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A Functional Switch in Tonic GABA Currents Alters the
Output of Central Amygdala Corticotropin Releasing Factor
Receptor-1 Neurons Following Chronic Ethanol Exposure

Melissa A. Herman, X Candice Contet, and Marisa Roberto
Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La Jolla, California 92037

The corticotropin releasing factor (CRF) system in the central amygdala (CeA) has been implicated in the effects of acute ethanol and the
developmentofalcoholdependence.WepreviouslydemonstratedthatCRFreceptor1(CRF1)neuronscompriseaspecificcomponentoftheCeA
microcircuitry that is selectively engaged by acute ethanol. To investigate the impact of chronic ethanol exposure on inhibitory signaling in
CRF1� CeA neurons, we used CRF1:GFP mice subjected to chronic intermittent ethanol (CIE) inhalation and examined changes in local
inhibitory control, the effects of acute ethanol, and the output of these neurons from the CeA. Following CIE, CRF1� neurons displayed
decreased phasic inhibition and a complete loss of tonic inhibition that persisted into withdrawal. CRF1� neurons showed a cell type-specific
upregulation of both phasic and tonic signaling with CIE, the latter of which persists into withdrawal and is likely mediated by � subunit-
containing GABAA receptors. The loss of tonic inhibition with CIE was seen in CRF1� and CRF1� neurons that project out of the CeA and into
the bed nucleus of the stria terminalis. CRF1� projection neurons displayed an increased baseline firing rate and loss of sensitivity to acute
ethanol following CIE. These data demonstrate that chronic ethanol exposure produces profound and long-lasting changes in local inhibitory
control of the CeA, resulting in an increase in the output of the CeA and the CRF1 receptor system, in particular. These cellular changes could
underlie the behavioral manifestations of alcohol dependence and potentially contribute to the pathology of addiction.
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Introduction
Alcohol dependence is a complex clinical disorder characterized
by repeating cycles of intake and withdrawal and a behavioral
phenotype that includes the loss of control over consumption
and impaired social functioning (Hoffman and Tabakoff, 1996;

Eckardt et al., 1998). These behaviors appear to be mediated by
adaptations at the cellular level as the brain attempts to overcome
the effects of alcohol intake. The central nucleus of the amygdala
(CeA) is a component of the extended amygdala, a macrostruc-
ture that mediates the negative reinforcing properties of alcohol
and drugs of abuse (Alheid and Heimer, 1988). The CeA receives
multiple inputs from a number of brain regions and acts as an
integrative hub that has been implicated in stress, anxiety, and
alcohol use disorders (Gilpin et al., 2015). The CeA is primarily
composed of GABA neurons that synapse locally as well as project
out of the CeA to regulate the flow of information to downstream
brain regions, such as the bed nucleus of the stria terminalis
(BNST). Local inhibitory control of CeA neurons includes both
phasic and tonic inhibition, both of which are selectively sensitive
to the effects of acute ethanol (EtOH; Roberto et al., 2003; Her-
man et al., 2013). Previous work has identified neuroadaptations
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Significance Statement

The corticotropin releasing factor (CRF) system in the central amygdala (CeA) has been implicated in the effects of acute and
chronic ethanol. We showed previously that CRF receptor 1-expressing (CRF1�) neurons in the CeA are under tonic inhibitory
control and are differentially regulated by acute ethanol (Herman et al., 2013). Here we show that the inhibitory control of CRF1�
CeA neurons is lost with chronic ethanol exposure, likely by a functional switch in local tonic signaling. The loss of tonic inhibition
is seen in CRF1� projection neurons, suggesting that a critical consequence of chronic ethanol exposure is an increase in the
output of the CeA CRF1 system, a neuroadaptation that may contribute to the behavioral consequences of alcohol dependence.
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in phasic signaling in the CeA following chronic ethanol (Roberto
et al., 2004) and in tonic signaling in the rat (Herman and Ro-
berto, 2016), but no studies have used mouse models to selec-
tively examine the changes in tonic conductance in specific
components of CeA circuitry.

The transition to alcohol dependence is associated with the
recruitment of brain stress systems, most notably the corticotro-
pin releasing factor (CRF) system (Heilig and Koob, 2007).
Chronic ethanol exposure and withdrawal is associated with an
upregulation of the CRF system in rats (Funk et al., 2007; Roberto
et al., 2010) and mice (Eisenhardt et al., 2015). Notably, increased
ethanol intake by dependent rats and mice can be reversed by a
CRF1 antagonist (Chu et al., 2007; Finn et al., 2007; Funk et al.,
2007; Correia et al., 2015), suggesting a critical role of the CRF1
system in the behavioral expression of alcohol dependence. CRF
in the CeA has been implicated in the effects of acute ethanol on
phasic GABA transmission in naive mice (Nie et al., 2004), after
early binge-like ethanol drinking (Lowery-Gionta et al., 2012),
and in alterations in GABA transmission in naive and dependent
rats (Roberto et al., 2010). However, the impact of chronic etha-
nol on tonic GABA transmission and CRF1 signaling within the
CeA remains unexamined. We showed previously that CRF1-
expressing (CRF1�) neurons make up a distinct component of
CeA circuitry that is differentially regulated by acute ethanol.
CRF1� neurons are not directly activated by acute ethanol, but
instead are engaged via a local microcircuit involving increased
inhibition at local CRF1� interneurons that synapse onto
CRF1� neurons (Herman et al., 2013). Based on our previous
work on the CRF1 receptor circuitry in the CeA, and the relative
sensitivity of specific components of CeA circuitry to acute etha-
nol, we hypothesized that chronic ethanol exposure would result
in significant neuroadaptations in tonic signaling in CRF1� CeA
neurons and that these changes would impact excitability and
subsequent output of the CeA network. We used transgenic mice
expressing green fluorescent protein (GFP) in CRF1� neurons to
examine the effects of chronic ethanol exposure on (1) inhibitory
signaling (phasic and tonic) in CRF1� CeA neurons, (2) inhibi-
tory signaling (phasic and tonic) in CRF1� CeA neurons, and (3)
the excitability of CeA projection neurons and the sensitivity of
these neurons to acute ethanol to determine the impact on CeA
output to downstream targets in the extended amygdala.

Materials and Methods
Brain slice preparation. All procedures were approved by the Scripps
Research Institutional Animal Care and Use Committee and were con-
sistent with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. We prepared slices from 58 CRF1:GFP transgenic
adult male mice (2– 6 months, 18 –30 g) that express GFP under the
control of the promoter of the CRF1 receptor gene (Crhr1). These mice
were generated using bacterial artificial chromosome recombination
techniques such that the first exon of Crhr1 was replaced with the se-
quence encoding GFP. For a detailed description of the transgene design
and histological validation of these mice, see Justice et al. (2008).

Mice were subjected to brief anesthesia (3–5% isoflurane) followed by
rapid decapitation and removal of the brain to an ice-cold high-sucrose
solution, pH 7.3–7.4, that contained the following (in mM): 206 sucrose,
2.5 KCl, 0.5 CaCl2, 7.0 MgCl2, 1.2 NaH2PO4, 26 NaHCO3, 5.0 gluc-
ose, and 5 HEPES. Brains were cut into transverse sections (300 – 400
�m) on a vibrating microtome (Leica VT1000S) and placed in an oxy-
genated (95% O2/5% CO2) artificial CSF (ACSF) solution composed of
the following (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5 MgSO4 � 7
H2O, 2.0 CaCl2, 24 NaHCO3, and 10 glucose. Slices were incubated in
this solution for 30 min at 35�37°C, followed by 30 min equilibration at
room temperature (21–22°C). Following equilibration, a single slice was

transferred to a recording chamber mounted on the stage of an upright
microscope (Olympus BX50WI).

Electrophysiological recording. We visualized neurons using infrared
differential interference contrast (IR-DIC) optics and an EXi Aqua cam-
era (QImaging). A 60� magnification water-immersion objective
(Olympus) was used for identifying and approaching neurons. To avoid
photolytic damage, initial exposure to episcopic fluorescence illumina-
tion was brief (�2 s). We detected fluorescent neurons using an X-Cite
120Q fluorescent illumination system (Lumen Dynamics) and captured
images using QCapture software (QImaging). We made whole-cell
(voltage-clamp and current-clamp) and juxtacellular (cell-attached) re-
cordings with patch pipettes (3–5 M�; King Precision Glass) coupled to
a Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at
2–5 kHz, digitized (Digidata 1440A; Molecular Devices), and stored on a
computer using pClamp 10 software (Molecular Devices). All recordings
were performed at room temperature. Series resistance was typically �10
M� and was continuously monitored with a hyperpolarizing 10 mV
pulse. Electrophysiological properties of cells were determined by
pClamp 10 Clampex software online during voltage-clamp recording
using a 5 mV pulse delivered after breaking into the cell. The resting
membrane potential was determined online after breaking into the cell
using the zero current (I � 0) recording configuration, and the liquid
junction potential was included in the determination.

The intracellular solution used for voltage- and current-clamp record-
ings was composed of the following (in mM): 145 KCl, 5 EGTA, 5 MgCl2,
10 HEPES, 2 Na-ATP, and 0.2 Na-GTP. The pipette solution for juxta-
cellular (cell-attached) recordings was ACSF. Drugs were dissolved in
ACSF and applied either by Y-tubing application for local perfusion
primarily on the neuron of interest or by bath perfusion. To isolate the
inhibitory currents mediated by GABAA receptors, all recordings (volt-
age-clamp and cell-attached) were performed in the presence of the glu-
tamate receptor blockers 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20
�M) and DL-2-amino-5-phosphonovalerate (AP-5; 50 �M) and the
GABAB receptor antagonist (2S)-3-[[(1S)-1-(3,4-Dichlorophenyl)ethyl]
amino-2-hydroxypropyl](phenylmethyl)phosphinic acid hydrochloride
CGP55845A (1 �M). All voltage-clamp and cell-attached recordings were
performed in a gap-free acquisition mode with a sampling rate per signal
of 10 kHz or a total data throughput equal to 20 kHz (2.29 MB/min). All
current-clamp recordings were performed in sweeps with a sampling rate
per signal of 10 kHz or a total data throughput equal to 20 kHz (2.29
MB/min) as defined by pClamp 10 Clampex software.

Chronic intermittent ethanol vapor inhalation. Seven independent co-
horts including 30 adult male CRF1:GFP mice were housed in ethanol
inhalation chambers (La Jolla Alcohol Research) and exposed to chronic
intermittent ethanol (CIE) vapor (16 h) followed by air (8 h) 4 d per week
for a period of 4 –5 weeks. Before each vapor exposure, CIE mice were
injected intraperitoneally with a solution of ethanol (1.5 g/kg) and pyra-
zole (1 mmol/kg; Sigma), an alcohol dehydrogenase inhibitor, to initiate
intoxication and maintain constant blood alcohol levels (BALs). Control
mice (n � 28, air) were exposed to room air and received an injection of
pyrazole (1 mmol/kg) at the onset of each ethanol vapor exposure. Eth-
anol drip rate and air flow were adjusted so as to yield BALs averaging
150 –275 mg/dl, as determined by regular tail bleedings (one to two times
per week). BALs were measured using an Analox GM7 analyzer. Termi-
nal BALs were also determined at the time of death when mice were
euthanized immediately after their last ethanol vapor exposure (CIE
mice) and averaged 266.6 � 15.4 mg%. Another group of mice under-
went 3–7 d of withdrawal after their last vapor exposure before being
euthanized (CIE-WD mice). Air-exposed counterparts were generated
for both CIE and CIE-WD groups (i.e., killed 16 h or 4 – 8 d after their last
pyrazole injection, respectively). No statistically significant difference
was observed between these two control groups, so data were pooled into
a single control group, designated air control (AIR).

Retrograde labeling of CeA neurons. Adult male mice (n � 14), 3– 4
months of age (21–28 g), were anesthetized with a 1–3% isoflurane/
oxygen mixture, placed on a warming pad, and mounted in a stereotaxic
frame (David Kopf Instruments). A vertical incision was made in the skin
overlaying the skull, which was subsequently exposed and cleaned. Head
placement was adjusted to a level skull position according to bregma and
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lambda coordinates. A small hole was drilled over the target brain site
[dorsal lateral BNST (dlBNST), AP, 0.0 mm; ML, �1.1 mm; DV, – 4.3
mm] based on the atlas of Franklin and Paxinos (2008). Bilateral
30-gauge stainless-steel injector needles connected to Tygon tubing
preloaded with fluorescent microspheres (Lumafluor; 530/590 nm exci-
tation/emission) were lowered to the dorsal lateral BNST. We injected a
volume of 	100 nl of undiluted fluorescent microspheres suspension
over a 1–2 min period using a Hamilton microsyringe controlled by a
pump (Harvard Apparatus). The injector needles were left in place for an
additional 10 min to minimize backflow up the needle track, after which
injector needles were removed and the scalp incision was closed. Mice
were allowed to recover from surgery for 1 week before beginning
chronic intermittent ethanol vapor inhalation.

Drugs and chemicals. We purchased DNQX, AP-5, and CGP55845A (1
�M) from Tocris Bioscience. We purchased SR-95531 [gabazine (GBZ); 100

�M] and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyri-
din-3-ol (THIP; 5 �M) from Sigma.

Statistical analysis. Frequency, amplitude,
and decay of IPSCs were analyzed and visually
confirmed using a semiautomated threshold-
based mini detection software (Mini Analysis,
Synaptosoft). We determined averages of IPSC
characteristics from baseline and experimental
drug conditions containing a minimum of 60
events (time period of analysis varied as a product
of individual event frequency), and we deter-
mined decay kinetics using exponential curve fit-
tings and reported them as decay time (in
milliseconds). All detected events were used for
event frequency analysis, but superimposed
events were eliminated for amplitude and decay
kinetic analysis. In voltage-clamp recordings, we
determined tonic currents using Clampfit 10.2
(Molecular Devices) and a previously described
method (Glykys and Mody, 2007b) in which the
mean holding current (i.e., the current required
to maintain the �60 mV membrane potential)
was obtained by a Gaussian fit to an all-points
histogram over a 5 s interval. The all-points his-
togram was constrained to eliminate the contri-
bution of IPSCs to the holding current. We
quantified responses as the difference in holding
current between baseline and experimental con-
ditions. The frequency of firing discharge in cell-
attached recordings was evaluated using
threshold-based event detection analysis in
Clampfit 10.2 (Molecular Devices). Events were
analyzed for independent significance using a
one-sample t test and compared using a two-
tailed t test for independent samples, a paired
two-tailed t test for comparisons made within the
same recording, a one-way ANOVA with a Bon-
ferroni post hoc analysis for comparisons made
between three or more groups, or a two-way
ANOVA with a Bonferroni post hoc analysis for
comparisons between there or more groups and
multiple independent variables. All statistical
analyses were performed using Prism 5.02
(GraphPad). Data are presented as mean�SE. In
all cases, p � 0.05 was the criterion for statistical
significance.

Results
Differential membrane properties of
CRF1� and CRF1� CeA neurons are
not affected by CIE exposure
GFP-positive CRF1-containing (CRF1�)
neurons were identified and differenti-
ated from unlabeled CeA neurons

(CRF1�), as described previously (Herman et al., 2013). A cor-
onal section of the CeA with representative sites of CRF1� neu-
rons detected during live-slice recording is shown in Figure 1A
(asterisks). Figure 1B shows CRF1� CeA neurons from air-
exposed, pyrazole-injected control mice (AIR, top) and CIE
vapor-exposed mice (bottom) visualized using fluorescent optics
(left) and IR-DIC optics (right). CeA neurons were cell typed
according to firing properties, as described previously (Chieng et
al., 2006; Herman et al., 2013). The majority of CRF1� neurons
were of the low-threshold bursting (LTB) type (Fig. 1C, left), and
a smaller proportion were of the regular-spiking (RS) type (Fig.
1C, middle). CRF1� neurons were divided into the late-spiking
(LS) type (Fig. 1C, right) and the RS type (Fig. 1C, middle).

Figure 1. A, A 10� magnification photomicrograph of a coronal CeA slice indicating recording sites of CRF1� neurons
(asterisks) and anatomical location (bregma, �1.46 mm). B, A 60� magnification of a CRF1� CeA neuron from an AIR mouse
(top) and a CIE mouse (bottom) using fluorescent optics (left) and IR-DIC optics (right). C, Representative current-clamp recordings
of CeA cell types and the proportions of CRF1� and CRF1� neurons of each cell type in AIR, CIE, and CIE-WD groups for low-
threshold bursting (left), regular-spiking (middle), and late-spiking neurons (right). D, Summary of membrane characteristics
(CRF1�AIR, n�34; CRF1�AIR, n�23; CRF1�CIE, n�20; CRF1�CIE, n�34; CRF1�CIE-WD, n�25; CRF1�CIE-WD, n�
31). *p � 0.05 by unpaired t test comparing CRF1� to CRF1� in each group. Scale bars: A, 100 �m; B, 20 �m.
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Importantly, the relative distribution of
the cell types was not significantly differ-
ent between AIR, CIE, and CIE followed
by 3–7 d of withdrawal (CIE-WD) groups.
Consistent with our previous report (Her-
man et al., 2013), CRF1� neurons dis-
played a significantly smaller membrane
capacitance (Cm) and lower time constant
(tau) compared to CRF1� neurons, and
this difference was consistent between
AIR, CIE, and CIE-WD groups (p � 0.05
comparing CRF1� and CRF1� in each
group; Fig. 1D; AIR CRF1�, n � 34; AIR
CRF1�, n � 23; CIE CRF1�, n � 25; CIE
CRF1�, n � 31; CIE-WD CRF1�, n �
29; CIE-WD CRF1�, n � 35).

Baseline phasic inhibitory transmission
is altered in CRF1� CeA neurons
after CIE
Baseline phasic GABAA receptor activity
was assessed using whole-cell voltage-
clamp recordings of spontaneous IPSCs
(sIPSCs). LTB CRF1� neurons displayed
a significantly lower baseline sIPSC fre-
quency and amplitude after CIE (1.1 �
0.2 Hz, 48.1 � 4.1 pA; n � 18; Fig. 2A,C)
compared to AIR (4.5 � 0.8 Hz, 76.3 �
7.4 pA; n � 21; p � 0.05; Fig. 2A,C). The
decrease in sIPSC frequency was partially
reversed and the decrease in sIPSC ampli-
tude was completely reversed following
withdrawal (3.0 � 0.6 Hz, 74.6 � 7.1 pA;
n � 17; p � 0.05; Fig. 2A,C). RS CRF1�
neurons also displayed a significantly
lower baseline sIPSC frequency after CIE
(1.7 � 0.7 Hz; n � 10; Fig. 2D) compared
to AIR (4.3 � 0.7 Hz; n � 13; p � 0.05;
Fig. 2D), but the decrease persisted into

4

Figure 2. A, Representative voltage-clamp recordings of
baseline sIPSCs from a CRF1� neuron from an AIR mouse
(top), a CIE mouse (middle), and a CIE-WD mouse (bottom). B,
Representative voltage-clamp recordings of baseline sIPSCs
from a CRF1� neuron from an AIR mouse (top), a CIE mouse
(middle), and a CIE-WD mouse (bottom). C, Summary of sIPSC
frequency (left) and amplitude (right) in LTB CRF1� neurons
from AIR, CIE, and CIE-WD mice (AIR, n � 21; CIE, n � 18;
CIE-WD, n � 17). D, Summary of sIPSC frequency (left) and
amplitude (right) in regular-spiking CRF1�neurons from AIR,
CIE, and CIE-WD mice (AIR, n � 13; CIE, n � 10; CIE-WD, n �
6). E, Summary of sIPSC frequency (left) and amplitude (right)
in late-spiking CRF1� neurons from AIR, CIE, and CIE-WD
mice (AIR, n � 18; CIE, n � 12; CIE-WD, n � 16). F, Summary
of sIPSC frequency (left) and amplitude (right) in regular-
spiking CRF1� neurons from AIR, CIE, and CIE-WD mice (AIR,
n � 13; CIE, n � 12; CIE-WD, n � 8). G, Summary of the sIPSC
decay in LTB (AIR, n � 21; CIE, n � 18; CIE-WD, n � 17) and
regular-spiking (AIR, n � 13; CIE, n � 10; CIE-WD, n � 6)
CRF1� neurons (left) and late-spiking (AIR, n � 18; CIE, n �
12; CIE-WD, n � 16) and regular-spiking (AIR, n � 13; CIE,
n � 12; CIE-WD, n � 8) CRF1� neurons (right). *p � 0.05 by
one-way ANOVA.
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withdrawal (1.8 � 0.3 Hz; n � 6; Fig. 2D). No change in sIPSC
amplitude was observed in RS CRF1� neurons after CIE or
CIE-WD (Fig. 2D). In contrast to what was observed in CRF1�
neurons, CRF1� neurons displayed cell-type specific changes in
sIPSC frequency. LS CRF1� neurons displayed a significantly
higher baseline sIPSC frequency after CIE (4.6 � 0.8 Hz; n � 12;
Fig. 2B,E) compared to AIR (2.3 � 0.4 Hz; n � 18; p � 0.05; Fig.
2B,E), and the increase was reversed by withdrawal (2.7 � 0.5
Hz; n � 16; p � 0.05; Fig. 2B,E). No change in sIPSC amplitude
was observed in LS CRF1� neurons after CIE or CIE-WD (Fig.
2E). RS CRF1� neurons displayed no change in sIPSC frequency
or amplitude after CIE or CIE-WD (Fig. 2F). Changes in sIPSC
kinetics were also observed in both CRF1� and CRF1� neurons
following CIE and CIE-WD. LTB CRF1� neurons displayed a
small but significant reduction in rise time between the CIE and
CIE-WD (2.0 � 0.2 and 1.4 � 0.2 ms, respectively; CIE, n � 18;
CIE-WD, n � 17; p � 0.05). LS CRF1� neurons displayed a
similar reduction in rise time between CIE and CIE-WD (2.0 �
0.1 and 1.4 � 0.1 ms, respectively; CIE, n � 19; CIE-WD, n � 12;
p � 0.05), and RS CRF1� neurons displayed a significant in-
crease in rise time between AIR and CIE (1.4 � 0.1 and 2.1 � 0.1
ms, respectively; AIR, n � 13; CIE, n � 12; p � 0.05). Notably,
CIE produced an increase in the decay time of all cell types
(CRF1� and CRF1�) that was reversed in CIE-WD (p � 0.05;
Fig. 2G).

Tonic inhibitory transmission is selectively altered in CRF1�
and late-spiking CRF1� CeA neurons after CIE, and this
alteration persists into withdrawal
As we reported previously that the tonic conductance in CRF1�
neurons was driven by GABA release (Herman et al., 2013), we
hypothesized that the decrease in phasic inhibition in CRF1�
neurons following CIE may also have consequences for tonic
conductance. Baseline tonic GABAA receptor activity was as-
sessed using whole-cell voltage-clamp recordings and the GABAA

receptor antagonist gabazine. Consistent with our previous re-
port (Herman et al., 2013), gabazine (100 �M) produced a signif-
icant reduction in holding current in both RS and LTB CRF1�
neurons from AIR mice (17.0 � 2.9 pA and 14.2 � 2.1 pA, re-
spectively; p � 0.05 by one-sample t test; RS, n � 5; LTB, n � 8;
Fig. 3A, top trace, C). In contrast, immediately following chronic
ethanol exposure gabazine did not significantly alter the holding
current in either RS or LTB neurons (1.1 � 1.0 pA and 2.3 � 0.9
pA, respectively; RS, n � 4; LTB, n � 7; Fig. 3A, middle trace, C),
and this loss of effect persisted in neurons from CIE-WD mice
(4.6 � 0.3 pA and 3.1 � 1.3 pA, respectively; RS, n � 2; LTB, n �
13; Fig. 3A, bottom trace, C). Two-way ANOVA revealed a sig-
nificant effect of treatment (F(2,34) � 23.0, p � 0.001; Fig. 3C), but
not of cell type (F(1,34) � 0.04, p 
 0.05), and no significant
interaction (F(2,34) � 0.2, p 
 0.05). Gabazine produced no
change in holding current in either RS or LS CRF1� neurons
from AIR mice (1.2 � 0.4 pA and 1.1 � 1.1 pA, respectively; RS,
n � 4; LS, n � 8; Fig. 3B, top trace, D). However, in CRF1�
neurons from CIE mice, gabazine produced a significant reduc-
tion in holding current in LS neurons (11.1 � 1.3 pA; p � 0.05;
n � 6; Fig. 3B, middle trace, D) that was not observed in RS
neurons (2.3 � 1.2 pA; n � 6; Fig. 3D). The significant reduction
in holding current produced by gabazine was also observed in LS
CRF1� neurons from CIE-WD mice (14.5 � 2.7 pA; p � 0.05;
n � 10; Fig. 3B, bottom trace, D), but not in RS CRF1� neurons
from CIE-WD mice (1.6 � 0.6 pA; n � 8; Fig. 3D). Two-way
ANOVA revealed a significant effect of treatment (F(2,36) � 7.05,
p � 0.01; Fig. 3D) and of cell type (F(1,36) � 21.82, p � 0.001), as

well as a significant interaction (F(2,36) � 6.05, p � 0.01). Based
on our previous report showing connectivity between CeA
CRF1� and CRF1� neurons (Herman et al., 2013), these results
suggest that chronic ethanol exposure produces an increase in
phasic and tonic inhibition specifically in LS CRF1� neurons and
a subsequent loss of tonic inhibition in CRF1� neurons in the
CeA.

The relative sensitivity of � subunit-containing GABAA

receptors in CRF1� and CRF1� neurons is unchanged by
CIE and CIE-WD
Based on our previous work demonstrating a tonic conductance
that could be stimulated in CRF1� neurons (Herman et al.,
2013), we hypothesized that the tonic conductance observed in
late-spiking CRF1� was mediated by � subunit-containing
GABAA receptors. To investigate the underlying mechanisms be-
hind the changes in tonic conductance observed in CRF1� and
CRF1� neurons in the CeA, we performed whole-cell voltage-
clamp recordings of neurons from AIR, CIE and CIE-WD mice
using the � subunit-preferring agonist gaboxadol (THIP) to
assess the relative sensitivity of � subunit-containing GABAA re-
ceptors. THIP (5 �M) increased the holding current in all CRF1�
neurons examined; however, in CRF1� neurons from AIR mice,
LS CRF1� neurons displayed a significantly greater increase as
compared to RS CRF1� neurons (75.9 � 7.8 pA and 20.9 � 7.3
pA, respectively; LS, n � 8; RS, n � 5; Fig. 4A,C). The greater
increase in holding current in LS CRF1� neurons compared to
RS neurons was also observed in neurons from CIE mice (52.4 �
9.5 pA and 20.1 � 5.8 pA, respectively; LS, n � 6; RS, n � 6; Fig.
4B,C) and in neurons from CIE-WD mice (58.3 � 10.4 pA and
23.8 � 3.6 pA, respectively; LS, n � 9; RS, n � 7; Fig. 4C).
Two-way ANOVA revealed a significant effect of cell type
(F(1,35) � 34.2, p � 0.001; Fig. 4C), but not of treatment (F(2,35) �
0.8, p 
 0.05), and no significant interaction (F(2,35) � 0.9, p 

0.05). THIP produced a small and variable increase in holding
current in both RS and LTB CRF1� neurons, and there was no
significant effect of treatment (F(2,22) � 0.2, p 
 0.05) or cell type
(F(1,22) � 0.06, p 
 0.05), and no significant interaction (F(2,22) �
0.5, p 
 0.05) in CRF1� neurons from AIR, CIE, or CIE-WD
mice (Fig. 4D). These data suggest that LS CRF1� neurons pos-
sess a greater number and/or sensitivity of � subunit-containing
GABAA receptors, which may be the source of the tonic conduc-
tance observed in CRF1� neurons from CIE and CIE-WD mice.

The relative sensitivity of CRF1� and CRF1� neurons to
acute ethanol is unchanged by CIE or CIE-WD
Based on the differential sensitivity of CRF1� and CRF1� neu-
rons to THIP and the role of the � subunit in the effects of etha-
nol, we hypothesized that CRF1� and CRF1� neurons would
have a similar relative sensitivity to acute ethanol as what was
observed with THIP. To further examine the mechanisms under-
lying the changes in tonic conductance in CRF1� and CRF1�
neurons following CIE and CIE-WD, we assessed the relative
sensitivity of these cells to acute ethanol exposure. Ethanol (44
mM) increased the holding current in all CRF1� neurons from
AIR mice, but the increase was significantly greater in LS neurons
compared to RS neurons (11.8 � 2.1 pA and 3.6 � 1.4 pA, re-
spectively; LS, n � 7; RS, n � 5; Fig. 5A,C). The greater increase
in holding current in LS CRF1� neurons compared to RS neu-
rons was also observed in neurons from CIE mice (14.4 � 2.4 pA
and 7.2 � 1.3 pA, respectively; LS, n � 5; RS, n � 6; Fig. 5B,C)
and in neurons from CIE-WD mice (9.9 � 1.7 pA and 2.7 � 0.8
pA, respectively; LS, n � 8; RS, n � 4; Fig. 5C). Two-way ANOVA
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revealed a significant effect of cell type (F(1,29) � 24.6, p � 0.0001;
Fig. 5C), but not of treatment (F(2,29) � 3.0, p 
 0.05), and no
significant interaction (F(2,29) � 0.05, p 
 0.05). There was no
difference in the sensitivity of sIPSC frequency to acute ethanol
between RS and LS CRF1� neurons and no effect of CIE or
CIE-WD (Fig. 5D). There was no significant effect of ethanol on
sIPSC amplitude in RS or LS CRF1� neurons from AIR, CIE, or
CIE-WD mice, either by cell type (F(1,26) � 0.09, p 
 0.05) or
treatment (F(2,26) � 0.9, p 
 0.05), and no significant interaction
(F(2,26) � 0.5, p 
 0.05). Acute ethanol produced small and vari-
able effects on holding current in both RS and LTB CRF1� neu-
rons, and there was no significant effect of treatment (F(2,22) �
0.2, p 
 0.05) or cell type (F(1,22) � 0.06, p 
 0.05) and no
significant interaction (F(2,22) � 0.5, p 
 0.05) in CRF1� neu-
rons from AIR, CIE, or CIE-WD mice (Fig. 5E). There was also no
difference in the effect of ethanol on sIPSC frequency in RS and

LTB CRF1� neurons between AIR, CIE, and CIE-WD mice (Fig.
5F). There was also no significant effect of ethanol on sIPSC
amplitude in RS or LTB CRF1� neurons from AIR, CIE, or
CIE-WD mice, either by cell type (F(1,17) � 0.6, p 
 0.05) or by
treatment (F(2,17) � 0.3, p 
 0.05), and no significant interaction
(F(2,17) � 2.3, p 
 0.05).

Tonic inhibitory transmission is selectively altered in CeA
projection neurons
As we reported previously that CRF1� neurons make up a subset
of neurons that project out of the CeA in to the dlBNST (Herman
et al., 2013), we predicted that this subset of CRF1� neurons
would also exhibit a reduced tonic conductance following CIE.
To test this hypothesis, we performed whole-cell voltage-clamp
recordings in CRF1� and CRF1� neurons retrogradely labeled
with fluorescent microspheres injected into the dlBNST of mice

Figure 3. A, Representative voltage-clamp recordings from CRF1� neurons from an AIR mouse (top), a CIE mouse (middle), and a CIE-WD mouse (bottom) during superfusion of GBZ (100 �M).
B, Representative voltage-clamp recordings from late-spiking CRF1� neurons from an AIR mouse (top), a CIE mouse (middle), and a CIE-WD mouse (bottom) during superfusion of GBZ (100 �M).
C, Summary of the tonic current in CRF1� neurons revealed by superfusion of GBZ in regular-spiking (AIR, n � 5; CIE, n � 4; CIE-WD, n � 2) and low-threshold bursting neurons (AIR, n � 8; CIE,
n � 7; CIE-WD, n � 13). *p � 0.05 by one sample t-test; #p � 0.001 by treatment. D, Summary of the tonic current in CRF1� neurons revealed by superfusion of GBZ in regular-spiking (n � 4
AIR, n � 6 CIE and n � 8 CIE-WD) and late-spiking neurons (AIR, n � 8; CIE, n � 6; CIE-WD, n � 10). #p � 0.01 by treatment; *p � 0.001 by cell type.
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Figure 4. A, Representative voltage-clamp recordings from a regular-spiking (left) and a late-spiking (right) CRF1� neuron from an AIR mouse during superfusion of THIP (5 �M). B,
Representative voltage-clamp recordings from a regular-spiking (left) and a late-spiking (right) CRF1� neuron from a CIE mouse during superfusion of THIP (5 �M). C, Summary of the
tonic current induced by THIP in regular-spiking (AIR, n � 5; CIE, n � 6; CIE-WD, n � 7) and late-spiking neurons (AIR, n � 8; CIE, n � 6; CIE-WD, n � 9). *p � 0.001 by cell type. D,
Summary of the tonic current induced by THIP in regular-spiking (AIR, n � 5; CIE, n � 5; CIE-WD, n � 1) and low threshold bursting neurons (AIR, n � 6; CIE, n � 6; CIE-WD,
n � 5).

Herman et al. • Chronic Ethanol Alters Tonic and Output of CRF1 CeA Cells J. Neurosci., October 19, 2016 • 36(42):10729 –10741 • 10735



subsequently exposed to AIR, CIE, or
CIE-WD. Projection neurons were identi-
fied using IR-DIC optics during recording
(Fig. 6A, left) and by the presence of red
fluorescent microspheres in the cell body
(Fig. 6A, right). CRF1� projection neu-
rons were identified using IR-DIC optics
(Fig. 6B, left), by GFP expression (mid-
dle), and by red microspheres detected in
the cell body (right). CRF1� neurons
were exclusively of the RS cell type, and
the majority (24 of 30, 80%) of CRF1�
projection neurons were of the LTB cell
type. Gabazine (100 �M) produced a sig-
nificant reduction in holding current in all
CRF1� projection neurons from AIR
mice (11.5 � 2.1 pA; n � 11; Fig. 6C, top
trace, D). In contrast, in CRF1� projec-
tion neurons from CIE mice, gabazine
produced no change in the holding cur-
rent (0.6 � 1.7 pA; p � 0.05 compared to
AIR; n � 8; Fig. 6C, middle trace, D),
and the same loss of effect was observed
in CRF1� projection neurons from
CIE-WD mice (1.5 � 1.4 pA; p � 0.05
compared to AIR; n � 8; Fig. 6C, bottom
trace, D). Similar to what was observed in
CRF1� projection neurons, in CRF1�
projection neurons from AIR mice, gaba-
zine produced a significant reduction in
holding current (14.5 � 3.5 pA; n � 8; Fig.
6E) that was not observed in CRF1� pro-
jection neurons from CIE mice (�0.4 �
0.9 pA; p � 0.05 compared to AIR; n � 7;
Fig. 6E) or CIE-WD mice (1.7 � 2.0 pA;
n � 6; p � 0.05 compared to AIR; Fig. 6E).
The presence of a significant tonic con-
ductance in projecting CRF1� neurons
from AIR mice is surprising given the ab-
sence of tonic conductance observed in
unlabeled CRF1� neurons (Fig. 3D). Al-
though it is possible that microspheres in-
dependently alter tonic GABA signaling in
neurons in which they are taken up, it is
more likely that projection neurons were
not included in the neurons examined in
the previous groups, as projection neu-
rons make up only a small proportion of
CeA CRF1� neurons. These data suggest
that all projection neurons (CRF1� and
CRF1�) are under a significant amount
of tonic inhibitory control that is lost fol-
lowing chronic ethanol exposure, and that
this loss persists into withdrawal.

CRF1� CeA projection neurons display
an increased excitability and loss of
sensitivity to acute ethanol following
CIE
We predicted that the loss of tonic inhib-
itory control of CRF1� CeA projection
neurons would impact the excitability of
these cells. To test this hypothesis, we per-

Figure 5. A, Representative voltage-clamp recordings from a regular-spiking (left) and a late-spiking (right) CRF1� neuron
from an AIR mouse during superfusion of EtOH (44 mM). B, Representative voltage-clamp recordings from a regular-spiking (left)
and a late-spiking (right) CRF1� neuron from a CIE mouse during superfusion of ethanol (44 mM). C, Summary of the tonic current
induced by EtOH in regular-spiking (AIR, n � 5; CIE, n � 6; CIE-WD, n � 4) and late-spiking CRF1� neurons (AIR, n � 7; CIE, n �
5; CIE-WD, n � 8). *p � 0.0001 by cell type. D, Summary of the change in sIPSC frequency induced by EtOH in regular-spiking (AIR,
n � 5; CIE, n � 6; CIE-WD, n � 4) and late-spiking CRF1� neurons (AIR, n � 7; CIE, n � 5; CIE-WD, n � 8). E, Summary of the
tonic current induced by EtOH in regular-spiking (AIR, n � 10; CIE, n � 4; CIE-WD, n � 5) and LTB CRF1� neurons (AIR, n � 9;
CIE, n � 5; CIE-WD, n � 7). F, Summary of the change in sIPSC frequency induced by EtOH in regular-spiking (AIR, n � 4; CIE, n �
4; CIE-WD, n � 3) and LTB CRF1� neurons (AIR, n � 4; CIE, n � 4; CIE-WD, n � 4).
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formed extracellular cell-attached recordings in microsphere-
labeled CRF1� neurons from AIR and CIE mice. CRF1�
projection neurons from AIR mice displayed a baseline firing rate
of 2.9 � 0.6 Hz (n � 8; Fig. 7A, left, B). CRF1� projection
neurons from CIE mice displayed a baseline firing rate that was

significantly higher than that observed in neurons from AIR mice
(8.2 � 2.5 Hz; p � 0.05 compared to AIR; n � 5; Fig. 7A, right, B).
To determine how the changes in baseline excitability of CRF1�
CeA projection neurons would impact the effects of acute ethanol
on firing discharge, we performed cell-attached recordings dur-
ing superfusion of acute ethanol in CRF1� projection neurons
from AIR and CIE mice. In AIR mice, ethanol (44 mM) signifi-
cantly increased the firing rate of CRF1� projection neurons
from 2.9 � 0.6 Hz to 4.7 � 0.6 Hz (p � 0.05; n � 8; Fig. 7C, left,
D). In contrast, in CRF1� projection neurons from CIE mice,
ethanol did not significantly alter the firing rate (8.2 � 2.5 Hz
compared to 7.1 � 1.9 Hz; n � 5; Fig. 7C, right, D). When the
firing rate of each cell was normalized to baseline firing levels,
acute ethanol increased the firing rate of CRF1� projection neu-
rons to 180.1 � 21.2% of control (p � 0.05; n � 8) in AIR mice,
and this increase was completely lost in CRF1� projection neu-
rons from CIE mice (96.4 � 12.5% of control; p � 0.05 compared
to AIR; n � 5; Fig. 7E). Together, these data indicate that CRF1�
projection neurons have an increased level of baseline activity
after chronic ethanol exposure and can no longer increase their
firing rate with acute ethanol exposure. These changes in baseline
excitability and sensitivity to acute ethanol likely have significant
consequences in the extended amygdala circuitry.

Discussion
This study provides new insight into the functional changes in
inhibitory signaling in the CeA CRF1 circuitry following chronic
ethanol exposure. Collectively, the data demonstrate that chronic
ethanol exposure produces significant decreases in the phasic and
tonic inhibition of CRF1� neurons, regardless of the specific cell
type. The loss of tonic inhibition in CRF1� neurons occurs in
parallel with an increase in phasic and tonic signaling in the sub-
population of LS CRF1� neurons. LS CRF1� neurons display an
increased sensitivity to the � subunit-preferring agonist THIP
and to acute ethanol as compared to regular-spiking CRF1� neu-
rons, suggesting that the increased tonic signaling is mediated by
� subunit-containing GABAA receptors that are present, but not
active in the naive state. The loss of tonic inhibition was also seen
in CRF1� neurons that project into the dlBNST, along with an
increase in baseline firing and loss of sensitivity to acute ethanol.
Together, these data suggest that chronic ethanol exposure pro-
duces a functional switch in tonic signaling in the CeA such that
the balance of inhibitory control shifts from CRF1� projection
neurons to LS CRF1� interneurons. This switch results in in-
creased output of the CeA CRF1 system via disinhibition of pro-
jection neurons and includes a loss of sensitivity to acute ethanol.
Interestingly, many of these changes persist into withdrawal, sug-
gesting that they represent long-term neuroadaptations that
could potentially play a role in alcohol dependence behaviors like
escalated alcohol intake and the susceptibility to relapse. A sche-
matic of the proposed inhibitory circuitry regulating activity of
the CRF1 system in naive mice and the changes in inhibitory
signaling that emerge after chronic ethanol exposure is shown in
Figure 8.

As the CeA is primarily a GABAergic nucleus (Pitkänen and
Amaral, 1994), inhibitory signaling is the predominant neu-
rotransmission, the magnitude and type of which is determined
presynaptically by GABA release and postsynaptically by the type
and expression pattern of GABA receptor. GABAA receptor inhi-
bition takes two main forms: phasic and tonic. Phasic inhibition
mediates fast, point-to-point transmission with a relatively short
time scale and rapid deactivation/desensitization. In contrast,
tonic inhibition is characterized by a persistent inhibitory tone

Figure 6. A, A 60� magnification of a CRF1� CeA neuron in IR-DIC optics (left) and red
fluorescent optics depicting retrogradely transported microspheres (right) indicating a projec-
tion to the dlBNST. B, A 60� magnification of a CRF1� CeA neuron in IR-DIC optics (left), green
fluorescent optics (middle), and red fluorescent optics depicting retrogradely transported mi-
crospheres (right). C, Representative voltage-clamp recordings from CRF1� projection neu-
rons from an AIR mouse (top), a CIE mouse (middle), and a CIE-WD mouse (bottom) during
superfusion of GBZ (100 �M). D, Summary of the tonic current revealed by gabazine in CRF1�
projection neurons from AIR (n �11), CIE (n �8), and CIE-WD (n �8) mice. E, Summary of the
tonic current revealed by gabazine in CRF1� projection neurons from AIR (n � 8), CIE (n � 7),
and CIE-WD (n � 6) mice. *p � 0.05 by one-way ANOVA. Scale bars: 20 �m.
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that dampens excitability (for review, see
Glykys and Mody, 2007a; Belelli et al.,
2009). Distinct receptor populations with
specific GABAA receptor subunit configu-
rations mediate the different types of in-
hibition and the relative properties of each
(Semyanov et al., 2004). We showed pre-
viously that the tonic signaling in CRF1�
neurons is driven by action potential-
dependent GABA release and is mediated
by GABAA receptors containing the �1
subunit (Herman et al., 2013). The loss of
tonic signaling in CRF1� neurons after
chronic ethanol could be the result of sev-
eral (possibly converging) mechanisms.
One possibility is that a decrease in pre-
synaptic GABA release removes the input
required to stimulate these receptors. This
idea is consistent with the decrease in
sIPSC frequency in CRF1� neurons after
chronic ethanol. Another possibility is
that the GABAA receptors located on
CRF1� neurons are downregulated so
that there are fewer receptors to carry a
tonic conductance. This interpretation is
consistent with an overall downregulation
of GABAA receptors as suggested by the
decrease in sIPSC amplitude that we ob-
served in CRF1� neurons after chronic
ethanol exposure. However, the decrease
in sIPSC amplitude was only observed in
LTB CRF1� neurons, but the loss of tonic
conductance was observed in both LTB
and RS neurons, suggesting that an overall
downregulation of GABAA receptors is
not the dominant mechanism behind the
loss of tonic inhibition. A third possibility
is that the subunit composition and/or or
synaptic localization of GABAA receptor
subunits is altered in CRF1� neurons af-
ter chronic ethanol, similar to what has
been observed in the hippocampus (Liang
et al., 2009) and thalamus (Werner et al.,
2016) following chronic ethanol treat-
ment. Changes in sIPSC kinetics (rise and
decay times) in CRF1� neurons follow-
ing chronic ethanol supports the idea that
the composition of GABAA receptor sub-
units is altered in CRF1� neurons follow-
ing chronic ethanol. However, while the
decrease in sIPSC frequency partially re-
covered but the loss of tonic conductance
persisted into withdrawal, the changes in
sIPSC amplitude and decay were restored
to control levels in withdrawal, suggesting
that they may represent independent neu-
roadaptations. In addition, changes in
sIPSC kinetics were also observed in
CRF1� neurons, suggesting that these
changes occur independent of changes in
tonic conductance.

In contrast to the potential changes in
GABAA receptor expression and/or local-

Figure 7. A, Representative cell-attached recordings from CRF1� neurons containing microspheres from an AIR mouse
(left trace) and from a CIE mouse (right trace). B, Summary of the average baseline firing rate in CRF1� neurons from AIR
mice (n � 8) and CRF1� neurons from CIE mice (n � 5). *p � 0.05 by unpaired t test. C, Representative cell-attached
recordings from CRF1� neurons containing microspheres from an AIR mouse (left traces) and from a CIE mouse (right
traces) before (upper traces) and during (lower traces) superfusion of EtOH (44 mM). D, Summary of the average firing rate
before and during EtOH superfusion in CRF1� neurons from AIR mice (n � 8) and CRF1� neurons from CIE mice (n � 5).
*p � 0.05 by paired t test. E, Summary of the average change in firing rate (percentage of control) following EtOH
superfusion in CRF1� neurons from AIR mice (n � 8) and CRF1� neurons from CIE mice (n � 5). *p � 0.05 by
one-sample t test; #p � 0.05 by unpaired t test.
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ization in CRF1� neurons following chronic ethanol, our data
suggest that the tonic conductance observed in LS CRF1� neu-
rons following CIE is mediated by GABAA receptors that are
present in control conditions. The relative sensitivity of LS
CRF1� neurons to the GABAA receptor agonist THIP and to
acute ethanol and the lack of effect of chronic ethanol treatment
on that relative sensitivity suggest that although � subunit-
containing receptors are present on LS CRF1� neurons in the
basal state, they are not occupied. As these receptors are located at
extrasynaptic sites (Glykys and Mody, 2007a), they are likely not
activated unless ambient GABA levels reach a sufficient thresh-
old, which may not occur in the naive CeA. We have previously
reported a rise in ambient GABA levels after chronic ethanol
administration (Roberto et al., 2004), which is consistent with the
potential for activation of extrasynaptic GABAA receptors con-
taining the � subunit and the significant increase in tonic sig-
naling that we observed in LS CRF1� neurons. Interestingly,
despite the increase in activity of � subunit-containing GABAA

receptors in LS CRF1� neurons following chronic ethanol
administration, acute ethanol was still able to stimulate a fur-
ther increase in tonic signaling, suggesting that the occupa-
tion/activation is submaximal.

The CRF system, and particularly CRF1, in the CeA have been
implicated in the effects of stress, anxiety, and all stages of alcohol
dependence (Koob, 2008; Roberto et al., 2010; Lowery-Gionta et

al., 2012). As the CeA is an integrative hub that coordinates in-
ternal and external sensory input into behaviorally relevant re-
sponses (Gilpin et al., 2015), the CeA CRF1 system represents a
common pathway for the convergence of stress, alcohol, and
anxiety-related signaling. Activation of CRF1 has been impli-
cated in the development of the negative emotional state associ-
ated with dependence, and it has been proposed that alleviation
of this negative state drives the motivation to drink (Koob, 2010).
Consistent with this view, administration of a CRF1 antagonist
has been shown to reduce ethanol consumption in both rat and
mouse models of dependence (Chu et al., 2007; Finn et al., 2007;
Funk et al., 2007; Correia et al., 2015). The CRF1 system may also
play a critical role in stress-related vulnerability to alcohol expo-
sure. Notably, the increased impulsivity and excessive ethanol
consumption in rodents subjected to early life stress can be re-
versed by CRF1 antagonism as well as pharmacological manipu-
lation of GABAA receptor signaling in the CeA (Gondré-Lewis et
al., 2016). CRF has been shown to augment GABA transmission
in the CeA via actions at CRF1 (Nie et al., 2004; Roberto et al.,
2010), and CeA CRF neurons use GABA as a cotransmitter as well
as display increased activity after chronic stress (Partridge et al.,
2016). It is important to note that the mouse model we used in the
present study only reflects neurons that express CRF1 (Justice et
al., 2008), and provides no information on CRF peptide actions
or circuitry. It is not currently known if the CRF1� CeA neurons

Figure 8. Proposed schematic of the changes in inhibitory signaling in CRF1� and CRF1� neurons that make up the CeA microcircuitry. In the CeA of naive mice (left) the majority of inhibitory
signaling (phasic and tonic) is on CRF1� neurons, some of which project out of the CeA into the BNST. CRF1� neurons possess the potential for enhanced tonic signaling that can be stimulated by
specific GABAA receptor agonists or by acute ethanol. After CIE vapor exposure (right), there is a switch in inhibitory control such that the dominant inhibitory drive (phasic and tonic) is on late-spiking
CRF1� neurons. The enhanced inhibition on this select population of CRF1� neurons results in a reduction in phasic inhibition in CRF1� neurons and a subsequent loss of the tonic inhibition that
was driven by phasic GABA release onto CRF1� neurons. The net result of this functional switch in inhibitory control is an increase in the baseline activity of CRF1� neurons that project out of the
CeA into the BNST via disinhibition and the loss of sensitivity of these neurons to the effects of acute ethanol on firing.
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in the CRF1:GFP mouse display any overlap with CRF neurons in
the CeA. Although progress has been made with reporter mice
(Silberman and Winder, 2015), more sophisticated animal mod-
els and/or technological approaches are required to more directly
pinpoint the intersection of the CRF and CRF1 systems in the
CeA.

The primary focus of this study is CRF1 circuitry in the CeA
and the effects of acute and chronic ethanol on local inhibition
and the dysregulation of CeA CRF1 output. This information is
critical to developing an improved understanding of how specific
circuits within the CeA are altered following chronic alcohol ex-
posure. The CeA is a heterogeneous nucleus, but recent studies
have begun to characterize distinct cell populations and their role
in circuits governing specific behaviors. For example, circuitry-
specific changes in CeA processing have been implicated in con-
ditioned fear (Haubensak et al., 2010) and in anxiety (Botta et al.,
2015). A common theme of these studies is the importance of
local inhibitory signaling in the flow of information through dis-
tinct circuits. Specific inhibitory microcircuits in the central
amygdala govern different aspects of fear learning (Ciocchi et al.,
2010), and extrasynaptic inhibition regulates the changes in ex-
citability underlying the encoding of generalized fear or anxiety
(Botta et al., 2015). The mechanism of disinhibition that we re-
port here following chronic ethanol exposure has also been re-
ported for engaging specific aspects of amygdala circuitry in fear
learning (Wolff et al., 2014). Disinhibition of projection neurons
has been implicated in critical circuitry changes related to learn-
ing and memory in various brain regions and systems (Letzkus et
al., 2015). If the development of alcohol dependence can be con-
ceptualized as a pathological expression of learning, then it is
compelling that both processes would use a similar mechanism of
disinhibition for the engagement of specific components of cir-
cuitry. This view agrees with the current focus on the role of
disease-specific alterations in distinct amygdala circuits as major
contributing factors in the development of addiction (Koob and
Volkow, 2010) and the commonalities between addiction and
anxiety (Lüthi and Lüscher, 2014).
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