar and Sprague Dawley, this did not reach statistical significance for any of the
intensities (ANOVA, F (2,66)= 2.27, p=0.11 for the middle intensity).

We then examined PPF of the evoked IPSPs at 50 ms inter-stimulus intervals. Generally,
changes in PPF are inversely related to transmitter release (Andreasen and Hablitz, 1994).
We found a significant (ANOVA, F(2, 49) 5.674; p = 0.02) difference in the basal PPF ratio
of IPSPs from neurons of msP (n = 20) compared to Wistar (n = 16) and Sprague-Dawley
rats (n = 16) rats (Fig. 1B), suggesting augmented baseline evoked GABA release in the msP
rats. The PPF ratio of IPSPs from neurons of Wistar and Sprague-Dawley rats were not
significantly different (Fig. 1B).

To further characterize the increased GABA release, we also examined miniature IPSCs
(mIPSCs) using whole-cell recordings in the presence of 1 μM TTX to eliminate action
potential-dependent release of neurotransmitter. Notably, in CeA neurons from msP rats, the
mean baseline frequency of mIPSCs was significantly (ANOVA, F(2,97)=5.028; p =
0.0084) greater compared with CeA neurons from both Sprague-Dawley and Wistar rats
(Fig. 1C and D, left panel), suggesting increased spontaneous basal GABA release in msP
rats. The frequency of mIPSCs was not significantly different in Sprague-Dawley and

Herman et al. Page 5

Neuropharmacology. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wistar rats. In contrast, no strain differences were observed in the mean mIPSC amplitude
(Sprague-Dawley: 65.3 ± 4.1 pA; Wistar: 71.5 ± 3.34 pA; msP: 69.4 ± 2.6 pA, Fig. 2D, right
panel) or in mIPSC rise or decay time (Fig. 2E).

3.2. Naïve msP, Sprague-Dawley and Wistar rats do not differ in ethanol- and CRF-induced
enhancement of CeA GABAergic transmission

Confirming our previous studies, here we found that 44 mM ethanol significantly (p<0.05)
increased mIPSC frequencies to 138 ± 2.3% of control in 6/7 CeA neurons of Sprague
Dawley rats (Fig. 2A and B). One neuron did not respond to ethanol. The ethanol-induced
increase in mIPSC frequency was similar in 6/7 neurons from Wistar rats (140.7 ± 10% of
control, p<0.05) and 19/25 msP rats (147.7 ± 7.9% of control, p<0.05), respectively (Fig.
2A, and C). One neuron from Wistar and 6 neurons from msP rats did not respond to ethanol
and were not included in the analysis. Overall, the ethanol-induced increase in the mIPSC
frequency in the three animal groups was not significantly (F(2,28)=0.0993; p=0.7)
different, indicating that ethanol effects on GABA release are equivalent in all three strains.
In addition, in each rat strain, 15–20% of the neurons tested did not respond to ethanol.
Figure 2B shows that 44 mM ethanol significantly shifted the cumulative frequency
distribution to shorter inter-event intervals in CeA neurons of the three rat strains. The
increase in mIPSC frequency induced by ethanol returned to control values at about 10–15
minutes of washout (SD: 103.5 ± 9%, Wistar 95.3 ± 8%, msP: 97.2 ± 7%; data not shown).
Ethanol also significantly increased the amplitude of mIPSCs in 3/6 CeA neurons from
Sprague Dawley and Wistar rats and 8/19 CeA neurons from msP rats (Fig. 2D). The mIPSC
kinetics were not altered in any of the animal groups (data not shown).

We also tested 200 nM CRF and found that, like ethanol, CRF significantly (p<0.05; n =
9/10) increased mIPSC frequencies to 140.9 ± 9% of control in neurons of msP rats (Fig. 3A
and B). Similarly, CRF significantly increased mIPSC frequencies to 155.7 ± 10% of control
in neurons from Wistar rats (p<0.05; n = 6/7) and to 144.9 ± 14% of control in neurons from
Sprague Dawley rats (p<0.05; n = 7/9) (Fig. 3A and B). Overall, the CRF-induced increase
of GABA release in the three strains was not significantly (F(2,20)= 0.0083; p= 0.9)
different. The CRF-induced enhancement of mIPSC frequency returned to control values at
about 15 minutes of washout (Sprague Dawley: 104.2 ± 8%; Wistar: 106.7 ± 10% and msP:
98.9 ± 9%; data not shown). CRF also significantly enhanced the amplitude of mIPSCs in
2/9 CeA neurons from msP rats, and in 1/6 neurons from both Sprague Dawley and Wistar
rats. CRF did not alter the kinetics of mIPSC in any of the animal groups (data not shown).

Next we tested the sensitivity of the GABAergic synapses to the CRF1 antagonist, R121919
(Roberto et al., 2010). We found that 1 μM R121919 significantly decreased the frequency
of mIPSCs in all three groups of rats. Specifically, R121919 decreased mIPSC frequency to
71.05 ± 5.1% of control (p<0.05; n = 12) in msP rats, to 75.5 ± 4.3% of control (p<0.05; n =
7) in Sprague Dawley rats, and to 70.2 ± 2.8% (p<0.05; n = 6) in Wistar rats, (Fig. 4A and
B). R121919 significantly decreased the amplitude of mIPSCs in msP rats but not in Wistar
and Sprague Dawley rats (Fig. 4B). We did not observe alteration in the kinetics of mIPSCs
in any of the animal groups.

In the CeA of Sprague Dawley rats (Roberto et al., 2010) and mice (Nie et al., 2004; Nie et
al., 2009), CRF1 antagonists blocked the ethanol- and CRF-induced increase in mIPSCs
frequencies. Thus, in a separate group of CeA neurons from msP rats, we also tested
whether a CRF1 antagonist would block the ethanol and CRF effects on GABA release. In
5/5 CeA neurons from msP rats, R121919 significantly decreased mIPSC frequencies and
completely blocked the ethanol- (Fig. 4D) and the CRF-induced (Fig. 4E) increase in mIPSC
frequency.
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3.3. In msP rats a history of voluntary ethanol drinking increases baseline GABAergic
activity and reduces the sensitivity to CRF1 antagonism

Male msP rats (n=10) were allowed to drink alcohol in a 2 bottle choice paradigm (choice
between 10% alcohol and tap water) for 24 hours a day for 4 weeks. A control msP group
(n=10) received only water. The msP rats rapidly learned to drink alcohol and baseline
intake (7–9 g/kg per day) was reached after the first drinking week. Using these animals we
performed whole-cell recordings of mIPSCs in the CeA and found that in msP rats with a
history of voluntary ethanol drinking, the frequency of mIPSCs was significantly higher
(2.35 ± 0.4 Hz, n=21) compared to naïve age-matched msP rats (1.29 ± 0.1, n = 24) (Fig. 5A
and D). In ethanol-exposed msP rats, both acute ethanol (44 mM) (Fig. 5C, D and E) and
CRF (200 nM) (Fig. 6A and B) significantly (p< 0.05) increased the frequency of mIPSCs to
129.4 ± 9.6% (n = 6) and to 134.0 ± 6.7% (n = 9) of control respectively. These effects were
slightly, but not significantly different from those obtained in naïve msP rats (ethanol: 147.7
± 7.9%; n = 19; CRF: 146.4 ± 12%; n = 9). This apparent reduction in sensitivity to acute
alcohol and CRF application is likely due to the increase in baseline mIPSC frequency
following a history of alcohol intake. Notably, in contrast to naïve msP rats, in alcohol-
exposed msP rats, R121919 (1 μM) failed to reduce mIPSC frequencies (97.7 ± 6.0; n = 9)
and amplitudes (103.8 ± 3.8; n = 9) (Fig. 6C and D).

4. Discussion
The msP rat line shows excessive daily ethanol drinking (7–9 g/kg) that occurs in binge-like
bouts of consumption and that results in blood alcohol levels as high as 100–120 mg/dl
(Ciccocioppo et al., 2006). Gene expression studies revealed that msP rats have an innate
upregulation of CRF1 mRNA linked to two single nucleotide polymorphisms occurring in
the promoter region (position −1836 and −2097) of the gene encoding for the CRF1 receptor
in several limbic brain areas though HPA axis activity is comparable to that observed in
heterogeneous Wistar rats (Hansson et al., 2007). Voluntary ethanol drinking normalizes
extrahypothalamic over-expression of the gene encoding for the CRF1 receptor and reduces
stress-induced responses in these animals. Hence, it has been hypothesized that an innate
propensity to excessive drinking in this rat line is an attempt to compensate for the negative
affect-like effects (i.e., anxiety and depression) linked to overactivity of the
extrahypothalamic CRF system. Although a role of CRF signaling in ethanol drinking
behaviors in msP rats has been previously reported, a functional analysis of the ethanol and
CRF effects in the CeA, an area critical for emotional control and alcohol reinforcement, has
until now remained uninvestigated. Here, we hypothesized that GABAergic transmission
and CRF signaling in the medial subdivision of the CeA is altered in msP rats compared to
Sprague Dawley and Wistar rats. Thus, the purpose of the present study is to characterize the
electrophysiological effects of ethanol, CRF and a CRF1 antagonist on GABAergic
transmission in msP rats with or without a history of voluntary alcohol intake. Our
electrophysiological data show that 1) the evoked baseline CeA GABAergic transmission is
not different in msP compared to Sprague Dawley and Wistar rats, 2) the PPF ratio of
evoked GABAergic responses is reduced in msP rats compared to Sprague Dawley and
Wistar rats suggesting increased evoked GABA release, 3) vesicular action potential-
independent GABA release is significantly enhanced in msP compared to Sprague Dawley
and Wistar rats, 4) in naive msP, Sprague Dawley and Wistar rats, acute application of
ethanol and CRF increases vesicular GABA release to a comparable level, while a CRF1
antagonist reduces it to a comparable level, 5) vesicular GABA release is significantly
enhanced in msP rats with a history of ethanol drinking compared to age-matched naïve
control msP rats and the inhibitory effect of CRF1 antagonist on vesicular GABA release is
lost.
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Strain-specific differences in GABAergic transmission in the CeA
Our previous electrophysiological studies of ethanol and CRF effects on GABAergic
transmission were obtained using CeA neurons from Sprague Dawley rats (Roberto et al.,
2010; Roberto et al., 2003; Roberto et al., 2004), while the Wistar strain is the background
strain for msP rats (Ciccocioppo et al., 2006) and for many of the behavioral studies
performed in this rat line. Thus, to examine the possibility of strain differences in CeA
electrophysiological activity we investigated both evoked and spontaneous GABAergic
transmission in CeA neurons from Sprague-Dawley, Wistar and msP rats. Although we did
not find significant strain differences in evoked GABAA-IPSP amplitudes, in msP rats the
paired pulse stimulation of the evoked IPSPs at inter stimulus intervals of 50 ms resulted in
paired-pulse depression rather than paired-pulse facilitation. These data suggest that while
the basal probability of evoked transmitter release was not affected, the processes involved
in paired pulse modulation were altered. For example, in the evoked recording configuration
presynaptic release could be negatively affected by alterations in Ca2+ influx by residual
Ca2+, and/or a postsynaptic release-dependent depression due the unavailability of
postsynaptic receptors (Atasoy et al., 2008; Fredj and Burrone, 2009; Ramirez and Kavalali,
2011). Paired-pulse depression is a form of synaptic plasticity that plays an important role in
neural coding (O’Donovan and Rinzel, 1997) and acts as low-pass filter (Fortune and Rose,
2001). Paired-pulse depression can serve as a gain control mechanism during and after burst
activation (Varela and Sherman, 2007) and it may contribute to the generation of
synchronous network activity (Tsodyks et al., 2000). Usually, synapses with higher average
release probability will be more likely to display depression when activated at short intervals
(Thomson, 2000). We found significantly increased baseline mIPSC frequency in the CeA
of msP compared to Sprague Dawley and Wistar rats, indicating increased vesicular GABA
release. Thus, the enhanced basal spontaneous GABA release observed in CeA of msP rats
may cause a decrease in the probability of evoked GABA release and/or depletion of
readily-releasable pool of transmitter and/or postsynaptic changes in the quantal amplitude,
(i.e., receptor desensitization) mechanisms. Overall our data are in agreement with the
growing body of literature suggesting that the processes leading to mIPSCs and evoked
ISPCs are not always coordinately regulated (Chung et al., 2010; Fredj and Burrone, 2009;
Sara et al., 2005; Wasser et al., 2007; Wasser and Kavalali, 2009).

Ethanol and CRF effects on GABAergic transmission in the CeA
We have previously reported that ethanol increases mIPSC frequency in CeA neurons of
Sprague Dawley rats (Roberto et al., 2003; Roberto et al., 2004). These results were
confirmed in the present study in which we also demonstrated that ethanol-induced increases
of vesicular release of GABA in the CeA of Sprague Dawley rats is equivalent to that of
Wistar and msP rats. In addition, as in Sprague Dawley rats (Roberto et al., 2010) and mice
(Nie et al., 2004; Nie et al., 2009), CRF robustly increased GABAergic transmission in the
CeA of Wistar and msP rats. In the CeA neurons of msP rats we show significantly higher
baseline mIPSC frequencies compared to Sprague Dawley and Wistar rats. Despite these
higher baseline mIPSC frequencies both ethanol and CRF were able to further increase
GABA release at these synapses. Previous studies in our laboratory also showed that CRF1
antagonism and CRF1 receptor deletion blocked alcohol-induced enhancement of CeA
GABAergic transmission (Nie et al., 2004; Roberto et al., 2010). Here, we expanded this
observation showing that R121919 also decreased mIPSCs frequencies at the CeA synapse
of msP rats. Moreover, we showed that the R121919 inhibitory effect on the frequency of
the mIPSCs was similar in msP, Wistar, and Sprague Dawley rats. Notably, R121919 also
had a significant inhibitory effect on mIPSC amplitude only in CeA neurons from msP rats,
suggesting a postsynaptic site of action of the CRF1 antagonist, specific to the msP strain.
We speculate that blockade of CRF1 signaling by R121919 may initiate a cascade of the
intracellular pathway that alters the postsynaptic function of the GABAA receptors. Both
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GABAA receptors subunit expression and function can be regulated by protein kinases
(Brandon et al., 2002). For example, protein kinase A (PKA) is one of the second
messengers engaged by CRF receptor activation (Cruz et al., 2011; Papadopoulou et al.,
2004) activated by CRF1 (via Gs and Gq proteins) (Hanoune and Defer, 2001;
Papadopoulou et al., 2004). PKA can increase or decrease GABAA receptor function, effects
likely contingent on the type of β subunit expressed, the extent of receptor phosphorylation,
and the manner of PKA activation (McDonald and Moss, 1997; Nusser et al., 1999;
Poisbeau et al., 1999). Specifically, the inhibition of PKA has implications for the
uncoupling and internalization of GABAA receptors (Ali and Olsen, 2001; Brown and
Bristow, 1996). Hence, the R121919-induced reduction in mIPSC amplitude, which likely
reflects a loss of functional receptors at the post-synaptic membrane (Nusser et al., 1998;
Poisbeau et al., 1997), could be a result of decreased local PKA activity. More persistent
changes than those resulting from receptor internalization might be expected to result from
alterations in subunit gene expression.

Here we show that R121919 also blocked ethanol- and CRF-induced enhancement of
GABA release in the CeA from msP rats with an efficacy comparable to previous studies
carried out in Sprague Dawley rats (Roberto et al., 2010). Taken together, these results
suggest that the msP strain-dependent differences in baseline GABAergic synaptic
transmission involve presynaptic GABA release in the CeA, and these differences do not
directly correlate with any significant differences in the sensitivity of the GABAergic
synapses (mainly at the presynaptic site) to either ethanol or CRF. Importantly, CRF1
antagonism may also modulate the GABAergic synapses in the CeA of msP rats at the
postsynaptic level.

Neuroplastic changes at GABAergic synapses in the CeA produced by voluntary alcohol
drinking

The GABAergic and CRF systems in the CeA have been implicated in the development of
ethanol-dependence and withdrawal (Gilpin and Roberto, 2012; Koob and Zorrilla, 2010;
Menzaghi et al., 1994; Roberto et al., 2010; Roberto et al., 2004; Roberts et al., 1996).
Extracellular CRF levels in the CeA are elevated following exposure to stress and
development of alcohol dependence (Merlo Pich et al., 1995; Zorrilla et al., 2001). Alcohol
withdrawal increases CRF synthesis and release in the CeA (Funk et al., 2006; Roberto et
al., 2010; Sommer et al., 2008) and these increases are normalized by alcohol consumption.
At the cellular level, we found increased baseline GABAergic transmission via both
presynaptic and postsynaptic mechanisms in the CeA of ethanol-dependent Sprague Dawley
rats compared to naïve rats (Roberto et al., 2004). Alcohol dependence also increased
sensitivity to the effects of CRF and CRF1 antagonists on CeA GABA transmission and
increased CeA CRF and CRF1 mRNA levels (Roberto et al., 2010). Similar to ethanol-
dependent Wistar rats, ethanol-naïve msP rats have elevated CRF1 transcript expression in
several brain areas linked to stress and addiction and their voluntary alcohol drinking is
reduced by CRF1 antagonists (Hansson et al., 2006). Importantly, in the present study we
show that naïve msP rats display enhanced CeA GABAergic transmission compared to
naïve Sprague Dawley and Wistar rats. Thus, we speculate that the msP line is a phenocopy
of ethanol-dependent rats and that their heightened intake of alcohol is triggered by their
need to alleviate the negative affect-like state (i.e., anxiety, depression) associated with an
overactive CRF system (Ciccocioppo et al., 2006; Hansson et al., 2006). This hypothesis is
supported by data showing that in msP rats voluntary alcohol intake reduces CRF1 receptor
expression in several brain areas including the CeA, thus reducing the potential detrimental
effect of CRF over-activation (Hansson et al., 2007). To some extent this hypothesis is also
supported by electrophysiological data from the present study showing that in msP rats after
4 weeks of voluntary alcohol drinking, the baseline spontaneous GABAergic transmission
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was significantly higher compared to naïve age-matched msP rats. On the other hand,
despite the reported down regulation of the CRF1 receptor system in msP rats following
alcohol exposure (Hansson et al., 2007), our electrophysiological results show that the
increase in GABAergic transmission induced by CRF persisted in msP rats after four weeks
of voluntary drinking. Thus, in contrast to Sprague Dawley rats that showed augmented CRF
and CRF1 antagonist sensitivity of the CeA GABAergic synapses following ethanol
dependence (Roberto et al., 2010), the augmented CRF effects were not observed in msP
rats with ethanol history and the CRF1 antagonist effects were completely lost in the CeA
from msP rats with alcohol history compared to naïve msP rats. We speculate that ethanol
history may alter CRF1 receptor function and/or alter the intracellular signaling affected by
CRF1 antagonism at both pre- and postsynaptic sites. Taken together, these data suggest that
despite the alterations in the CRF1 signaling and functions induced by ethanol history, CRF
is able to increase GABAergic transmission possibly by acting through other receptors (i.e.,
CRF2) and/or that neuroplastic changes occur at specific synapses within CeA circuitry
(medial vs lateral).

In addition, the lack of CRF1 antagonist effect in the CeA from msP with alcohol history
compared to alcohol naïve msP rats is in agreement with findings that voluntary alcohol
drinking leads to selective down-regulation of CRF1 transcript and function in the CeA
(Hansson et al., 2007). Yet, msP rats are highly sensitive to the alcohol drinking and relapse-
inhibiting properties of CRF1 antagonists (Gehlert et al., 2007; Hansson et al., 2006) and the
CRF peptide antagonist D-Phe 12–41 injected directly into the amygdala decreased
dependence-induced drinking (Funk et al., 2006) suggesting that further studies will be
required to understand the complex dynamics of CRF1 receptor signaling in msP rats.
Furthermore, drinking behavior and relapse may be mediated by overactivity of the CRF1
system in brain areas other than (or not exclusive to) the CeA. For example, current
literature supports the possibility that CRF neurotransmission in the BNST and/or the medial
raphe nucleus may play an important role in relapse while the VTA could be a critical
substrate for CRF effects on alcohol drinking (Huang et al., 2010; Hwa et al., 2012; Le et al.,
2002). Other brain regions will have to be examined to fully characterize CRF-related
functions in this genetically-selected rat line.

Conclusions
The recruitment of the CRF system had been conceptualized as a mechanism of transition
from chronic intermittent alcohol exposure to alcohol dependence (Koob, 2008) and to
remain during protracted abstinence after a history of dependence (Rimondini et al., 2002;
Valdez et al., 2002). Overall our data support the hypothesis that GABAergic transmission
and the recruitment of CRF1 signaling in the CeA play an important role in excessive
alcohol intake and that the msP rat line is a relevant model for studying the synaptic changes
underlying the development of alcohol dependence. It is also expected that major changes
may occur in other nuclei of the amygdala and in the BNST, thus future studies of other
brain regions need to be performed for a better understanding of more global CRF-related
function in this genetically-selected rat line. In addition, it has been shown that in the CeA,
CRF depresses excitatory glutamatergic transmission through activation of CRF1 (Liu et al.,
2004). Ongoing studies on CRF-glutamate interaction in msP rats may help clarify how
dysregulation of these cellular functions may be linked to the expression of this behavioral
phenotype characterized by a high propensity for excessive ethanol drinking. With the
growing body of literature demonstrating associations between polymorphisms in human
CRHR1 and CRFBP and comorbid stress/anxiety and alcohol use disorders, the present data
support a continued focus on CRF1 as a therapeutic target for alcoholism.
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1. GABA release is larger in msP rats compared to Sprague Dawley and Wistar
rats

2. ethanol- and CRF-induced increase in CeA GABA release is comparable in the
3 rat lines

3. CRF1 antagonist-induced decrease in GABA release is comparable in the 3 rat
lines

4. msP rats with history of ethanol show enhanced GABA release compared to
naïve msP

5. History of ethanol abolishes the CRF1 antagonist-induced decrease in GABA
release
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Figure 1.
A: Top Panel: Representative recordings of evoked GABAA-IPSP amplitudes in CeA
neurons from Sprague Dawley (SD), Wistar and msP rats. Bottom Panel: The input-output
curves of mean baseline GABAergic transmission are similar in CeA neurons from msP (n =
29), SD (n = 23) and Wistar rats (n = 17). B: Top Panel: Representative recordings of
evoked 50 msec PPF of IPSPs in CeA neurons from msP, SD and Wistar rats. Bottom Panel:
Histograms plotting the baseline PPF ratio of IPSPs in CeA neurons from msP, SD and
Wistar rats. In the msP (n = 20) baseline PPF ratios are significantly (*p< 0.05; ANOVA)
lower than SD (n = 16) and Wistar (n = 16) neurons. Error bars represent SEM. C:
Representative mIPSC recordings in CeA neurons from SD, Wistar and msP rats. D: Left
Panel: Mean ± SEM frequency of mIPSCs from CeA neurons from msP (n = 42), SD (n =
42) and Wistar (n = 16) rats. In msP rats the frequency of mIPSCs is significantly (*p< 0.05,
ANOVA) higher than SD and Wistar rats. Right Panel: Mean ± SEM of the mIPSC
amplitude in the three rat lines. E: Left Panel: Mean ± SEM rise time of mIPSCs from the
CeA neurons from the msP, SD and Wistar rats (same neurons of Panel D). Right Panel:
Mean ± SEM of the mIPSC decay time in the three rat lines. There are not significant
differences in the three groups.
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Figure 2.
A: Representative mIPSC recordings in CeA neurons from msP, SD and Wistar rats in
control conditions, during application of 44 mM ethanol, and washout. B: Cumulative
frequency histogram for the representative neurons of A showing a shift to the left,
indicating a shorter inter-event interval (higher frequencies) during the application of 44
mM ethanol. C: Mean ± SEM frequency of mIPSCs in CeA neurons from msP, SD and
Wistar rats. Ethanol significantly (*p< 0.05; Student’s t-test) increased the mean mIPSC
frequency in each strain, suggesting that ethanol increases presynaptic GABA release. D:
Mean ± SEM amplitude of mIPSCs in CeA neurons from msP, SD and Wistar rats. Ethanol
does not significantly change the overall mean mIPSC amplitude in mSP rats, but
significantly increases mIPSC amplitude in SD and Wistar rats (*p< 0.05).
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Figure 3.
A: Representative mIPSC recordings in CeA neurons from msP, SD and Wistar rats in
control condition, during application of 200 nM CRF, and washout. B: Mean ± SEM
frequency of mIPSCs in CeA neurons from msP, SD and Wistar rats. CRF significantly (*p<
0.05; Student’s t-test) increased the mean mIPSC frequency in all three strains, suggesting
increased presynaptic GABA release. C: Mean ± SEM amplitude of mIPSCs in CeA
neurons from msP, SD and Wistar rats. CRF does not change the mean mIPSC amplitude.
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Figure 4.
A: Representative mIPSC recordings in CeA neurons from msP, SD and Wistar rats in
control condition, during application of the CRF1 antagonist R121919 (1μM) and washout.
B: Mean ± SEM frequency of mIPSCs in CeA neurons from msP, SD and Wistar rats.
R121919 significantly (*p< 0.05; Student’s t-test) decreased the mean mIPSC frequency in
all three strains, suggesting decreased presynaptic GABA release. C: Mean ± SEM
amplitude of mIPSCs in CeA neurons from msP, SD and Wistar rats. In CeA neurons from
msP rats, R121919 significantly (*p< 0.05; Student’s t-test) decreased the mean mIPSC
amplitude, indicating postsynaptic effects. D: Mean ± SEM frequency of mIPSCs in CeA
neurons from msP rats. R121919 significantly (*p< 0.05; within-subject one-way repeated
measures ANOVA) decreased the mean mIPSC frequency and blocked the ethanol-induced
increase in mIPSC frequency. E: Mean ± SEM frequency of mIPSCs in CeA neurons from
msP rats. R121919 significantly (*p< 0.05; within-subject one-way repeated measures
ANOVA) decreased the mean mIPSC frequency and blocked the CRF-induced increase in
mIPSC frequency.
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Figure 5.
A: Mean ± SEM frequency of mIPSCs in CeA neurons from msP rats with or without
ethanol history. Basal spontaneous CeA GABAergic transmission is significantly (*p< 0.05)
enhanced in msP rats exposed to ethanol drinking via two bottle choice paradigm
(designated as 2BC) compared to age-matched alcohol naïve msP (designated as naïve msP)
rats. B: Mean ± SEM amplitude of mIPSCs in CeA neurons from naïve msP and 2BC msP
rats. C: Ethanol significantly (*p< 0.05; Student’s t-test) increased the mean mIPSC
frequency in each group. The ethanol effect was comparable in the two groups (p > 0.05;
unpaired t-test). D: Representative mIPSC recordings in CeA neurons from ethanol naive
msP (left) and ethanol exposed msP (right) rats. E: Cumulative frequency histogram for the
representative CeA neurons of D showing a shift to the left, indicating a shorter inter-event
interval (higher frequencies) during the application of 44 mM ethanol in both naïve msP
(left panel) and 2BC msP (right panel) rat. Note that in the CeA neuron from the ethanol
exposed msP rat, the control inter-event interval is shorter (higher frequencies) than that
from naïve msP rat.
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Figure 6.
A:Representative mIPSC recordings in CeA neurons from ethanol naive msP (left) and msP
rats exposed to ethanol drinking via two bottle choice paradigm (2BC; right) before and
during application of CRF.B: CRF (200 nM) significantly (*p< 0.05; Student’s t-test)
increased the mean mIPSC frequency but not the mean mIPSC amplitude in naïve and
ethanol-exposed rats. The CRF effect was comparable in the two groups (p > 0.05; unpaired
t-test). C: Representative mIPSC recordings in CeA neurons from ethanol naive msP (left)
and ethanol exposed msP (right) rats before and during application of R121919. D: R121919
(1 μM) significantly (*p< 0.05; Student’s t-test) decreased both the mean frequency and
amplitude of mIPSC in ethanol naïve, but not in ethanol exposed msP rats.
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Table 1

Basal membrane properties of the CeA neurons from Sprague Dawley, Wistar and msP rats.

Sprague Dawley (n = 23) Wistar (n = 17) msP (n = 29)

Resting membrane potential (mV) −77.5 ± 1.1 −78.9 ± 0.8 −78.1 ± 1.0

Input resistance (MΩ) 139.5 ± 6.9 140.4 ± 6.1 138.1 ± 6.8

Membrane Capacitance (pF) 91.9 ± 15.5 96.3 ± 7.5 105.8 ± 5.0
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