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Abstract

Neuroadaptations in brain regions that regulate emotional and reward-seeking behaviors have been 

suggested to contribute to pathological behaviors associated with alcohol-use disorder. One such 

region is the bed nucleus of the stria terminalis (BNST), which has been linked to both alcohol 

consumption and alcohol withdrawal-induced anxiety and depression. Recently, we identified a 

GABAergic microcircuit in the BNST that regulates anxiety-like behavior. In the present study, we 

examined how chronic alcohol exposure alters this BNST GABAergic microcircuit in mice. We 

selectively targeted neurons expressing corticotropin releasing factor (CRF) using a CRF-reporter 

mouse line and combined retrograde labeling to identify BNST projections to the ventral 

tegmental area (VTA) and lateral hypothalamus (LH). Following 72 h of withdrawal from four 

weekly cycles of chronic intermittent ethanol (CIE) vapor exposure, the excitability of a sub-

population of putative local CRF neurons that did not project to either VTA or LH 

(CRFnon-VTA/LH neurons) was increased. Withdrawal from CIE also increased excitability of non-

CRF BNST neurons that project to both LH and VTA (BNSTnon-CRF-proj neurons). Furthermore, 

both populations of neurons had a reduction in spontaneous EPSC amplitude while frequency was 

unaltered. Withdrawal from chronic alcohol was accompanied by a significant increase in 

spontaneous IPSC frequency selectively in the BNSTnon-CRF-proj neurons. Together, these data 

suggest that withdrawal from chronic ethanol dysregulates local CRF-GABAergic microcircuit to 

inhibit anxiolytic outputs of the BNST which may contribute to enhanced anxiety during alcohol 

withdrawal and drive alcohol-seeking behavior.
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1. Introduction

A variety of factors contribute to the transition from controlled drinking to alcohol 

dependence, and a growing body of literature suggests that stress and anxiety play a critical 

role in this process (Koob, 2008; Sinha, 2008). Data from human studies indicate that stress 

can induce craving and relapse to substance abuse, and anxiety is a substantial risk factor for 

relapse in abstinent alcoholics (Breese et al, 2005; Fox et al, 2007; Hill et al, 2001; Sinha et 

al, 2008). In rodents, chronic ethanol exposure leads to increased anxiety-like behavior, as 

demonstrated by alterations in the novelty-induced suppression of feeding assay, the marble 

burying assay and the elevated plus maze assay (Jury et al, 2017; Pleil et al, 2015; Van Skike 

et al, 2015; for review, see, Kliethermes, 2005).

Converging evidence shows that the extended amygdala, particularly, the bed nucleus of the 

stria terminalis (BNST) plays a key role in anxiety-like behavior, stress-induced 

reinstatement of drug seeking, and negative affect related to dependence (Aston-Jones and 

Harris, 2004; Erb et al, 2001; for review, Lebow and Chen, 2016). The BNST comprises 

several sub-nuclei (Dong et al, 2001b, 2001a; Dong and Swanson, 2006a, 2006b) with the 

vast majority of neurons being GABAergic in phenotype (Sun and Cassell, 1993). The 

BNST sends both GABAergic and glutamatergic projections to areas known for reward-

seeking and addiction, such as the ventral tegmental area (VTA) and the lateral 

hypothalamus (LH) (Dong and Swanson, 2006a, 2006b; Kudo et al, 2012; Jennings et al, 
2013), and also has an extensive system of intrinsic, GABAergic interneurons (Sun and 

Cassell, 1993). Pharmacological manipulations within the BNST can alter ethanol drinking 

behaviors (Eiler II et al, 2003). Moreover, both acute and chronic ethanol exposure can 

induce persistent changes in the BNST circuit (Kash et al, 2008, 2009; Pleil et al, 2015a).

In addition to neurotransmitter releasing populations of neurons, BNST neurons can also co-

express diverse neuropeptides that can robustly shape circuit function and behavior. One 

such peptide is corticotropin releasing factor (CRF), a 41-amino acid peptide that is co-

expressed in GABAergic neurons within the BNST (Gray and Magnuson, 1992; Ju and Han, 

1989). Within the BNST, CRF neurons are clustered in the dorsolateral and ventrolateral 

regions and dense CRF terminals are also expressed in the BNST, which may originate from 

either local BNST-CRF neurons or from BNST-projecting CRF neurons in the central 

amygdala (Cummings et al, 1983; Morin et al, 1999). Decades of research has implicated the 

role of the CRF system in alcohol addiction and stress- and anxiety-related behaviors (Heilig 

and Koob, 2007; Koob, 2008; Phillips et al, 2015). Central CRF signaling is recruited and 

altered in rodent models of alcohol dependence (Lowery-Gionta et al, 2012; Olive et al, 

2002; Roberto et al, 2010; Silberman et al, 2013a). Previously, we have shown that 

inhibition of CRF neurons within the BNST, as well as BNST CRF neuron terminals in the 

VTA, suppresses binge alcohol drinking (Pleil et al, 2015c; Rinker et al, 2017).

Recently, we identified a BNST local GABAergic microcircuit that regulated anxiety-like 

behavior and fear learning via inhibition of BNST neurons that project to the VTA and LH 

(Marcinkiewcz et al, 2016). Using a combination of slice physiology and optogenetics, we 

found that a subpopulation of putative local CRF neurons that do not project to either the 

VTA or the LH (referred to as CRFnon-VTA/LH neurons) inhibited BNST neurons that project 
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to the VTA and LH via GABA release. This inhibition resulted in increased anxiety-like 

behavior. While the importance of this BNST microcircuit in regulating anxiety-like 

behavior has been identified, it is not known how chronic alcohol exposure can alter the 

function of this microcircuit. Here we test the hypothesis that chronic ethanol exposure alters 

functional connectivity between CRFnon-VTA/LH neurons and non-CRF BNST projections to 

the VTA and LH (referred to as BNSTnon-CRF-proj neurons), such that there is increased 

inhibition of BNST projections to the VTA and LH. To evaluate this, we used chronic 

intermittent ethanol (CIE) vapor exposure, a well-established rodent model of ethanol 

dependence and withdrawal (Becker and Lopez, 2004), and measured electrophysiological 

correlates of neuronal excitability and synaptic transmission in the BNST.

2. Materials and Methods

2.1. Mice

All experiments were performed on adult male mice (3-6 months) in accordance with the 

NIH guidelines for animal research and with the approval of the Institutional Animal Care 

and Use Committee at the University of North Carolina at Chapel Hill. Animals were group 

housed in a ventilated and temperature-controlled vivarium on a standard 12-hour cycle 

(lights on at 07:00) with ad libitum access to food and water. To visualize CRF-expressing 

neurons, Crf-ires-Cre mice (Krashes et al, 2014) were crossed with a Cre-inducible L10-

GFP reporter line (Madisen et al, 2009) to produce CRF-L10A-GFP mice, referred to as 

CRF-reporters throughout the manuscript. CRF-reporters were bred in-house and mice were 

crossed for several generations to C57 mice before using.

2.2. Stereotaxic Surgery

All surgeries were done under aseptic conditions. Adult male mice were deeply anesthetized 

with 5% isoflurane (v/v) in oxygen and placed in a stereotactic frame (Kopf Instruments) 

while on a heated pad. To fluorescently label VTA- and LH-projecting BNST neurons, a 

retrograde tracer Choleratoxin B (CTB) 555 was microinjected bilaterally in the LH and the 

VTA using a 1 μl Neuros Hamilton syringe at a rate of 100 nl/min. CTB volume was 200 nl 

per target site. After infusion, the needle was left in place for 10 minutes to allow for 

diffusion of the CTB 555 before being slowly withdrawn. Injection coordinates (in mm, 

relative to bregma) used were: VTA (AP: −2.9, ML: ±0.3, DV: −4.6) and the LH (AP: −1.7, 

ML: ±0.9 to 1.10, DV: −5.00 to −5.2). Following surgery, all mice were returned to group 

housing and allowed to recover for at least two weeks before CIE exposure. Mice had ad 
libitum access to acetaminophen solution (0.4 mg/ml) two days before and seven days after 

surgery to minimize post-operative discomfort.

2.3. Chronic intermittent ethanol (CIE) exposure

Chronic ethanol exposure was achieved via vapor inhalation as previously described (Becker 

and Lopez, 2004; Jury et al, 2017). Briefly, two weeks post-surgery, mice were placed in 

vapor chambers and exposed to ethanol volatized by passing air through a vaporization stone 

submerged in ethanol (95%) and mixed with fresh air to deliver 19–22 mg ethanol/L of air at 

a rate of ∼10 L/min. Mice in the ethanol group received i.p. injections of pyrazole (an 

alcohol dehydrogenase inhibitor) combined with 1.5 g/kg ethanol to induce intoxication and 
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stabilize blood ethanol concentrations prior to placement in the chambers. Air controls 

received only pyrazole and were placed in dedicated chambers (located adjacent to the 

ethanol chambers) in which air was exchanged at a rate of ∼10 L/min.

Each cycle of CIE exposure lasted 16 h per day (in at 1700 h, out at 0900 h), followed by an 

8 h withdrawal for four consecutive days of exposure (Monday-Friday) followed by a longer, 

80 h, withdrawal (Friday-Monday). This was repeated for a total of four cycles.

2.4. Slice electrophysiology

For ex vivo slice physiology, mice were anesthetized with isoflurane, 72-hour post the last 

cycle of CIE and were rapidly decapitated. This time point was selected as we have 

previously observed behavioral changes at this time post CIE (Jury et al, 2017). 300 μm 

thick coronal sections through the BNST were prepared as previously described (Mazzone et 

al, 2016). Briefly, brains were quickly extracted, and slices were made using a Leica VT 

1200s vibratome (Leica Biosystems, IL, USA) in ice-cold, oxygenated sucrose solution 

containing in mM: 194 sucrose, 20 NaCl, 4.4 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10 

glucose and 26 NaHCO3 saturated with 95 % O2/5 % CO2. Slices were incubated for at least 

30 minutes in normal artificial cerebral spinal fluid (ACSF) maintained at 32-35°C that 

contained in mM: 124 NaCl, 4.4 KCl, 1 NaH2PO4, 1.2 MgSO4, 10 D-glucose, 2 CaCl2, and 

26 NaHCO3, saturated with 95% O2/5 % CO2 before transferring to a submerged recording 

chamber (Warner Instruments, CT, USA) for experimental use. For whole-cell recordings, 

slices were continuously perfused at a rate of 1.5-2.0 ml/min with oxygenated ACSF 

maintained at 30±2°C.

Neurons were identified using infrared differential interference contrast on a Scientifica 

Slicescope II (East Sussex, UK). Fluorescent cells were visualized using a mercury arc 

lamp-based system combined with filters that allow for identification of GFP (470 nm), as 

well as red retrobeads (569 nm). Whole-cell patch clamp recordings were performed using 

micropipettes pulled from a borosilicate glass capillary tube using a Flaming/Brown 

electrode puller (Sutter P-97; Sutter Instruments, Novato, California). Electrode tip 

resistance was between 3 and 6 MΩ. All signals were acquired using an Axon Multiclamp 

700B (Molecular Devices, Sunnyvale, CA). Data were sampled at 10 kHz, low-pass filtered 

at 3 kHz. Access resistance was continuously monitored and changes greater than 20% from 

the initial value were excluded from data analyses. Series resistance was uncompensated. 

2-4 cells were recorded from each animal per set of experiments.

Excitability experiments were performed in current clamp mode using a potassium 

gluconate-based intracellular solution (in mM: 135 K-gluconate, 5 NaCl, 2 MgCl2, 10 

HEPES, 0.6 EGTA, 4 Na2ATP, 0.4 Na2GTP, pH 7.3, 285–292mOsm). Input resistance was 

measured immediately after breaking into the cell. Following stabilization, current was 

injected to hold cells at a common membrane potential of −70 mV to account for inter-cell 

variability. Changes in excitability were evaluated by measuring rheobase (minimum current 

required to elicit an action potential), action potential (AP) threshold and the number of 

action potentials fired at increasing 10 pA current steps (0 to 120 pA). Parameters related to 

AP shape, which included AP height, AP duration at half-maximal height (AP half-width), 
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time to fire an AP (AP latency), and afterhyperpolarization (AHP) amplitude were 

calculated from the first action potential fired during the V-I plot.

For assessment of spontaneous synaptic activity, two different intracellular solutions were 

used. Spontaneous excitatory postsynaptic currents (sEPSCs) were assessed in voltage 

clamp using a cesium gluconate-based internal (in mM: 135 Cs-gluconate, 5 NaCl, 10 

HEPES, 0.6 EGTA, 4 ATP, 0.4 GTP, pH 7.2, 290–295 mOsm with 1mg/ml QX-314). Cells 

were voltage clamped at −80 mV in the presence of 25 μM picrotoxin (GABA-A receptor 

antagonist) to pharmacologically isolate EPSCs. Spontaneous inhibitory postsynaptic 

currents (sIPSCs) were pharmacologically isolated by adding kynurenic acid (3mM) to the 

ACSF to block AMPA and NMDA receptor-dependent postsynaptic currents. Cells were 

clamped at −70 mV and recorded using a potassium-chloride gluconate-based intracellular 

solution (in mM: 70 KCl, 65 K-gluconate, 5 NaCl, 10 HEPES, 0.5 EGTA, 4 ATP, 0.4 GTP, 

pH 7.2, 285–290mOsmol with 1mg/ml QX-314). For experiments that required minimal 

spontaneous synaptic activity in the slice, ACSF was supplemented with tetrodotoxin (TTX; 

500 nM), to block voltage-gated sodium channels.

2.5. Drugs

All chemicals used for slice electrophysiology were obtained from either Tocris Bioscience 

(Minneapolis, USA) or Abcam (Cambridge, UK). CTB 555 was purchased from Invitrogen 

(Cat # C34776) and pyrazole from Sigma-Aldrich (St. Louis, MO, USA).

2.6. Data and statistical analysis

Differences in various electrophysiological measures were analyzed in Clampfit 10.6 or 10.7 

(Molecular Devices, Sunnyvale, CA) and compared between the air and CIE-exposed 

groups. Frequency, amplitude, and kinetics of E/IPSCs were analyzed and visually 

confirmed using Clampfit 10.7. For comparisons between two groups, P-values were 

calculated using a standard unpaired t-test. If the condition of equal variances was not met, 

Welch’s correction was used. Repeated measures ANOVAs (treatment X current injection) 

were used to assess between-group differences in the spike numbers fired across a range of 

current steps. All data are expressed as mean ± SEM. P-values ≤ 0.05 were considered 

significant. All statistical analysis was performed using GraphPad Prism v.8 (La Jolla, CA, 

USA).

3. Results

3.1. Withdrawal from CIE increases neuronal excitability of CRFnon-VTA/LH neurons

The excitability of CRFnon-VTA/LH neurons was assessed in CRF-reporter mice following 

72h withdrawal from 4 cycles of CIE (Fig. 1A). CRFnon-VTA/LH neurons were identified and 

differentiated from BNSTnon-CRF-proj neurons using a mercury arc lamp-based system. 

CRFnon-VTA/LH neurons were defined as neurons that expressed GFP but not CTB 555. A 

total of six mice were used in each group to determine the excitability of CRFnon-VTA/LH 

neurons following withdrawal from CIE. Fig 1C shows no change in resting membrane 

potential between air-exposed control mice (n=12 cells) and CIE-exposed mice (n=8 cells; 

[t(18)=0.6698, p=0.5115; unpaired t-test]). All measures of excitability were taken at −70 
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mV to normalize for inter-cell variability in RMP. The action potential threshold and the 

amount of current required to fire an action potential (rheobase) were assessed through a 

ramp protocol of 120 pA/1s. Withdrawal from CIE significantly reduced the rheobase when 

compared to air-exposed mice (Fig. 1B,D; n=13 cells in Air group; n=10 cells in CIE group; 

[t(15.65)=2.210, p=0.0424; unpaired t-test with Welch’s correction) with no change in the 

action potential threshold (Fig. 1H; [t(21)= 1.247, p = 0.2260; unpaired t-test]). Next, we 

measured the number of action potentials fired across a range of current steps (0-120 pA for 

250 ms, at an increment of 10 pA). We observed a significant interaction between the two 

groups as revealed by repeated measures two-way ANOVA (Fig. 1F-G; [F(12,252)=1.870, 

p=0.0385] for group x current interaction; [F(1,21)=3.062, p=0.0948] for main effect of 

group; [F(12,252)= 29.23, p<0.0001] for main effect of current). We also found that the 

average input resistance of CRFnon-VTA/LH neurons obtained from CIE-exposed mice (n=10 

cells) was higher when compared to air-exposed control mice (Fig.1E; n=13 cells; [t(21)= 

2.438, p=0.0238; unpaired t-test]). The average capacitance did not differ between the two 

groups ([t(21)=0.3951, p=0.6968; unpaired t-test]). Also, there was a trend toward negative 

correlation between input resistance and rheobase in the CIE group (data not shown; r2= 

0.3383; p=0.0778). CIE did not alter action potential kinetics of CRFnon-VTA/LH neurons. 

Specifically, CIE mice (n=10 cells) were similar to air mice (n=9 cells) with respect to AP 

latency (Fig. 1I; [t(17)=0.4339, p=0.6698; unpaired t-test]), peak AP amplitude (Fig. 1J; 

[t(17)=0.1742, p=0.8638; unpaired t-test]), AP half-width (Fig. 1J; [t(17)=0.1107, p=0.9131; 

unpaired t-test]) and fast AHP (Fig. 1K; n= 8 cells from Air group; n=9 cells from CIE 

group; [t(15)=0.8351, p=0.4168; unpaired t-test]). Together these results indicate that CIE 

results in increased excitability of a subpopulation of putatively local CRF expressing 

neurons in the BNST that do not project to LH and VTA.

3.2. Withdrawal from CIE increases neuronal excitability BNSTnon-CRF-proj neurons

We next asked whether CIE can modulate the excitability of BNSTnon-CRF-proj neurons. Four 

CRF-reporter mice per group were used for ex-vivo patch clamp recordings following CIE 

(Fig. 2A). BNSTnon-CRF-proj neurons were identified as neurons that expressed CTB 555 but 

not GFP. Mice that were exposed to air were similar to CIE-exposed mice with regard to 

RMP (Fig. 2C; n= 7 cells from Air controls; n=5 cells from CIE mice; [t(10)=1.022, 

p=0.3308; unpaired t-test]), input resistance (Fig. 2E; n= 7 cells from Air controls; n=6 cells 

from CIE mice; [t(11)=0.010, p=0.9917; unpaired t-test]), rheobase (Fig. 2B,D; 

[t(11)=0.4139, p=0.6869; unpaired t-test]) and action potential threshold (Fig. 2H; 

[t(11)=0.9363, p=0.3692; unpaired t-test]). Interestingly, we observed a significant 

interaction between the two groups and the number of action potentials fired across a range 

of current steps (Fig. 2F-G; [F(12, 132) = 2.412, p = 0.0074] for group x current interaction; 

[F(1,11) = 1.829, p=0.2034] for main effect of group; [F(12,132) = 72.17, p<0.0001] for 

main effect of current; RM measures two-way ANOVA). Similar to CRFnon-VTA/LH neurons, 

there was no impact of CIE on action potential kinetics of BNSTnon-CRF-proj neurons as 

measured by AP latency (Fig. 2I; [t(11)=0.01708, p=0.9867; unpaired t-test]), AP height 

(Fig. 2J; [t(11)=1.368, p=0.1986; unpaired t-test]), AP half-width (Fig. 2J; [t(11)=1.499, 

p=0.1619; unpaired t-test]) and fast AHP (Fig. 2K; n= 6 cells per group; [t(10)=1.632, 

p=0.1338; unpaired t-test]). These data show increased excitability of non-CRF neurons in 

the BNST that project to LH and VTA in response to withdrawal from chronic ethanol.
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3.3. Withdrawal from CIE reduces the amplitude of spontaneous, but not miniature, 
glutamatergic post-synaptic currents in both CRFnon-VTA/LH and BNSTnon-CRF-proj neurons

Given that withdrawal from chronic ethanol could influence excitatory drive by altering 

glutamatergic signaling in the BNST, we evaluated the impact of CIE on excitatory synaptic 

transmission on both CRFnon-VTA/LH and BNSTnon-CRF-proj neurons. CIE had no effect on 

sEPSC frequency onto CRFnon-VTA/LH neurons (Fig. 3A-C; n=12 cells from 5 air-exposed 

mice and n=13 cells from 5 CIE-exposed mice; [t(23)=0.2927, p=0.7724; unpaired t-test]) 

but reduced the amplitude of sEPSC events ([t(16.60) =2.887, p=0.0104; unpaired t-test with 

Welch’s correction]). Similarly, following CIE there was a significant reduction in sEPSC 

amplitude onto BNSTnon-CRF-proj neurons (Fig. 3F-H; n=12 cells from 5 air-exposed mice 

and n=11 cells from 6 CIE-exposed mice; [t(15.07)=3.725, p=0.0020; unpaired t-test with 

Welch’s correction]) without altering the frequency ([t(21)=0.5680, p=0.5761; unpaired t-

test]).

Surprisingly, this reduction in the amplitude of excitatory events in both population of 

neurons was not observed in action-potential independent miniature neurotransmission (in 

the presence of 500 nM tetrodotoxin). Specifically, no change in mEPSC frequency 

([t(11.29)=0.9401, p=0.3669; unpaired t-test with Welch’s correction]) and amplitude 

([t(17)=0.5873, p=0.5647; unpaired t-test]) on CRFnon-VTA/LH neurons (Fig. 3D-E; n=10 

cells from 5 Air mice; n=9 cells from 4 CIE mice), neither any change in mEPSC frequency 

([t(18)=0.017, p=0.9862; unpaired t-test]) and amplitude ([t(9.01)=0.1424, p=0.8899; 

unpaired t-test with Welch’s correction]) on BNSTnon-CRF-proj neurons (Fig. 3I-J; n=9 cells 

in air group and n=11 cells in CIE group from 4 mice each). The average decay time (Air 

group: 3.439 ± 0.3415 ms; CIE group: 3.319 ± 0.3750 ms; [t(17)=0.2356, p=0.8166; 

unpaired t-test]) and rise time (Air group: 1.275 ±0.07970 ms; CIE group: 1.152 ± 0.08545 

ms; [t(17) =1.051, p=0.3080; unpaired t-test]) of mEPSC on CRFnon-VTA/LH neurons did not 

vary between the two groups. Similarly, the average decay time (Air group: 3.183 ± 0.3933 

ms; CIE group: 3.574 ± 0.3478 ms; [t(18)=0.7455, p=0.4656; unpaired t-test]) and rise time 

(Air group: 1.304 ± 0.1034 ms; CIE group: 1.116 ± 0.066 ms; [t(18)=1.589, p=0.1294; 

unpaired t-test]) of mEPSC on BNSTnon-CRF-proj neurons were not altered by exposure to 

chronic ethanol. Thus, withdrawal from CIE modulated action potential-dependent 

glutamatergic transmission on both CRFnon-VTA/LH and BNSTnon-CRF-proj neurons.

3.4 Withdrawal from CIE selectively increases GABAergic transmission on 
BNSTnon-CRF-proj neurons, but not on CRFnon-VTA/LH neurons

Based on previous work from our lab suggesting that CRF neurons form local inhibitory 

circuits within the BNST, we next measured GABAergic signaling in both CRFnon-VTA/LH 

and BNSTnon-CRF-proj neurons after CIE. Withdrawal from CIE did not alter sIPSCs in 

CRFnon-VTA/LH neurons, with no change in either frequency (Fig. 4A-B; n=10-11 cells from 

5 mice in each group; [t(19)=0.4209, p=0.6785; unpaired t-test]) or amplitude (Fig. 4C; 

[t(19)=0.8925, p=0.3833; unpaired t-test]). Also, no change was observed in either action-

potential independent (miniature) IPSC (mIPSC) frequency onto CRFnon-VTA/LH neurons 

(Fig. 4D-E; n= 9 cells each from 4 air-exposed mice and 5 CIE-exposed mice, respectively; 

[t(16)=0.4685, p=0.6458; unpaired t-test]) or mIPSC amplitude ([t(16)=1.342, p=0.1982; 

unpaired t-test]). Additionally, we did not observe any change in mIPSC kinetics such as, 
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average decay time (Air group: 23.59 ± 1.969 ms; CIE group: 22.73 ± 2.270 ms; 

[t(16)=0.2853, p=0.7791; unpaired t-test]) and rise time (Air group: 2.573 ± 0.1986 ms; CIE 

group: 2.829 ± 0.1792 ms; [t(16)=0.9553, p=0.3536; unpaired t-test]).

In contrast, BNSTnon-CRF-proj neurons had a significant upregulation in GABAergic 

signaling as indicated by an increase in sIPSC frequency (Fig. 4F-G; n=11 cells from 3 air 

mice and n=19 cells from 4 CIE mice; [t(23.22)=3.929, p=0.0007; unpaired t-test with 

Welch’s correction]) but not amplitude (Fig. 4H; [t(28)=0.3091, p=0.7595; unpaired t-test]). 

This change was dependent on the action-potential mediated release of GABA since the 

effect was blocked in the presence of TTX (Fig. 4I-J; n= 12 cells from 6 Air mice and n= 7 

cells from 3 CIE mice; [t(6.963)=0.6961, p=0.5089; unpaired t-test with Welch’s 

correction]). No change was observed in mIPSC amplitude on BNSTnon-CRF-proj neurons 

([t(17)=1.023, p=0.3209; unpaired t-test]). Further, we did not find any change in either 

decay time (Air group: 21.37 ± 1.068 ms; CIE group: 19.87 ± 1.477 ms; [t(17)=0.8352, 

p=0.4152; unpaired t-test]) or rise time (Air group: 2.044 ± 0.1236 ms; CIE group: 2.264 ± 

0.2588 ms; [t(17)=0.8686, p=0.3971; unpaired t-test]) of mIPSCs. Collectively, these data 

reveal a selective increase in an inhibitory drive on BNSTnon-CRF-proj neurons in mice 

undergoing withdrawal from CIE mice that is network activity-dependent.

4. Discussion

The BNST is a key integrator of diverse motivational states (Lebow and Chen, 2016) and 

plays a critical role in addiction-related behavior (Carboni et al, 2000; Koob and Le Moal, 

2008). Here we show that chronic exposure to ethanol followed by 72h withdrawal leads to 

robust changes in neuronal function consistent with engagement of a local GABAergic 

microcircuit in the BNST, supporting a role for this circuit in the pathophysiology of alcohol 

abuse. We used the CIE model (Becker and Lopez, 2004) as CIE has been shown to elicit 

robust alterations in the physiology of the BNST (Kash et al, 2009; Wills et al, 2012; 

Marcinkiewcz et al, 2015; Pleil et al, 2015b) and anxiety-like behavior. We focused on two 

distinct populations of neurons within the BNST characterized by their neuropeptide 

expression and outputs. CRFnon-VTA/LH neurons were defined as BNST neurons that 

expressed the neuropeptide, CRF, and did not project to either the VTA or the LH. 

BNSTnon-CRF-proj neurons were identified as BNST neurons that send projections to the 

VTA or the LH and do not express CRF. Withdrawal from chronic ethanol exposure 

increased the excitability of both CRFnon-VTA/LH and BNSTnon-CRF-proj neurons. 

Additionally, both CRFnon-VTA/LH and BNSTnon-CRF-proj neurons had a reduction in the 

amplitude of excitatory transmission following withdrawal. Interestingly, this effect was 

activity-dependent and did not alter action-potential independent transmission. Furthermore, 

we show that ethanol withdrawal significantly increased inhibitory transmission specifically 

in BNSTnon-CRF-proj neurons that depended on within slice network dynamics. Taken 

together, these results demonstrate that withdrawal from chronic ethanol exposure 

dysregulates local CRF-GABAergic microcircuit which may contribute to the alcohol-

induced negative affect and drive craving and alcohol-seeking behavior.
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4.1 Chronic ethanol effects on CRFnon-VTA/LH neurons in the BNST

CRF, a stress peptide plays an integral role in modulating alcohol addiction and stress- and 

anxiety-related behaviors (Heilig and Koob, 2007; Koob, 2008; Phillips et al, 2015). CRF 

signaling through G-protein coupled receptors CRFR1 and CRFR2 is engaged in rodent 

models of alcohol dependence (Lowery-Gionta et al, 2012; Olive et al, 2002; Roberto et al, 

2010). Within the BNST, CRF neurons are clustered in the dorsolateral and ventrolateral 

regions (Silberman et al, 2013b) with dense CRF terminals originating from either local 

CRF neurons or from BNST-projecting CRF neurons in the central amygdala (Cummings et 

al, 1983; Morin et al, 1999). CRF levels in the BNST are elevated during withdrawal from 

alcohol (Olive et al, 2002). Inhibition of CRF neurons within the BNST has been shown to 

suppress binge alcohol drinking (Pleil et al, 2015c; Rinker et al, 2017). Recently, we 

identified a subset of CRF-expressing BNST neurons that do not project to either the VTA or 

the LH (CRFnon-VTA/LH neurons) were directly depolarized by serotonin and increased 

anxiety-like behavior (Marcinkiewcz et al, 2016).

In the present study we hypothesized that withdrawal from chronic ethanol results in 

hyperexcitability of CRFnon-VTA/LH neurons that may contribute to withdrawal-induced 

anxiety. We found an increase in neuronal excitability of CRFnon-VTA/LH neurons that was 

associated with lowering of the threshold for action potential initiation and greater spike 

frequency in response to current injection. Furthermore, we observed an increase in input 

resistance in CRFnon-VTA/LH neurons from the CIE-exposed animals. Similar changes in 

intrinsic excitability following CIE have been observed in the BNST (Marcinkiewcz et al, 

2015; Pleil et al, 2015). Marcinkiewcz et al, 2015, found an increase in excitability of ventral 

BNST neurons which was dependent on activation of 5HT2C receptors. Also, 

neuromodulators such as dopamine and noradrenaline have been shown to directly 

depolarize CRF neurons (Silberman et al, 2013b). Thus, future work should look at whether 

different neuromodulators are involved in the increased excitability of CRFnon-VTA/LH 

neurons and whether the increased excitability observed in CRFnon-VTA/LH neurons could 

promote anxiety-like behavior during ethanol withdrawal.

Following 72 h withdrawal from chronic ethanol exposure, we did not observe any changes 

in either frequency or amplitude of inhibitory synaptic transmission in CRFnon-VTA/LH 

neurons. Interestingly, we found a reduction in the amplitude of spontaneous glutamatergic 

transmission without any alterations in frequency. This effect was dependent on action-

potential mediated glutamate release since the increase in amplitude was occluded in the 

presence of tetrodotoxin. This suggests ethanol-induced reduction in glutamatergic 

amplitude involves unknown factors that are dependent on within-slice network dynamics. 

One intriguing possibility is that in alcohol exposed mice there is release of a 

neuromodulatory factor such as a neuropeptide that alters glutamatergic transmission. This is 

noteworthy as studies from the Winder lab have found that alcohol exposure can lead to 

engagement of CRF signaling in the BNST (Silberman et al, 2013b), it may be that CRF 

plays a role in this process, which could be explored with either genetics or pharmacology. 

Further, previous work from McElligott et al, 2010 showed an impairment of α1-adrenergic 

receptor-dependent long-term depression of glutamate signaling in the BNST in mice 

chronically exposed to ethanol. Additionally, this α1 receptor-mediated plasticity was 
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associated with a decrease in amplitude of events with spontaneous glutamatergic 

transmission but not with miniature transmission.

4.2 Modulation of the BNSTnon-CRF neurons that project to the VTA or the LH

The BNST sends predominantly GABAergic but also sparse glutamatergic projections to the 

VTA (Georges and Aston-Jones, 2002; Jalabert et al, 2009). Activation of BNST 

GABAergic terminals in the VTA is anxiolytic and rewarding, while activation of 

glutamatergic terminals in the VTA is aversive (Jennings et al, 2013b). Also, work from our 

lab demonstrated serotonin-mediated inhibition of VTA projecting BNST neurons result in 

increased anxiety and fear learning (Marcinkiewcz et al, 2016). In addition, there is also a 

BNST-CRFergic projection to VTA (Rodaros et al, 2007) which can regulate binge-like 

drinking (Rinker et al, 2017) and anxiety-like behavior (Marcinkiewcz et al, 2016). 

Additionally, BNST sends robust projections to the LH (Dong and Swanson, 2004). While 

activation of BNST-GABAergic terminals in the LH produced robust feeding behavior 

(Jennings et al, 2013a), stimulation of anterodorsal BNST inputs to the LH resulted in 

anxiolysis without affecting reward-related behaviors (Kim et al, 2013). Recently, Giardino 

et al, 2018 characterized two non-overlapping GABAergic pathways from BNST to LH that 

promote divergent emotional states. A limitation of our study is that we specifically did not 

record from BNST CRF neurons that project to the VTA and LH. Notably, we also did not 

determine the neurochemical phenotype of the non-CRF neurons that project to the VTA or 

the LH. Our rationale was that the GABAergic output is the predominant output. However, it 

is possible that in our recordings we recorded from glutamatergic neurons that project to the 

VTA. If this were the case, the increase in excitability of glutamate output neurons to the 

VTA would serve to promote aversion (Jennings et al, 2013b). Future work could pair a 

mouse that expresses flp in CRF neurons with vGAT-cre and vGlut-cre mouse lines to more 

rigorously explore the connectivity between CRF and these distinct VTA outputs, and the 

impact of alcohol on these populations.

Several studies have implicated BNST projections to the VTA and the LH in addiction-like 

behavior (Aston-Jones and Harris, 2004; Mahler and Aston-Jones, 2012; Sartor and Aston-

Jones, 2012). Here, we hypothesized that withdrawal from chronic ethanol results in 

increased inhibition of BNSTnon-CRF-proj neurons to induce an aversive state that may 

contribute to negative affect-driven alcohol-seeking behavior. First, we observed a leftward 

shift in the spike frequency in response to current injection in CIE-exposed mice. This shift 

was not associated with alterations in any other parameters of intrinsic excitability. We also 

observed a reduction in the amplitude of spontaneous glutamatergic transmission. Similar to 

CRFnon-VTA/LH neurons, this effect was dependent on network activity. Prior work from 

Silberman et al, 2013a reported an increase in the frequency of spontaneous excitatory 

currents on VTA-projecting BNST neurons following CIE. We did not observe any change 

in the frequency of either spontaneous or miniature excitatory events. A possible explanation 

for the lack of increase in glutamatergic signaling in the BNSTnon-CRF-proj neurons is the 

duration of withdrawal prior to slice physiology. While Silberman et al, 2013a looked at 

changes following acute withdrawal (4 h after last CIE session) our experiments were 

conducted 72 h post CIE. Acute withdawal is associated with a hyperglutamatergic state and 
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thus could explain the increased glutamate signaling on VTA-projecting BNST neurons in 

contrast to no change as observed post 72 h withdrawal.

Adaptations in the GABAergic signaling have been suggested to regulate various aspects of 

acute and protracted withdrawal (Davies, 2003). Chronic ethanol has been shown to 

significantly alter GABAergic signaling in various brain regions, including the extended 

amygdala (Herman et al, 2016; Roberto et al, 2003, 2010; Pleil et al, 2015c). In the central 

amygdala, chronic ethanol administration enhances basal GABAergic transmission and 

GABA release as measured by microdialysis and electrophysiology techniques (Roberto et 

al, 2004). Here we report an increase in basal GABAergic transmission on BNSTnon-CRF-proj 

neurons following withdrawal from CIE. We observed an increase in the frequency of 

spontaneous inhibitory events without changes in the amplitude of events suggesting a 

putative presynaptic increase in GABA release. Interestingly, this effect was abolished in the 

absence of action-potential dependent neurotransmission. Taken together with the changes in 

the excitability of putative local BNSTCRF neurons, this suggests that withdrawal from CIE 

leads to engagement of this microcircuit. Curiously, despite an increase in GABAergic 

transmission in BNSTnon-CRF-Proj, we did not observe any reduction in excitability, as may 

be expected. One potentially interesting possibility is that a long-term change in GABAergic 

transmission in these neurons induces a homeostatic shift in excitability, as has been 

identified in cell culture experiments (Joseph and Turrigiano, 2017).

4.3 Functional implications

Previously, we identified a subset of CRF neurons that do not project to either the VTA or 

the LH and can inhibit VTA- and LH-projecting BNST neurons to enhance anxiety-like 

behavior (Marcinkiewcz et al, 2016). In the present study, the two most important findings 

are 1) increased excitability of CRFnon-VTA/LH neurons, 2) increased activity-dependent 

GABAergic inhibition of BNSTnon-CRF-proj neurons following withdrawal from CIE. Thus, a 

plausible mechanism is withdrawal-induced excitation of CRFnon-VTA/LH neurons which 

results in increased GABA release onto BNSTnon-CRF-proj neurons. The net effect of ethanol-

induced dysregulation of this microcircuit is inhibition of BNST-projections to the VTA and 

the LH which could drive negative behavioral states, leading potentially to increased anxiety 

and dysphoria. While this is the most parsimonious explanation of our data, there are some 

caveats to the present study. The two non-overlapping subpopulations of neurons were 

identified using a combination of genetic and retrograde labeling techniques. Retrograde 

based labeling can vary between animals and there is a possibility that putative ‘non-

projecting’ neurons actually do project to the VTA but do not have sufficient uptake of 

retrobeads for detection in our experimental setup. In the future, genetic tools like 

INTRSECT (Intronic Recombinase Sites Enabling Combinatorial Targeting) could be used 

to isolate specific populations with higher accuracy (Marcinkiewcz et al, 2016). Another 

important factor is the anatomical location of the recorded neurons. Our dataset is a 

combination of neurons from the dorsal and the ventral nuclei of BNST. Given the 

heterogeneity of modulatory inputs into different sub nuclei of BNST (McElligott and 

Winder, 2009), this could impact the interpretation of the data. For example, while the dorsal 

BNST receives a robust dopamine input (Freedman and Cassell, 1994), the ventral BNST 
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receives a larger noradrenergic input (Forray and Gysling, 2004). It is plausible that because 

of this, recordings in these different regions are reflective of different plasticity processes.

Prior work from our group (Jury et al, 2017) has shown sex-specific differences in ethanol-

related behaviors using CIE as a model of dependence. Since, all our experiments were 

conducted in male mice, future work should examine the neural consequences of withdrawal 

from CIE in female mice. Altogether, our data provide electrophysiological correlates of 

ethanol withdrawal-induced modulation of this local GABAergic microcircuit and shed 

additional insight to neural mechanisms underlying the pathophysiology of alcoholism. The 

behavioral impact of this alcohol-induced dysregulation of the BNST CRF-GABAergic 

microcircuit is a potentially interesting future direction.

5. Conclusions

Withdrawal from repeated cycles of intermittent ethanol exposure results in the 

hyperexcitability of a sub-population of CRF neurons while increasing inhibitory drive on 

non-CRF BNST neurons that project to both the LH and the VTA. Chronic alcohol mediated 

dysregulation of this microcircuit can likely alter the activity of VTA- and LH-projecting 

outputs of the BNST contributing to increased anxiety-like behavior and alcohol 

consumption. Collectively, these results enhance our understanding of the role of 

neuropeptide- and projection-specific plasticity in the BNST that can drive relapse and 

alcohol seeking.
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Figure 1. Withdrawal from CIE increases excitability of CRFnon-VTA/LH neurons
A) Experimental timeline for whole-cell recordings from CRFnon-VTA/LH neurons (total of 6 

mice in each group) following exposure to 4 cycles of CIE. B) Representative data obtained 

from CRFnon-VTA/LH neurons in Air and CIE mice in response to a 120 pA/s current ramp 

while injecting a constant current to hold the cells at −70 mV. The minimum current 

required to fire an action potential (rheobase) was reduced in CIE mice (n=10 cells) when 

compared to the Air group (D; n=13 cells) without any changes (C) in the resting membrane 

potential (RMP; n= 12 cells and n= 8 cells from Air and CIE groups, respectively). E) There 

was a significant decrease in the membrane resistance of CRFnon-VTA/LH neurons following 

CIE (n= 13 cells in Air and n= 10 cells in CIE). F) Representative traces of a CRFnon-VTA/LH 

neuron in Air and CIE group, respectively, firing action potentials in response to a step 

protocol of increased current steps of 10 pA/250 ms. G) There was a significant interaction 

between the number of spikes in response to a graded current injection and chronic exposure 

to ethanol (n= 13 cells in Air and n= 10 cells in CIE). H) There was no change in action 
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potential threshold between the two groups. Chronic ethanol did not alter action potential 

kinetics as measured by latency, average action potential height, action potential half-width 

(I-K; n= 9 cells in Air; n= 10 in CIE from 6 mice in each group), and fast after 

hyperpolarization potential (L; Air= 8 cells and CIE=9 cells 6 mice in each group). Data 

expressed as Mean ± SEM.*p<0.05.
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Figure 2. Neuronal excitability of BNSTnon-CRF-proj neurons following withdrawal from CIE
A) Schematics showing timeline for whole-cell recordings from BNSTnon-CRF-proj neurons 

(4 mice per group) following exposure to 4 cycles of CIE. B) Representative traces of 

BNSTnon-CRF-proj neurons obtained from Air and CIE mice, respectively, in response to a 

120 pA/s current ramp while injecting a constant current to hold the cells at −70 mV. (C) 
There was no change in the RMP (n= 7 cells from Air mice; n= 5 cells from CIE mice), 

rheobase or input resistance (D-E; n= 7 cells from Air mice; n= 6 cells from CIE-exposed 

mice) of BNSTnon-CRF-proj neurons following CIE. F) Representative traces of action 

potentials fired across a range of current steps obtained from the Air and the CIE group. G) 
There was a significant interaction between the number of spikes fired and chronic exposure 

to ethanol (n= 7 cells Air group; n= 6 cells CIE group). H) No change in action potential 

threshold was observed between the two groups. Similar to CRFnon-VTA/LH neurons, chronic 

ethanol exposure did not alter action potential kinetics of the BNSTnon-CRF-proj neurons (I-
L). Data expressed as Mean ± SEM.*p<0.05.
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Figure 3. Effects of post-CIE withdrawal on glutamatergic synaptic transmission in both 
CRFnon-VTA/LH and BNSTnon-CRF-proj neurons
Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) from 

CRFnon-VTA/LH neurons (A) and BNSTnon-CRF-proj neurons (F) post 72h withdrawal from 

CIE. A reduction in sEPSC amplitude (C) but not frequency (B) was observed in 

CRFnon-VTA/LH neurons following CIE (n=12-13 cells from 5 mice in each group). D-E) 
There were no differences in miniature excitatory postsynaptic currents (mEPSCs) in 

CRFnon-VTA/LH neurons following either air (n= 10 cells from 5 mice) or ethanol (n= 9 cells 

from 4 mice) exposure. G) No difference in sEPSC frequency but a significant reduction in 

the sEPSC amplitude (H) onto BNSTnon-CRF-proj neurons was observed post CIE (n=11-12 

cells from 5-6 mice in each group). I-J) No effect of CIE on mEPSC transmission onto 

BNSTnon-CRF-proj neurons (n= 9 cells in Air group versus n= 11 cells in CIE group from 4 

mice each). Data expressed as Mean ± SEM.*p<0.05.
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Figure 4. Withdrawal from CIE selectively increases spontaneous inhibitory synaptic 
transmission in BNSTnon-CRF-proj neurons
Representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs) from 

CRFnon-VTA/LH (A) and BNSTnon-CRF-proj neurons (F). There were no between-group 

differences in sIPSC parameters in CRFnon-VTA/LH neurons (B-C; n= 10-11 cells from 5 

mice in each group) but a significant increase in sIPSC frequency in the BNSTnon-CRF-proj 

neurons post CIE (G-H; n= 11 cells from 3 air mice and n= 19 cells from 4 CIE mice). No 

changes were observed in mIPSC parameters in either CRFnon-VTA/LH neurons (D-E; n= 9 

cells each from 4 air-exposed mice and 5 CIE-exposed mice, respectively) or 

BNSTnon-CRF-proj neurons (I-J; n= 12 cells from 6 Air mice and n= 7 cells from 3 CIE mice) 

following 4 weeks of CIE. Data expressed as Mean ± SEM.*p<0.05.
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