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ABSTRACT  34 

The lateral amygdala (LA) serves as the point of entry for sensory information within the 35 

amygdala complex, a structure that plays a critical role in emotional processes and has 36 

been implicated in alcohol use disorders. Within the amygdala, the corticotropin-37 

releasing factor (CRF) system has been shown to mediate some of the effects of both 38 

stress and ethanol, but the effects of ethanol on specific CRF1 receptor circuits in the 39 

amygdala have not been fully established. We used male CRF1:GFP reporter mice to 40 

characterize CRF1-expressing (CRF1+) and non-expressing (CRF1-) LA neurons and 41 

investigate the effects of acute and chronic ethanol exposure on these populations. The 42 

CRF1+ population was found to be comprised predominantly of glutamatergic projection 43 

neurons with a minority subpopulation of interneurons. CRF1+ neurons exhibited a tonic 44 

conductance that was insensitive to acute ethanol. CRF1- neurons did not display a 45 

basal tonic conductance, but application of acute ethanol induced a δ GABAA receptor 46 

subunit-dependent tonic conductance and enhanced phasic GABA release onto these 47 

cells. Chronic ethanol increased CRF1+ neuronal excitability but did not significantly 48 

alter phasic or tonic GABA signaling in either CRF1+ or CRF1- cells. Chronic ethanol 49 

and withdrawal also did not alter basal extracellular GABA or glutamate transmitter 50 

levels in the LA/BLA and did not alter sensitivity of GABA or glutamate to acute ethanol-51 

induced increases in transmitter release. Together, these results provide the first 52 

characterization of the CRF1+ population of LA neurons and suggest mechanisms for 53 

differential acute ethanol sensitivity within this region. 54 

 55 

 56 
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SIGNIFICANCE STATEMENT  57 

The corticotropin releasing factor (CRF) system is a critical component of the stress network 58 

and has been implicated in psychiatric disorders including addiction, anxiety, and depression. 59 

The present study examines CRF receptor-1 (CRF1) lateral amygdala (LA) neurons and reports 60 

differential inhibitory control and acute ethanol effects of CRF1 LA neurons as compared to the 61 

unlabeled (CRF1-) population. An improved understanding of CRF1 amygdala circuitry and the 62 

selective sensitivity of that circuitry to ethanol represents an important step in identifying brain 63 

region-specific neuroadaptations that occur with ethanol exposure. The present findings also 64 

have broad implications, including potential relevance to the role of CRF1 circuitry in other 65 

contexts that may provide insight into other disorders involving amygdala dysfunction, including 66 

anxiety and depression. 67 

INTRODUCTION 68 

The amygdala complex has been implicated in a number of important functions, notably 69 

emotional processing of internal and external sensory stimuli and the coordination of 70 

relevant behavioral output (Pitkanen et al., 1997). Amygdala dysfunction is implicated in 71 

anxiety (Tye et al., 2011) and alcohol abuse disorders (Koob et al., 1998). The lateral 72 

amygdala (LA) serves as the entry point for sensory information and sends excitatory 73 

projections to other amygdala nuclei, including the central (CeA) and basolateral 74 

amygdala (BLA), to facilitate stimuli processing (Sah et al., 2003; Agoglia and Herman, 75 

2018). The LA is required for the acquisition and expression of fear learning and 76 

memory (Sears et al., 2014), and plays a crucial role in the development of anxiety-like 77 

behaviors (Rodrigues et al., 2004). Similar mechanisms may be involved in the 78 

dysregulated amygdalar activity seen in alcohol dependence (McCool et al., 2010), but 79 

the diversity of cell types within the LA complicates the interpretation of ethanol effects.  80 
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 GABAergic neurotransmission is sensitive to acute and chronic ethanol 81 

exposure, and GABAA receptor activity is involved in ethanol tolerance and dependence. 82 

(Eckardt et al., 1998; Grobin et al., 1998; Weiner and Valenzuela, 2006). Both phasic 83 

(immediate, short-term inhibition) and tonic (persistent inhibition) GABAergic 84 

transmission within the CeA is sensitive to acute and chronic ethanol in a cell type-85 

specific manner (Herman et al., 2013; Herman et al., 2016). The functional 86 

characteristics of GABAA receptors are determined by their subunit composition; 87 

receptors containing the α4, α6, and/or δ subunit are expressed extrasynaptically and 88 

mediate tonic conductance (Semyanov et al., 2004). These receptors also display an 89 

increased sensitivity to ethanol (Wallner et al., 2003; Wei et al., 2004), and may be a 90 

primary target for ethanol in the brain (Wallner et al., 2003; Mody et al., 2007), although 91 

the direct action of ethanol on tonic GABAA receptors remains controversial (Borghese 92 

and Harris, 2007; Baur et al., 2009). Tonic inhibition has been described in principal 93 

cells and local interneurons in the LA, but the receptor composition mediating this tonic 94 

conductance in LA neurons is unclear (Marowsky et al., 2012).  95 

Corticotropin releasing factor (CRF) and the CRF receptor-1 (CRF1) are 96 

expressed throughout the amygdala (Van Pett et al., 2000; Calakos et al., 2017) and 97 

have been implicated in neuroplastic changes related to fear (Hubbard et al., 2007), 98 

anxiety (Overstreet et al., 2004; Rainnie et al., 2004) and alcohol exposure (Nie et al., 99 

2004; Roberto et al., 2010; Herman et al., 2013; Lovinger and Roberto, 2013). Notably, 100 

activation of CRF1 receptors increases the excitability of BLA neurons to sensory input 101 

(Ugolini et al., 2008) and administration of CRF into the BLA increases activation of 102 

calcium/calmodulin dependent protein kinase II (CaMKII)-containing projection neurons 103 
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(Rostkowski et al., 2013). Despite the expression of CRF and CRF1 in the LA and the 104 

relevance of the CRF system to the consequences of ethanol exposure, the specific 105 

effects of ethanol on the LA CRF1 neuronal population have not been characterized.  106 

Previous work utilizing a transgenic mouse line expressing green fluorescent 107 

protein (GFP) under the Crhr1 promoter (Justice et al., 2008) found that CRF1+ and 108 

CRF1- neurons within the CeA exhibit distinct inhibitory characteristics and differential 109 

sensitivity to acute and chronic ethanol (Herman et al., 2013; Herman et al., 2016). The 110 

CRF1-containing neuronal population within the LA has not been previously 111 

characterized, and could be an important determinant of LA activity and output as well 112 

as a site of action for drugs of abuse such as ethanol. The current study utilizes the 113 

same CRF1:GFP mice to selectively target and characterize CRF1 neurons in the LA, 114 

not to probe the effect of CRF1 activation, which will be the subject of future studies. 115 

Here, we combine electrophysiology, immunohistochemistry and microdialysis to (1) 116 

characterize the phenotype of CRF1+ and CRF1- neurons of the LA, (2) investigate 117 

phasic and tonic inhibitory transmission in LA CRF1+ and CRF1- cells, and (3) 118 

determine the effects of acute and chronic ethanol exposure on inhibitory control within 119 

the LA.  120 

  121 

MATERIALS AND METHODS 122 

Animals 123 

Experiments were performed in 59 adult (3-6 months, 19-30 g) male transgenic 124 

CRF1:GFP mice that express green fluorescent protein (GFP) under the Crhr1 125 

promoter, as previously described (Justice et al., 2008). Mice were bred and group 126 
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housed in a temperature and humidity controlled 12hr light/dark facility with ad libitum 127 

access to food and water. All experiments were performed in tissue collected from mice 128 

between Zeitgeber 2-7. All procedures were approved by the Scripps Research Institute 129 

and the University of North Carolina Chapel Hill Institutional Animal Care and Use 130 

Committees.  131 

Electrophysiological recording 132 

Coronal sections (300 μm) were prepared with a Leica VT1000S (Leica 133 

Microsystems) from brains that were rapidly extracted from mice after brief anesthesia 134 

(5% isoflurane) and placed in ice-cold sucrose solution containing (in mM): sucrose 135 

206.0; KCl 2.5; CaCl2 0.5; MgCl2 7.0; NaH2PO4 1.2; NaHCO3 26; glucose 5.0; HEPES 5. 136 

After sectioning, slices were incubated in an oxygenated (95% O2/5% CO2) artificial 137 

cerebrospinal fluid (aCSF) solution containing (in mM): NaCl 130, KCl 3.5, NaH2PO4 138 

1.25, MgSO4 1.5, CaCl2 2, NaHCO3 24, glucose 10 for 30 min at 37 °C, followed by 30 139 

min equilibration at room temperature (21–22 °C). Recordings were made with patch 140 

pipettes (3-6 MΏ; Warner Instruments) filled with an intracellular solution containing (in 141 

mM): KCl 145; EGTA 5; MgCl2 5; HEPES 10; Na-ATP 2; Na-GTP 0.2, coupled to a 142 

Multiclamp 700B amplifier (Molecular Devices), acquired at 10kHz, low-pass filtered at 143 

2-5 kHz, digitized at 20kHz (Digidata 1440A; Molecular Devices), and stored on a 144 

computer using pClamp 10 software (Axon Instruments). Series resistance was typically 145 

<15 M  and was continuously monitored with a hyperpolarizing 10 mV pulse; neurons 146 

with series resistance greater than 15 M  or >20% change in resistance during 147 

recording were excluded from final analysis. Lateral amygdala (LA) neurons containing 148 

the CRF1 receptor were identified by GFP expression and differentiated from unlabeled 149 
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(GFP-) neurons using fluorescent optics and brief (<2 s) episcopic illumination in slices 150 

from CRF1:GFP reporter mice. Electrophysiological properties of cells were determined 151 

by pClamp 10 Clampex software online during voltage-clamp recording using a 10 mV 152 

pulse delivered after breaking into the cell. Drugs were applied either by bath or Y-tube 153 

application for local perfusion. Recordings (Vhold= -60mV) were performed in the 154 

presence of the glutamate receptor blockers 6,7-dinitroquinoxaline-2,3-dione DNQX, 20 155 

μM) and DL-2-amino-5-phosphonovalerate AP-5, 50 μM) and the GABAB receptor 156 

antagonist CGP55845A (1 μM). All recordings were conducted at room temperature and 157 

all solutions (bath and y-tube) were prepared and maintained at room temperature.    158 

Drugs and Chemicals 159 

DNQX (6,7-dinitroquinoxaline-2,3-dione, 10 μM), AP-5 (DL-2-amino-5-160 

phosphonovalerate, 50 μM) and CGP 55845A (1 μM) were purchased from Tocris 161 

Bioscience. SR-95531 (gabazine, GBZ; 100 μM), picrotoxin (PTX 100 μM), and 4,5,6,7-162 

tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP, 1-10 μM) were purchased from Sigma. 163 

Immunohistochemistry 164 

Mice (n = 4) were anesthetized with isoflurane and perfused with cold phosphate 165 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were dissected 166 

and immersion fixed in PFA for 24 hours at 4oC, cryoprotected in sterile 30% sucrose in 167 

PBS for 24-48 hours at 4oC or until brains sank, flash frozen in pre-chilled isopentane 168 

on dry ice and stored at -80oC. Free floating 35 μm brain sections were obtained using a 169 

cryostat and kept at 4oC in PBS containing 0.01% sodium azide.  170 
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Sections were washed in PBS for 10 minutes at room temperature (RT) with 171

gentle agitation and then blocked for 1 hour at RT in blocking solution [0.3% triton X-172

100, 1mg/ml bovine serum albumin (BSA) and 5% normal goat serum (NGS)]. Primary 173

antibody was incubated at 4 C overnight with gentle agitation in 0.5% tween-20 and 5% 174

NGS. The following primary antibodies were used: chicken anti-GFP (Abcam, ab13970, 175

RRID:AB 300798; 1:2000), rabbit anti-α1 and rabbit anti-δ GABAA receptor subunit 176

(812-GA1N, 868A-GDN;1:100; PhosphoSolutions), mouse anti-parvalbumin (Swant, 177

235, RRID:AB 10000343; 1:1000), mouse anti-calretinin (Swant, 6B3, RRID:AB 178

10000320; 1:500) and mouse anti-calbindin (Swant, 300, RRID:AB 10000347; 1:2000). 179

Antibodies against native mouse protein were validated by the manufacturer with tissue 180

from knockout mice, with the exception of anti-δ GABAA. Next, sections were triple 181

washed in PBS for 10 minutes at RT with gentle agitation followed by a 1 hour 182

secondary antibody incubation in PBS (in the dark). The following secondary antibodies 183

were used: Alexa Fluor 488 goat anti-chicken (Thermo Fisher Scientific, A-11039, 184

RRID:AB 142924), Cy-3 donkey anti-rabbit (Jackson Immuno, 711-165-152, RRID:AB 185

2307443) and Alexa Fluor 568 goat anti-mouse (Thermo Fisher Scientific, A-11004, 186

RRID:AB 141371). Sections were then washed (10 minutes, RT, 3 times) and mounted 187

in Vectashield (Vector labs, H1500, RRID:AB 2336788).  188

Sections were imaged on a Zeiss LSM 780 laser scanning confocal microscope 189

(10x objective, tile scanning of LA). All microscope settings were kept the same within 190

experiments during image acquisition. Analyst was blind to the identity of the red 191

fluorescent signal when performing cell counts, and analysis was performed manually in 192
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an unbiased manner at four anterior-posterior levels (equidistant sections located -1.00 193 

through -1.70 mm from bregma). Data are presented as mean ± standard error.  194 

In situ hybridization 195 

Mice (n=3) were perfused with ice cold PBS/Z-fix (Fisher Scientific, NC9378601) 196 

after anesthesia with isoflurane. Following perfusion, brains were dissected and 197 

immersion fixed for 24 hours in Z-fix at 4°C, cryoprotected in 30% sucrose in PBS for 24 198 

hours at 4°C, and flash frozen in isopentane on dry ice. Brains were preliminarily stored 199 

at -80°C until they were sliced on a cryostat in 20 μm thick sections, mounted on 200 

SuperFrost Plus slides (Fisher Scientific, 1255015), and stored at -80°C. 201 

Using an RNAscope fluorescent multiplex kit (ACD, 320850) in situ hybridization 202 

was performed for Crhr1, Gfp and Slc17a7. Target retrieval pretreatment as outlined in 203 

the manual provided by RNAscope (ACD, doc. no. 320535) was performed by first 204 

briefly washing prepared slides in PBS. Next slides were submerged in prewarmed 205 

target retrieval buffer (ACD, cat. no. 322000) kept at a constant temperature between 206 

95–98°C for 10 min. Slides were then removed and immediately rinsed in distilled water 207 

twice, and then dehydrated with 100% ethanol. After dehydrations, slices were 208 

demarcated with a hydrophobic barrier pen (ACD, cat. no. 310018) and digested with 209 

Protease IV for 20 min at 40°C in a hybridization oven. Next, the RNAscope Fluorescent 210 

Multiplex Reagent Kit User Manual (ACD, doc.no. 320293) was followed entirely. Lastly, 211 

slides were mounted with Vectashield with DAPI (Fisher Scientific, NC9029229). The 212 

probes used from ACD Biotechne were Crhr1 (418011-C2, probe target region 207-213 
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813), Slc17a7 (416631-C1, probe target region 464-1415), eGFP (400281, probe target 214 

region 628-1352) and negative control (320751). 215 

Slides were imaged on a Zeiss LSM 780 laser scanning confocal microscope 216 

(40X oil immersion, 1024x1024, of LA at approximately bregma -1.46mm, 5-μm z-217 

stacks). All microscope settings were kept the same within experiments during image 218 

acquisition. Background was subtracted from images based on the negative control for 219 

each probe, and signal intensity present in DAPI labeled nuclei after background 220 

subtracted denoted positive cells. To perform quantification, ImageJ was used to 221 

manually count DAPI labeled nuclei expressing fluorescently labeled probes in the 222 

region of interest (ROI).  Next, the percentage of nuclei positive for one or both probes 223 

and the percent of signal co-localization were calculated. The percent of Crhr1+ nuclei 224 

expressing a marker of interest was determined by dividing the number of co-labeled 225 

nuclei by the total number of Crhr1+ nuclei. Quantification was performed on 3-4 images 226 

(~bregma -1.46mm) from each mouse in an unbiased manner as probe fluorescence 227 

was quantified blindly. Brightness/contrast and pixel dilation are the same for all 228 

representative images.  229 

Chronic intermittent ethanol vapor inhalation  230 

Mice were placed in ethanol inhalation chambers (La Jolla Alcohol Research) 231 

and exposed to chronic intermittent ethanol (CIE) vapor (16h) followed by air (8h) daily 232 

for 4 consecutive days/week for a period of 4–5 weeks (Herman et al., 2016). Before 233 

each vapor exposure, CIE mice were injected with a solution of ethanol (1.5g/kg) and 234 

pyrazole (1mmol/kg, i.p.), an alcohol dehydrogenase inhibitor, to initiate intoxication and 235 

maintain constant blood alcohol levels (BALs). Control mice were exposed to room air 236 
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and received an injection of pyrazole (1 mmol/kg, i.p.) at the onset of each ethanol 237 

vapor exposure. Ethanol drip rate and air flow were adjusted so as to yield BALs 238 

averaging 100–250 mg/dl. BALs were measured throughout exposure using an Analox 239 

GM7 analyzer. Average BALs for the CIE mice included in electrophysiological 240 

recordings were 174.6 ± 15.5 mg/dL. Average BALs for CIE mice in microdialysis 241 

experiments were 162.7 ± 16.5 mg/dL. Terminal BALs were also determined at the time 242 

of death when mice were euthanized immediately after their last ethanol vapor exposure 243 

(CIE mice). Another group of mice underwent 3–7 days of withdrawal after their last 244 

vapor exposure before being euthanized (CIE-WD mice).  245 

Microdialysis 246 

Mice (n = 11) were unilaterally implanted with custom fabricated microdialysis 247 

probes (0.5 mm regenerated cellulose) aimed at the LA (from bregma: anteroposterior: -248 

1.5 mm; mediolateral: +/- 2.9 mm; dorsoventral: -4.1 mm from dura). However, as some 249 

penetrance into BLA is possible, microdialysis results are described throughout as 250 

LA/BLA. Mice were perfused with aCSF at 0.2 μl/min and allowed to recover overnight, 251 

as previously described (Pavon et al., 2018a; Pavon et al., 2018b). The following 252 

morning, the flow rate was increased to 0.6 μl/min and allowed to equilibrate for 60 min 253 

prior to collection. Dialysate samples were collected at 15 min intervals during a 1.5 h 254 

baseline period. Ethanol (1 M) was added to the aCSF perfusate solution for reverse 255 

dialysis through the probe, and samples were collected for an additional 1.5 h during the 256 

local ethanol exposure period. This dose of ethanol was chosen for consistency with 257 

prior experiments utilizing reverse dialysis in rodents, where 1 M was found to induce 258 
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maximal changes in extracellular GABA and glutamate levels (Roberto et al., 2004a; 259 

Roberto et al., 2004b).  260 

Quantification of neurotransmitters was performed using triple liquid 261 

chromatography quadrupole mass spectrometry (LC-MS/MS) methods as previously 262 

described (Song et al., 2012; Buczynski et al., 2016). Briefly, microdialysate samples (5 263 

μL) were derivatized with 100 mM borate (5 μL), 2% benzoyl chloride (2 μL, in 264 

acetonitrile) and 1% formic acid (2 μL) and subsequently spiked with benzoylated 13C6-265 

labeled internal standards (5 μl, in 98% v/v of ACN, 1% formic acid, and 1% H2O). 266 

Samples (10 μl, 4°C) were separated by high performance liquid chromatography and 267 

analyzed by positive-ion mode tandem quadrupole mass spectrometry (Agilent 6460 268 

QQQ) using multiple-reaction monitoring. The following neurotransmitters were 269 

quantified using the standard isotope dilution method (precursor product): the amino 270 

acids aspartate (238 105), GABA (208 105), glutamate (252 105), glutamine 271 

(251 105), glycine (180 105), serine (210 105), and taurine (230 105). Baseline 272 

concentrations were expressed as an absolute value (nM), while changes produced by 273 

ethanol reverse dialysis were expressed as relative values (% of baseline) over time. 274 

Statistical Analysis 275 

Membrane characteristics and excitability were compared between groups using 276 

a two-tailed t-test or a one-way ANOVA, where appropriate. Frequency, amplitude and 277 

decay of spontaneous inhibitory postsynaptic currents (sIPSCs) were analyzed and 278 

visually confirmed using a semi-automated threshold based mini detection software 279 

(Mini Analysis, Synaptosoft Inc.). sIPSC characteristics were determined from baseline 280 
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and experimental drug conditions containing a minimum of 60 events (time period of 281 

analysis varied as a product of individual event frequency). All detected events were 282 

used for analysis and superimposed events were eliminated. Tonic conductance was 283 

determined using Clampfit 10.2 (Molecular Devices) and a previously-described method 284 

(Belelli et al., 2009) in which the mean holding current (i.e., the current required to 285 

maintain the -60 mV membrane potential) was obtained by a Gaussian fit to an all-286 

points histogram over a 5 sec interval. The all-points histogram was constrained to 287 

eliminate the contribution of sIPSCs to the holding current. Drug responses were 288 

quantified as the difference in holding current between baseline and experimental 289 

conditions. Events were analyzed for independent significance using a one-sample t-290 

test and compared using a two-tailed t-test for independent samples, a paired two-tailed 291 

t-test for comparisons made within the same recording, and a one-way ANOVA for 292 

comparisons made between 3 or more groups. In the microdialysis experiments, 293 

average baseline concentrations of glutamate and GABA were compared in CIE-WD 294 

versus AIR controls using two-tailed t-tests. To examine the effects of acute ethanol 295 

administration on LA/BLA dialysate, two-way repeated measures RM-ANOVA 296 

(exposure condition X time) was used to compare air to CIE-WD mice before and after 297 

reverse dialysis of ethanol. All statistical analyses were performed using Prism 5.02 298 

(GraphPad, San Diego, CA). Data are presented as mean ± standard error. In all cases, 299 

p<0.05 was the criterion for statistical significance.        300 

RESULTS 301 

Phenotype of CRF1+ LA neurons  302 
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To validate the fidelity of the CRF1:GFP expression in the LA, we used the 303 

RNAscope assay (n = 11 images from 3 mice) to examine co-localization of Crhr1, the 304 

transcript for CRF1, and Gfp, the transcript for green fluorescent protein (Figure 1A). 305 

The number of positive nuclei in the region of interest (ROI) was consistent between 306 

groups (Figure 1B). Approximately 74% of Crhr1+ neurons co-express Gfp and 84% of 307 

Gfp+ neurons co-express Crhr1 (Figure 1C), indicating substantial penetrance and 308 

fidelity, respectively. To identify the phenotype of CRF1+ neurons in the LA, we 309 

performed in situ hybridization in brain sections from CRF1:GFP mice (n = 10 images 310 

from 3 mice) to examine co-localization of Crhr1  and Slc17a7, the transcript for the 311 

vesicular glutamate transporter VGLUT1. Consistent with GFP expression and the 312 

established glutamatergic makeup of the BLA, Crhr1 and Slc17a7 were similarly 313 

expressed in the LA (Figure 1D-F). The number of positive nuclei counted in the ROI 314 

was not significantly different between Slc17a7+ and Crhr1+ (Figure 1G). 315 

Approximately 60% of Slc17a7+ neurons co-express Crhr1 and ~80% of Crhr1+ 316 

neurons co-express Slc17a7 (Figure 1H). These data suggest that Crhr1+ neurons 317 

make up a subpopulation of LA glutamatergic cells and that the majority of Crhr1+ LA 318 

neurons are glutamatergic.  319 

The LA is composed of glutamatergic projection neurons as well as local 320 

GABAergic interneurons (Sosulina et al., 2006). The results of the in situ experiments 321 

indicated that a subpopulation of the CRF1+ neurons of the LA do not express Slc17a7, 322 

suggesting that these neurons are not glutamatergic but may express calcium binding 323 

proteins (CBPs) associated with GABAergic interneurons. Work by Calakos et al. (2017) 324 

reported that the majority of parvalbumin (PV)-containing neurons in the BLA also 325 
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expressed CRF1, but the expression of CBPs in CRF1+ neurons of the LA is unknown. 326 

We examined PV and GFP colocalization in the LA of CRF1:GFP mice (n = 16 sections 327 

from 4 mice) as well as calbindin (CB) and calretinin (CR). For the purpose of clarity, we 328 

refer to GFP+ and GFP- neurons throughout as CRF1+ and CRF1-, respectively. We 329 

observed expression of CB, CR, and PV interspersed with GFP in the LA (Figure 2A, 330 

2B, and 2C), but there were more CRF1+ cells than CBP-containing cells (Figure 2D). 331 

Consistent with Calakos et al., we observed that a substantial percentage (~80%) of 332 

CBP+ cells also expressed GFP (Figure 2E), suggesting that the majority of LA 333 

neurons that express CBPs also contain CRF1. However, the percentage of CRF1+ 334 

neurons that contain CBPs was much lower (<20%, Figure 2F), suggesting that the 335 

majority of CRF1+ neurons are likely not interneurons that express these calcium 336 

binding proteins. Together, the results of the in situ and immunohistochemistry 337 

experiments identify the CRF1+ neurons of the LA as a mostly (~80%) glutamatergic 338 

population with a smaller (~20%) population of neurons that express CBPs (potentially 339 

GABAergic interneurons).  340 

Membrane Properties and Excitability  341 

LA neurons were identified and targeted for electrophysiological recording based 342 

on GFP expression. CRF1+ neurons (n = 28 cells from 14 mice) possessed a 343 

significantly smaller membrane capacitance [t (54) = 2.96, p = 0.0046 by unpaired t-test, 344 

21.84 ± 7.39 pF effect size with 95% confidence interval -36.65 to -7.02], increased 345 

membrane resistance [t (30) =2.34, p = 0.0260 by unpaired t-test, 99.46 ± 42.48 mV 346 

effect size with 95% confidence interval of -186.2 to -12.71], lower time constant [t (54) 347 

= 3.08, p = 0.0033 by unpaired t-test, 226 ± 73.56 ms effect size with 95% confidence 348 
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interval of -373.6 to -78.69] and higher resting membrane potential [t (54) = 3.95, p = 349 

0.0002 by unpaired t-test, 9.114 ± 2.31 mV effect size with 95% confidence interval of 350 

4.49 to 13.74) as compared to CRF1- neurons (n = 28 cells from 15 mice; Figure 3A). 351 

Whole-cell current-clamp recordings and a step protocol consisting of hyperpolarizing (-352 

60 pA) to depolarizing (100 pA, Figure 3B and 3C) current injections were used to 353 

examine the spiking properties of CRF1+ and CRF1- LA neurons. The large majority 354 

(90%) of CRF1+ neurons exhibited spike accommodation (Figure 3B, bottom) whereas 355 

CRF1- neurons were more variable (52% accommodating, Figure 3C, bottom). We 356 

observed no significant differences in rheobase between CRF1+ (37.52 ± 10.11 pA) and 357 

CRF1- neurons (55.94 ± 8.90 pA; Figure 3D, left), however we did observe a 358 

significantly lower threshold to fire in CRF1- neurons (-48.64 ± 1.25 pA) versus CRF1+ 359 

neurons [-44.61 ± 0.78 pA; t (40) =2.73, p = 0.0093, effect size 4.03 ±  1.48 pA with 360 

95% confidence interval of -7.01 to -1.048; Figure 3D, right]. In addition, we found no 361 

differences in action potentials elicited by ascending current injection between CRF1+ 362 

and CRF1- neurons (Figure 3E). 363 

Phasic and Tonic Inhibitory Transmission  364 

Whole-cell voltage clamp recordings of spontaneous inhibitory postsynaptic 365 

currents (sIPSCs) were performed to assess baseline phasic inhibitory transmission. 366 

CRF1+ neurons had a significantly higher average baseline sIPSC frequency (9.0 ± 1.8 367 

Hz; n = 7 cells from 6 mice; Figure 4A and B) as compared to CRF1- neurons [3.3 ± 368 

0.6 Hz; t(14) = 3.30,  p= 0.0053 by unpaired t-test, 5.71 ± 1.73 Hz effect size with 95% 369 

confidence interval of 2.00 to 9.42; n = 9 cells from 5 mice Figure 4A and B) and no 370 

difference in sIPSC amplitude (51.01 ± 5.0 and 54.7 ± 5.7 pA, p = 0.64; Figure 4A and 371 
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B), decay (2.77 ±0.08 and 3.60 ±0.5 ms, p = 0.17; Figure 4A and B) or rise time (1.61 ± 372 

0.12 and 1.58 ± 0.16 ms, p = 0.88)  between CRF1+ and CRF1- LA neurons, 373 

respectively.  374 

We assessed tonic conductance in CRF1+ (n = 7 cells from 5 mice) and CRF1- 375 

(n = 9 cells from 5 mice) LA neurons using whole-cell voltage clamp recordings. Basal 376 

holding current was -28.32 ± 20.67 pA in CRF1+ neurons and -17.19 ± 14.65 pA in 377 

CRF1- neurons. A GABAA receptor-mediated tonic current was defined as the 378 

difference in holding current (i.e., the current required to maintain the neuron at -60mV) 379 

before and after application of a GABAA receptor antagonist. Focal application of the 380 

GABAA receptor antagonist gabazine (GBZ, 100 μM) produced a significant reduction in 381 

holding current in CRF1+ neurons (9.2 ± 1.8 pA, n = 7; Figure 4C left trace and Figure 382 

4D; t(14) =5.56, p = 0.002 by one sample t-test, 9.45 ± 1.70 pA effect size with 95% 383 

confidence interval of 5.81 to 13.09) and a reduction in the amplitude of the holding 384 

current or root mean square (RMS) noise (6.4 ± 0.7 to 5.4 ± 0.4 pA; Figure 4E, left 385 

panel; t(6) = 2.93, p = 0.0264 by paired t-test, 1.06 ± 0.364 pA effect size with 95% 386 

confidence interval of 0.17 to 1.94). In CRF1- neurons, focal application of gabazine 387 

(GBZ, 100 μM) produced no change in holding current (-0.3 ± 0.6 pA, n = 9; Figure 4C 388 

right trace and Figure 4D; p = 0.6568 by one sample t-test) and a reduction in RMS 389 

noise of a much smaller magnitude [5.6 ± 0.3 to 5.1 ± 0.3 pA; Figure 4E, right panel; 390 

t(8) = 5.24,  p = 0.0008 by paired t-test, 0.51 ± 0.10 pA effect size with 95% confidence 391 

interval of 0.29 to 0.74). The reduction in holding current was significantly greater in 392 

CRF1+ neurons as compared to CRF1- neurons (Figure 4D t(14) = 5.56 , p = 0.0001 by 393 
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unpaired t-test, 9.45 ± 1.70 pA effect size with 95% confidence interval of 5.81 to 394 

13.09).  395 

Expression of GABAA receptor subunits 396 

The phasic and tonic conductance of GABAA receptors is dependent upon 397 

specific subunit configurations and/or expression. We performed double-label 398 

immunohistochemical studies examining α1 and δ GABAA receptor subunit expression 399 

in CRF1+ and CRF1- neurons in the LA (n = 12 sections from 4 mice). The LA contains 400 

a significant number of CRF1+ cells, in contrast with sparse GFP expression in the BLA 401 

(Figure 5A and 5D). The α1 GABAA receptor subunit has dense expression in the LA 402 

(Figure 5B) and displays co-localization with GFP (Figure 5C), indicating expression in 403 

the majority of CRF1+ neurons. In contrast, δ GABAA receptor subunit expression was 404 

greater in the body of the BLA than in the LA (Figure 5E) and displays minimal co-405 

localization with GFP (Figure 5F), indicating little to no expression in CRF1+ neurons in 406 

the LA. 407 

The δ subunit is associated with tonic conductance in a number of brain areas 408 

including the hippocampus, cerebellum, cortex, and amygdala (Saxena and Macdonald, 409 

1996; Stell et al., 2003; Krook-Magnuson and Huntsman, 2005). Thus, we examined the 410 

functional contribution of δ subunit-containing GABAA receptors in the LA using the δ 411 

subunit-preferring agonist gaboxadol (THIP, 5 μM). Focal application of THIP produced 412 

a modest increase in holding current in CRF1+ neurons [7.5 ± 2.4 pA; n = 6 cells from 6 413 

mice; t(5) = 3.12, p =0.0262 by one sample t-test, Figure 6A, left trace and Figure 6B] 414 

and CRF1- neurons [25.9 ± 3.8 pA; n = 14 cells from 10 mice, t(13) = 6.82, p < 0.001 by 415 
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one sample t-test; Figure 6A right trace and Figure 6B]. This increase was significantly 416 

greater in CRF1- neurons as compared with CRF1+ neurons [t (18) = 3.03, *p = 0.0072 417 

by unpaired t-test, 18.44 ± 6.09 pA effect size with 95% confidence interval of -31.24 to 418 

-5.65]. Consistent with the observed effects on holding current, focal application of THIP 419 

onto CRF1+ neurons resulted in no change in the amplitude of the holding current or 420 

RMS noise (6.6 ± 0.9 to 6.5 ± 0.7 pA; Figure 6C, left panel p = .9183 by paired t-test) 421 

but significantly increased RMS noise in CRF1- neurons (6.4 ± 0.4 to 7.5 ± 0.4 pA; 422 

Figure 6C, right panel; t(13) = 4.03, p = 0.0014 by paired t-test, 1.16 ± 0.29 pA effect 423 

size with 95% confidence interval of -1.78 to -0.54). Together, these findings indicate 424 

that the δ subunit is expressed predominantly in CRF1- neurons whereas the α1 subunit 425 

is expressed predominantly in CRF1+ neurons, and that δ-containing GABAA receptors 426 

contribute to tonic conductance in CRF1- but not CRF1+ neurons.   427 

Acute cellular ethanol exposure 428 

GABAA receptors are sensitive to ethanol and tonic conductance has been 429 

shown to be selectively augmented by acute ethanol (Wallner et al., 2003; Wei et al., 430 

2004; Herman et al., 2013). Focal application of ethanol (EtOH, 44 mM) did not 431 

significantly alter sIPSC inter-event interval or sIPSC frequency (107 ± 4.0 % of control; 432 

p = 0.1514 by one-sample t-test, n = 5 cells from 5 mice , Figure 7A and 7C, top) in 433 

CRF1+ neurons, but decreased inter-event interval and increased sIPSC frequency in 434 

CRF1- neurons [121.1 ± 1.3 % of control, n = 5 cells from 5 mice, Figure 7B and 7C, 435 

top; t(3) = 15.82, *p = 0.0005 by one-sample t-test; t(7) = 3.03, #p = 0.01915 by 436 

unpaired t-test; 14.08 ± 4.65 % control effect size with 95% confidence interval of -25.08 437 

to -3.09]. Ethanol did not change sIPSC amplitude (97.76 ± 4.8 and 100.1 ± 4.3 % of 438 
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control, p = 0.7285 by unpaired t-test Figure 7C, bottom), rise (105.0 ± 5.8 and 105.6 ± 439 

2.1 % of control, p = 0.9222 by unpaired t-test) or decay (104.5 ± 2.8 and 103.3 ± 2.2 % 440 

of control, p = 0.7395 by unpaired t-test) in CRF1+ or CRF1- neurons, respectively. 441 

Additionally, focal application of ethanol did not significantly change the holding current 442 

of CRF1+ neurons (1.2 ± 0.9 pA, n = 5 cells from 5 mice; Figure 7D and Figure 7F; p = 443 

0.2304 by one-sample t-test), but did significantly increase holding current in CRF1- 444 

neurons (12.6 ± 0.9 pA, t(4) = 14.11, *p = 0.0001 by one-sample t-test, n = 5 cells from 445 

5 mice; t (8) = 9.09, #p = 0.0001 by unpaired t-test, 11.37 ± 1.25 pA effect size with 95% 446 

confidence interval of -14.26 to -8.487; Figure 7E and Figure 7F). Acute ethanol did not 447 

significantly affect RMS noise in CRF1+ neurons (5.9 ± 0.2 pA at baseline to 6.1 ± 0.4 448 

pA after EtOH, p = 0.3868) or CRF1- neurons (6.3 ± 0.5 pA at baseline to 6.2 ± 0.5 pA 449 

after EtOH, p = 0.6131).  450 

Chronic Intermittent Ethanol Exposure 451 

To examine the sensitivity of LA neurons to chronic ethanol exposure, we 452 

subjected CRF1:GFP mice to chronic intermittent ethanol (CIE) vapor exposure (4-5 453 

weeks) and CIE followed by 3-7 days withdrawal (CIE-WD). There were no significant 454 

changes in membrane properties in CRF1+ neurons following ethanol vapor exposure 455 

or withdrawal (Figure 8A), and consistent with naïve neurons the majority of CRF1+ 456 

neurons from AIR, CIE, and CIE-WD mice exhibited spike accommodation (Figure 8B).  457 

Rheobase was reduced in CRF1+ neurons from CIE mice (74.74 ± 8.63 pA, n = 19 cells 458 

from 11 mice) as compared with neurons from AIR mice (46.15 ± 5.72 pA, n = 19 cells 459 

from 6 mice, t(30) = 2.49, p = 0.0187 by unpaired t-test, effect size -28.58 ± 11.49 pA 460 

with 95% confidence interval of -52.05 to -5.113; Figure 8C, left). Rheobase did not 461 
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significantly differ between CRF1+ neurons from CIE-WD mice (64 ± 11.85 pA, n = 10 462 

cells from 3 mice) and neurons from AIR mice (p = 0.4708; Figure 8C, left). Threshold 463 

to fire was also reduced in neurons from CIE mice (-58.58 ± 2.35 mV) versus neurons 464 

from AIR mice (-49.71 ± 1.50 mV, t(30) = 3.34, p = 0.0022 via unpaired t-test, effect size 465 

of 8.87 ± 2.65 mV with 95% confidence intervals of -14.29 to -3.46; Figure 8C, right) 466 

but was not different in neurons from CIE-WD mice (-52.43 ± 2.55 mV) versus neurons 467 

from AIR mice (p = 0.3353). In addition, we found no differences in action potentials 468 

elicited by ascending current injection between the three exposure conditions (Figure 469 

8D). Together, these findings indicate increases in excitability of LA CRF1+ neurons 470 

following CIE exposure that are normalized under withdrawal conditions.  471 

There were no significant changes in membrane properties in CRF1- neurons 472 

following ethanol vapor exposure or withdrawal (Figure 8E), and consistent with 473 

neurons from naïve mice approximately half of CRF1- neurons from AIR and CIE-WD 474 

mice exhibited spike accommodation (Figure 8F).  No changes in rheobase were 475 

observed between CRF1- neurons from AIR mice (84.44 ± 12.37 pA, n = 9 cells from 4 476 

mice), CIE mice (65.00 ± 7.32 pA, n = 8 cells from 3 mice) or CIE-WD mice (76.67 ± 477 

26.03 pA, n = 6 cells from 3 mice; Figure 8G, left). Threshold to fire was also 478 

comparable in CRF1- neurons from AIR mice (-50.18 ± 1.47 mV) versus neurons from 479 

CIE mice (-48.00 ± 1.62 mV) and CIE-WD mice (-51.55 ± 1.76 mV; Figure 8G, right). 480 

No significant differences in number of action potentials across current injection steps 481 

emerged between CRF1- neurons from AIR, CIE or CIE-WD mice (Figure 8H). These 482 

findings indicate no changes in excitability of CRF1- neurons following AIR, CIE or CIE-483 

WD exposure.  484 
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We next assessed phasic inhibitory transmission in CRF1+ and CRF1- LA 485 

neurons following vapor exposure. There were no significant changes in sIPSC 486 

frequency [5.4 ± 1.4 Hz, 7.1 ± 2.0 Hz, and 5.6 ± 1.2 Hz, p = 0.7112 by one-way ANOVA, 487 

n = 5-8 cells from 3-4 mice per group; Figure 9A and 9B, left panel], sIPSC amplitude 488 

[67.0 ± 4.7 pA, 69.2 ± 3.4 pA, and 62.7 ± 5.5 pA, p  = 0.6551 by one-way ANOVA, n = 489 

5-8 cells from 3-4 mice per group; Figure 9A and 9B, center panel], sIPSC rise [1.9 ± 490 

1.1 ms, 1.8 ± 0.1 ms, and 1.9 ± 0.2 ms, p = 0.8369 by one-way ANOVA, n = 5-8 cells 491 

from 3-4 mice per group; Figure 9A],  or sIPSC decay [1.9 ± 1.1 ms, 1.8 ± 0.1 ms, and 492 

1.9 ± 0.2 ms, p = 0.9120 by one-way ANOVA, n = 5-8 cells from 3-4 mice per group; 493 

Figure 9A and 9B, right panel] in CRF1+ neurons from AIR, CIE, and CIE-WD mice, 494 

respectively. CRF1- neurons from AIR, CIE, or CIE-WD mice were similarly unaffected. 495 

sIPSC frequency [5.4 ± 1.5 Hz, 5.7 ± 1.1 Hz, and 5.1 ± 1.9 Hz, p = 0.9761 by one-way 496 

ANOVA, n = 3-7 cells from 3 mice per group, Figure 9C, left panel], sIPSC amplitude 497 

[73.1 ± 5.0 pA, 72.2 ± 5.8 pA, and 65.6 ± 0.5 pA, p = 0.7758 by one-way ANOVA, n = 3-498 

7 cells from 3 mice per group, Figure 9C, center panel], sIPSC rise [1.7 ± 0.7 ms, 1.1 ± 499 

0.1 ms, and 1.0 ± 0.1 ms, p = 0.6595 by one-way ANOVA, n = 3-7 cells from 3 mice per 500 

group] and sIPSC decay [2.1 ± 0.1 ms, 1.8 ± 0.1 ms, and 2.4 ± 0.1 ms,  p = 0.0902 by 501 

one-way ANOVA, n = 3-7 cells from 3 mice per group, Figure 9C, right panel] were all 502 

unchanged.  503 

We also examined the tonic inhibitory conductance in CRF1+ and CRF1- 504 

neurons after CIE and CIE-WD. Focal application of gabazine (GBZ, 100 μM) produced 505 

a significant reduction in holding current that was not significantly different between 506 

CRF1+ neurons from AIR, CIE and CIE-WD mice [8.2 ± 1.4 pA, 11.1 ± 2.1 pA, and 8.7 ± 507 
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2.1 pA, p = 0.5122 by one-way ANOVA, n = 5-7 cells from 3-4 mice per group; Figure 508 

9D and 9E]. Gabazine (GBZ, 100 μM) also produced a reduction in the amplitude of the 509 

holding current or RMS noise that was not significantly different between CRF1+ 510 

neurons from AIR, CIE and CIE-WD mice [10.3 ± 0.5 to 8.8 ± 0.6 pA, 9.6 ± 0.7 to 8.3 ± 511 

0.5 pA, and 9.3 ± 0.7 to 8.5 ± 0.9 pA; p = 0.4238 by one-way ANOVA, n = 5-7 cells from 512 

3-4 mice per group]. Focal application of gabazine (GBZ, 100 μM) produced no 513 

reduction in holding current in CRF1- neurons from AIR, CIE or CIE-WD mice [0.7 ± 1.4 514 

pA, 2.2 ± 1.4 pA, and 1.0 ± 3.6 pA, p = 0.7642 by one-way ANOVA, n = 3-7 cells from 3 515 

mice per group; Figure 9F], no difference in the magnitude of reduction in the amplitude 516 

of the holding current or RMS noise [10.0 ± 0.7 to 9.1 ± 0.6 pA, 10.2 ± 0.9 to 8.8 ± 0.4 517 

pA, and 7.8 ± 0.1 to 6.6 ± 0.4 pA, p = 0.6785 by one-way ANOVA, n = 3-7 cells from 3 518 

mice per group] and no significant difference between the experimental groups. These 519 

data suggest tonic inhibitory signaling in the LA is insensitive to chronic ethanol 520 

exposure and chronic ethanol exposure followed by withdrawal. 521 

In vivo microdialysis 522 

To evaluate baseline transmitter levels following chronic ethanol exposure and 523 

withdrawal, we performed in vivo microdialysis in CRF1:GFP mice exposed to AIR (n = 524 

4) or CIE-WD (n = 7). Mice were implanted with 0.5 mm microdialysis probes (Figure 525 

10A) aimed at the LA. However, as some penetrance into BLA is possible, results are 526 

described as LA/BLA (Figure 10B). There were no significant differences detected 527 

between AIR and CIE-WD mice in basal GABA levels (9.2 ± 2.1 nM and 11.9 ± 1.3 nM, 528 

p = 0.28 by unpaired t-test n = 4-7; Figure 10C). Acute administration of ethanol (1 M) 529 

in the perfusate solution produced significant increases in LA/BLA GABA levels in both 530 
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AIR and CIE-WD mice as assessed by two-way ANOVA of pre and post-ethanol 531 

reverse dialysis (exposure condition X time) with a significant main effect of time, F(11, 532 

99) = 5.585, p = 0.0001, but no significant effect of exposure condition or interaction of 533 

time and exposure condition (Figure 10D). There were also no significant differences 534 

detected between AIR and CIE-WD mice in basal glutamate levels (1264 ± 310.5 nM 535 

and 1061 ± 295.8 nM, p = 0.67, n = 4- 7; Figure 10E). Acute administration of ethanol 536 

(1 M in the perfusate solution) produced significant increases in LA/BLA glutamate 537 

levels in both AIR and CIE-WD mice as assessed by two-way ANOVA of pre and post-538 

ethanol reverse dialysis (exposure condition X time) with a significant main effect of 539 

time, F(11, 99) = 4.747, p = 0.0001, but no significant effect of exposure condition or 540 

interaction of time and exposure condition (Figure 10F). These data suggest that 541 

baseline excitatory and inhibitory transmitter levels in the LA/BLA are not significantly 542 

altered by chronic ethanol exposure and withdrawal, and that the responsivity of these 543 

transmitter systems to ethanol also remains intact following chronic ethanol exposure 544 

and withdrawal.      545 

DISCUSSION 546 

The CRF1 system in the amygdala has been shown to play an important role in 547 

the development of ethanol dependence, but the CRF1-containing neuronal population 548 

specifically within the LA has not been fully characterized. Here, we report that CRF1+ 549 

neurons in the LA are composed of multiple subgroups, including a small percentage of 550 

neurons expressing calcium binding proteins and a larger percentage of glutamatergic 551 

neurons.  CRF1+ neurons exhibit distinct membrane properties, minor differences in 552 

baseline excitability and possess an ongoing tonic GABAA receptor conductance that 553 
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CRF1- neurons lack. Acute ethanol exposure increases inhibition of CRF1- neurons but 554 

the inhibitory control of CRF1+ neurons is insensitive to acute ethanol. CRF1+ neurons 555 

displayed increased excitability following chronic ethanol, however neither CRF1+ nor 556 

CRF1- LA cells displayed alterations in phasic or tonic GABAergic synaptic transmission 557 

following chronic ethanol exposure or withdrawal, nor were basal changes in 558 

extracellular GABA or glutamate levels observed between exposure groups. 559 

Collectively, these results suggest that CRF1- LA neurons are sensitive to acute ethanol 560 

but that changes in CRF1+ neuronal excitability following chronic ethanol are not due to 561 

neuroplastic changes in inhibitory control. 562 

Both phasic and tonic GABAergic signaling regulate the activity and output of 563 

amygdala neurons. CRF1+ LA cells exhibit heightened basal phasic GABAergic 564 

signaling as compared with CRF1- cells and an ongoing tonic conductance that CRF1- 565 

cells lack. Subunit stoichiometry regulates the ability of GABAA receptors to mediate 566 

tonic inhibition, with the δ, α5 and ε subunits imparting sensitivity of GABAA receptors to 567 

low levels of GABA that are thought to underlie tonic conductance (Stell and Mody, 568 

2002; Stell et al., 2003; Glykys and Mody, 2007).The results of the 569 

immunohistochemical studies indicate that CRF1+ cells predominantly express the α1 570 

subunit and exhibit little colocalization with the δ subunit, consistent with previous 571 

reports (Wiltgen et al., 2009). Consistent with this observation, the tonic conductance 572 

seen in this population was insensitive to application of the δ-preferring GABAA receptor 573 

agonist THIP. The tonic GABAA receptors in CRF1+ cells of the LA therefore do not 574 

contain δ subunits but may contain alternative subunit stoichiometry, such as α1β2γ2 or 575 

α5βγ2. In the CeA, the tonic conductance exhibited by CRF1+ neurons was enhanced 576 
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by the application of the preferential α1 GABAA agonist zolpidem, suggesting a role for 577 

α1-containing GABAA receptors in tonic inhibition in that population. A similar 578 

mechanism may regulate tonic conductance in LA CRF1+ neurons. The δ subunit was 579 

sparsely expressed in unlabeled LA cells, as seen previously (Pirker et al., 2000), and a 580 

tonic conductance in CRF1- neurons was stimulated by acute application of THIP. 581 

These findings suggest that CRF1- cells express δ subunit-containing GABAA receptors 582 

that are not active under basal conditions but may be stimulated by agonist activity or 583 

heightened concentrations of extracellular GABA.  584 

Previous research has assessed the effects of ethanol on inhibitory signaling 585 

within the LA/BLA broadly, but the effects of ethanol on GABAergic signaling and within 586 

specific CRF1+ and CRF1- populations have not been previously assessed. We 587 

observed that CRF1+ cells are relatively insensitive to changes in inhibitory control 588 

induced by acute ethanol; focal application failed to elicit a change in either phasic or 589 

tonic inhibitory signaling in this population. As CRF1+ neurons exhibited heightened 590 

phasic and tonic GABAA signaling, these results may suggest a ceiling effect that 591 

precludes the possibility of GABA-mimetics such as ethanol from further increasing 592 

sIPSC frequency or reducing holding current. In contrast, CRF1- cells demonstrated an 593 

increased tonic conductance in the presence of ethanol coupled with a significant 594 

increase in GABA release onto these cells. These differences in sensitivity to acute 595 

ethanol may be related to GABAA subunit expression differences between the two 596 

populations. δ-containing GABAA receptors have heightened sensitivity to ethanol 597 

(Wallner et al., 2003; Wei et al., 2004), and the δ-expressing CRF1- neurons exhibited 598 

increases in tonic inhibitory control in response to ethanol that the δ-lacking CRF1+ 599 
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cells failed to demonstrate. The insensitivity of CRF1+ cells to acute ethanol was also 600 

observed in the CeA (Herman et al., 2013), suggesting that this population may have 601 

similar GABAA receptor compositions in multiple amygdala nuclei. 602 

In contrast to the selective effects of acute ethanol, both phasic and tonic GABAA 603 

signaling in LA CRF1+ and CRF1- cells were not affected by chronic ethanol exposure 604 

or ethanol exposure and withdrawal. The microdialysis experiments showed that chronic 605 

ethanol and withdrawal did not produce adaptations in extracellular GABA or glutamate 606 

levels, which may explain the insensitivity of tonic conductance in CRF1- neurons to 607 

ethanol-induced adaptations. Chronic ethanol exposure has been shown to increase 608 

basal GABA concentration in the CeA (Roberto et al., 2004a), elevating ambient GABA 609 

that is thought to drive cell type-specific changes in inhibitory control (Herman et al., 610 

2016). Although the GABAA receptor subunits associated with CRF1+ and CRF1- 611 

neurons in the CeA and LA are similar, the lack of elevated ambient GABA in the LA 612 

likely precludes any chronic ethanol-induced plasticity in inhibitory signaling in either 613 

CRF1+ or CRF1- LA neurons. Together, these findings may suggest that unlike the 614 

CeA, inhibitory control of CRF1+ neurons in the LA is relatively preserved following 615 

chronic ethanol exposure.  616 

Importantly, following chronic ethanol exposure CRF1+ neurons displayed 617 

reductions in the rheobase and threshold to fire, indicating increased excitability of 618 

CRF1+ neurons but not CRF1- neurons. Thus, although inhibitory signaling in CRF1+ 619 

population is relatively insensitive to the effects of acute ethanol, it is sensitive to 620 

chronic ethanol in multiple amygdala nuclei (the CeA and LA), making the CRF1+ 621 

population an important target for the actions of ethanol broadly within the amygdala. 622 
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The results of the voltage clamp experiments suggest that this enhanced excitability in 623 

the CRF1+ population is not driven by alterations in GABAergic signaling, which may 624 

indicate that these changes are instead regulated by ethanol-induced alterations in 625 

intrinsic excitability within the LA.  Plasticity in glutamatergic signaling within the LA/BLA 626 

has been reported following chronic ethanol exposure (McCool et al., 2010), and the LA 627 

specifically exhibits alterations in molecular markers of glutamate signaling following 628 

chronic ethanol exposure in nonhuman primates (Alexander et al., 2018) and 629 

reinstatement of alcohol seeking in mice (Salling et al., 2017). Future work to 630 

characterize glutamatergic signaling in the CRF1+ and CRF1- populations of the LA 631 

both under basal conditions and following chronic ethanol exposure would help to clarify 632 

the mechanisms underlying these ethanol-induced changes in excitability.    633 

In the chronic vapor exposure experiments, we did not find evidence for 634 

increased baseline phasic GABAergic signaling in CRF1+ versus CRF1- cells that was 635 

observed in our experiments with naïve mice. The baseline sIPSC frequency in CRF1+ 636 

neurons from AIR, CIE, and CIE-WD mice was lower than what was observed in CRF1+ 637 

neurons from naïve mice and higher in CRF1- neurons from AIR, CIE, and CIE-WD 638 

mice (see Figure 4A and B and Figure 9B and C), collectively leading to a loss of 639 

significant differences between the two cell populations in the chronic ethanol exposure 640 

experiments. As our data indicate that the CRF1+ cell population is comprised of a 641 

majority of glutamatergic principal neurons and a smaller subpopulation of interneurons, 642 

it is possible that differences in cell subpopulations sampled between the two 643 

experiments could account for these different baseline characteristics. However, we did 644 

observe tonic inhibition in the CRF1+ population and not the CRF1- population in slices 645 
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from both naïve and vapor-exposed mice, which suggests that a similar population of 646 

cells was sampled in both sets of experiments. The loss of population differences in 647 

phasic but not tonic inhibition may be attributable to the stress of repeated injection, as 648 

the air-exposed mice were given daily pyrazole injections as a control for the treatment 649 

given to the CIE and CIE-WD groups. It is also possible that exposure to the air 650 

chamber, which as a novel environment may be a mild stressor, contributed to the 651 

differences between naïve and AIR mice in these experiments. The relative sensitivity of 652 

phasic and tonic inhibitory control in CRF1+ cells to repeated mild stress is an 653 

interesting avenue for future studies to explore.       654 

Together, these findings suggest that unlike adaptations in inhibitory control 655 

exhibited by other amygdala nuclei (notably the CeA), GABAergic signaling within the 656 

LA is intact despite chronic ethanol exposure and/or withdrawal. This resistance to 657 

ethanol-induced plasticity in inhibitory control within the LA may play a significant role in 658 

the development of alcohol dependence and alcohol use disorders. Sensory 659 

information, including external drug cues and internal states such as craving and 660 

withdrawal, is relayed first to the LA from the cortex and thalamus; glutamatergic 661 

projections from the LA then synapse with cells in the CeA, BLA and Ipc (Sah et al., 662 

2003). Our findings suggest that despite chronic ethanol exposure, inhibitory control of 663 

LA CRF1+ neurons (many of which are projection neurons) remains unchanged, 664 

allowing these cells to communicate with downstream amygdalar regions unimpeded. 665 

This suggests that neuroadaptations developing in the CeA (Herman et al., 2016) and 666 

BLA (Lack et al., 2007; Diaz et al., 2011) upon chronic ethanol exposure result from 667 

local, intrinsic changes rather than from changes in extrinsic inputs from the LA. These 668 
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findings may have relevance to amygdala circuitry in other contexts, such as fear 669 

learning, and may provide insights into other diseases involving amygdala dysfunction, 670 

including anxiety and depression. These findings also highlight the heterogeneous cell 671 

types within the LA and underscore the need for further cell type-specific 672 

characterization of amygdala physiology and pathology.      673 

  674 
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FIGURE LEGENDS 824 

Figure 1. Glutamate transporter expression in CRF1 lateral amygdala neurons. (A) 825 

Representative merged image showing Crhr1, Gfp and DAPI in the LA. Scale bar = 10 826 

μm. (B) Summary of the total number of Gfp+ and Crhr1+ nuclei in the ROI 827 

(1024X1024, 40X) in the LA of 11 images from 3 mice. (C) Graph of the percent of 828 

nuclei co-expressing Crhr1 in Gfp+ nuclei (black bar) and percent of nuclei co-829 

expressing Gfp in Crhr1+ nuclei (white bar). Representative images in the LA are shown 830 

for (D) Crhr1 and DAPI, (E) Slc17a7 and DAPI, and (F) the merged imaged of Crhr1, 831 

Slc17a7, and DAPI (Crhr1 = red fluorescence, Slc17a7 = green fluorescence, and DAPI 832 

= blue fluorescence). Scale bar = 10 μm. (G) Summary of the total number of Crhr1+ 833 

and Slc17a7+ nuclei in the ROI (1024X1024, 40X) in the LA of 10 images from 3 834 

CRF1:GFP mice. (H) Graph of the percent of nuclei co-expressing Crhr1 in Slc17a7+ 835 

nuclei (black bar) and nuclei co-expressing Slc17a7 in Crhr1+ (white bar).  836 

Figure 2. Calcium binding protein expression in CRF1+ and CRF1- lateral 837 

amygdala neurons. (A) Photomicrograph (10x) of GFP expression (green 838 

fluorescence, left), calbindin expression (red fluorescence, center) and merge (right). 839 

Scale bar = 100 μm. (B) Photomicrograph (10x) of GFP expression (green 840 

fluorescence, left), calretinin expression (red fluorescence, center) and merge (right). 841 

Scale bar = 100 μm. (C) Photomicrograph (10x) of GFP expression (green 842 

fluorescence, left), parvalbumin expression (red fluorescence, center) and merge (right). 843 

Scale bar = 100 μm. (D) Summary of total cells expressing CRF1 (GFP) and calcium 844 

binding proteins (CBPs), n = 16 sections from 4 mice. (E) Percent of CBP+ cells that co-845 

express CRF1. (F) Percent of CRF1+ cells that co-express CBPs.     846 
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Figure 3. Membrane characteristics and excitability of CRF1+ and CRF1- lateral 847 

amygdala neurons. (A) Summary of membrane characteristics of CRF1+ (n = 28) and 848 

CRF1- (n = 28) LA cells. (B) Representative current-clamp recording of LA CRF1+ 849 

neuron action potentials elicited by 100 pA current injection (top) and the relative 850 

proportion of CRF1+ LA neurons displaying spike accommodation with current injection 851 

(bottom). (C) Representative current-clamp recording of LA CRF1- neuron action 852 

potentials elicited by 100 pA current injection (top) and the relative proportion of CRF1- 853 

LA neurons displaying spike accommodation with current injection (bottom). (D) 854 

Summary of rheobase at -70 mV (left) and threshold to fire (right) of CRF1+ and CRF1- 855 

LA neurons. *p < 0.05 by unpaired t test comparing CRF1+ to CRF1− cells. (E) 856 

Summary of action potentials by current injection in CRF1+ and CRF1- LA neurons. 857 

Figure 4. Phasic and tonic inhibitory transmission in CRF1 lateral amygdala 858 

neurons. (A) Representative voltage-clamp recording of a CRF1+ cell (left) and a 859 

CRF1- cell (right). (B) Summary of sIPSC frequency (left), amplitude (center) and 860 

decay (right) of CRF1+ and CRF1- cells.  *p < 0.05 by unpaired t test comparing 861 

CRF1+ to CRF1− cells. (C) Representative voltage-clamp recording of a CRF1+ cell 862 

(left) and a CRF1- cell (right) during gabazine superfusion (GBZ, 100μM). White 863 

dashed line indicates level of holding current before and after GBZ superfusion. (D) 864 

Summary of the tonic current revealed by gabazine. *p < 0.05 by unpaired t test 865 

comparing CRF1+ to CRF1− cells. (E) Summary of the change in RMS noise induced 866 

by gabazine superfusion in CRF1+ (left) and CRF1- (right) cells. 867 

Figure 5. GABAA subunit expression in CRF1+ and CRF1- lateral amygdala 868 

neurons. (A) Photomicrograph (10x) of GFP expression (green fluorescence) in LA. (B) 869 
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Photomicrograph (10x) of α1 GABAA receptor subunit expression (red fluorescence) in 870 

LA. Scale bar = 100 μm. (C) Photomicrograph (60x) of GFP expression (top), α1 871 

expression (center) and merge (bottom) in LA highlighting a single cell exhibiting 872 

coexpression of GFP and α1. Scale bar = 10 μm.  (D) Photomicrograph (10x) of GFP 873 

expression (green fluorescence) in LA. (E) Photomicrograph (10x) of δ GABAA receptor 874 

subunit expression (red fluorescence) in LA. Scale bar = 100 μm.  (F) Photomicrograph 875 

(60x) of GFP expression (top), δ expression (center) and merge (bottom) in LA. Scale 876 

bar = 10 μm. 877 

Figure 6. Contribution of δ subunit-containing GABAA receptors to tonic 878 

conductance in CRF1+ and CRF1- lateral amygdala neurons.(A) Representative 879 

voltage-clamp recording of a CRF1+ (left) and CRF1- (right) cell during superfusion of 880 

the δ subunit-preferring GABAA agonist gaboxadol (THIP, 5 μM). White dashed line 881 

indicates level of holding current before and after THIP superfusion. (B) Summary of the 882 

tonic current induced by THIP in CRF1+ and CRF1- cells, *p < 0.05 by unpaired t test 883 

comparing CRF1+ to CRF1− cells. (C) Summary of the change in RMS noise induced 884 

by THIP superfusion in CRF1+ (left) and CRF1- (right) cells.   885 

Figure 7. Effects of acute ethanol on phasic and tonic inhibitory transmission in 886 

CRF1+ and CRF1- lateral amygdala neurons. (A) Representative voltage-clamp 887 

recording (top) and cumulative probability histogram of inter-event interval (bottom) of 888 

a CRF1+ cell during superfusion of ethanol (EtOH, 44mM). (B) Representative voltage-889 

clamp recording (top) and cumulative probability histogram of inter-event interval 890 

(bottom) of a CRF1- cell during superfusion of ethanol (EtOH, 44mM). (C) Summary of 891 

the change in sIPSC frequency (top) and amplitude (bottom) following ethanol 892 
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superfusion as compared with baseline in CRF1+ and CRF1- cells. *p < 0.05 by one 893 

sample t test comparing differences from baseline within cell type, # p < 0.05 by 894 

unpaired t test comparing CRF1+ to CRF1- cells. (D) Representative voltage-clamp 895 

recording of a CRF1+ cell during superfusion of ethanol (EtOH, 44mM). White dashed 896 

line indicates level of holding current before and after EtOH superfusion. (E) 897 

Representative voltage-clamp recording of a CRF1- cell during superfusion of ethanol 898 

(EtOH, 44mM). White dashed line indicates level of holding current before and after 899 

EtOH superfusion. (F) Summary of the tonic current induced by ethanol in CRF1+ and 900 

CRF1- cells. *p < 0.05 by one sample t test comparing differences from baseline within 901 

cell type, # p < 0.05 by unpaired t test comparing CRF1+ to CRF1- cells.              902 

Figure 8. Effects of chronic ethanol vapor on membrane characteristics and 903 

excitability in CRF1+ and CRF1- lateral amygdala neurons. (A) Summary of 904 

membrane characteristics of CRF1+ LA neurons from AIR, CIE, and CIE-WD mice. (B) 905 

Relative proportion of CRF1+ neurons exhibiting spike accommodation from control 906 

(AIR, left), chronic ethanol exposure (CIE, center) and chronic ethanol exposure and 907 

withdrawal (CIE-WD, right) mice. (C) Summary of rheobase at -70 mV (left) and 908 

threshold to fire (right) of CRF1+ neurons from AIR, CIE and CIE-WD mice. *p < 0.05 909 

by unpaired t test comparing CRF1+ neurons from AIR mice to CRF1+ neurons from 910 

CIE mice. (D) Summary of action potentials by current injection in CRF1+ neurons from 911 

AIR, CIE and CIE-WD mice. (E) Summary of membrane characteristics of CRF1- LA 912 

neurons from AIR, CIE, and CIE-WD mice. (F) Relative proportion of CRF1- neurons 913 

exhibiting spike accommodation from AIR (left), CIE (center) and CIE-WD (right) mice. 914 

(G) Summary of rheobase at -70 mV (left) and threshold to fire (right) of CRF1- 915 
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neurons from AIR, CIE and CIE-WD mice. (H) Summary of action potentials by current 916 

injection in CRF1- neurons from AIR, CIE and CIE-WD mice.  917 

Figure 9. Effects of chronic ethanol vapor on phasic and tonic inhibitory 918 

transmission in CRF1+ and CRF1- lateral amygdala neurons. (A) Representative 919 

voltage-clamp recordings of CRF1+ neurons from control (AIR, left), chronic ethanol 920 

exposure (CIE, center) and chronic ethanol exposure and withdrawal (CIE-WD, right) 921 

mice.  (B) Summary of sIPSC frequency (left), amplitude (center) and decay (right) in 922 

CRF1+ neurons from AIR, CIE and CIE-WD mice. (C) Summary of sIPSC frequency 923 

(left), amplitude (center) and decay (right) in CRF1- neurons from AIR, CIE and CIE-924 

WD mice. (D) Representative voltage-clamp recording of CRF1+ cells from AIR (left) 925 

and CIE-WD (right) mice during gabazine superfusion (GBZ, 100μM). White dashed 926 

line indicates level of holding current before and after GBZ superfusion. (E) Summary of 927 

tonic current revealed by gabazine superfusion in CRF1+ cells. (F) Summary of tonic 928 

current revealed by gabazine superfusion in CRF1- cells. 929 

Figure 10. Effects of chronic ethanol vapor and withdrawal on exogenous GABA 930 

and glutamate concentration and sensitivity to acute ethanol in lateral 931 

amygdala/basolateral amygdala. (A) Representative microdialysis probe (0.5 mm). 932 

Scale bar = 1mm. (B) Histological verification of probe site. Dashed lines indicate 933 

LA/BLA. Scale bar = 1 mm. (C) Baseline dialysate concentrations of GABA (nM) in the 934 

LA/BLA of control (AIR) and chronic ethanol withdrawal (CIE-WD) mice (n=4-7). (D) 935 

Percentage change in GABAergic transmission in the LA/BLA of AIR over time and 936 

following reverse dialysis of ethanol (1 M, shaded area) in AIR and CIE-WD mice (n=4-937 

7). (E) Baseline dialysate levels of glutamate (nM) in the LA/BLA of control (AIR) and 938 
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chronic ethanol and withdrawal (CIE-WD) mice (n=4-7). (F) Percentage change in 939 

glutamatergic transmission in the LA/BLA over time and following reverse dialysis of 940 

ethanol (1 M, shaded area) in AIR and CIE-WD mice (n = 4-7).  941 






















