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Abstract

The lateral amygdala (LA) serves as the point of entry for sensory information within the amygdala complex, a struc-
ture that plays a critical role in emotional processes and has been implicated in alcohol use disorders. Within the
amygdala, the corticotropin-releasing factor (CRF) system has been shown to mediate some of the effects of both
stress and ethanol, but the effects of ethanol on specific CRF1 receptor circuits in the amygdala have not been
fully established. We used male CRF1:GFP reporter mice to characterize CRF1-expressing (CRF1") and nonex-
pressing (CRF17) LA neurons and investigate the effects of acute and chronic ethanol exposure on these popula-
tions. The CRF1™" population was found to be composed predominantly of glutamatergic projection neurons with a
minority subpopulation of interneurons. CRF1" neurons exhibited a tonic conductance that was insensitive to acute
ethanol. CRF1~ neurons did not display a basal tonic conductance, but the application of acute ethanol induced a
6 GABA, receptor subunit-dependent tonic conductance and enhanced phasic GABA release onto these cells.
Chronic ethanol increased CRF1™" neuronal excitability but did not significantly alter phasic or tonic GABA signaling
in either CRF1* or CRF1~ cells. Chronic ethanol and withdrawal also did not alter basal extracellular GABA or glu-
tamate transmitter levels in the LA/BLA and did not alter the sensitivity of GABA or glutamate to acute ethanol-in-
duced increases in transmitter release. Together, these results provide the first characterization of the CRF1*
population of LA neurons and suggest mechanisms for differential acute ethanol sensitivity within this region.
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The corticotropin-releasing factor (CRF) system is a critical component of the stress network and has been im-
plicated in psychiatric disorders including addiction, anxiety, and depression. The present study examines
CREF receptor-1 (CRF1) lateral amygdala (LA) neurons and reports differential inhibitory control and acute etha-
nol effects of CRF1 LA neurons compared with the unlabeled (CRF17) population. An improved understanding
of CRF1 amygdala circuitry and the selective sensitivity of that circuitry to ethanol represents an important step
in identifying brain region-specific neuroadaptations that occur with ethanol exposure. The present findings
also have broad implications, including potential relevance to the role of CRF1 circuitry in other contexts that
\may provide insight into other disorders involving amygdala dysfunction, including anxiety and depression. /
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Introduction

The amygdala complex has been implicated in a num-
ber of important functions, notably emotional processing
of internal and external sensory stimuli and the coordina-
tion of relevant behavioral output (Pitkanen et al., 1997).
Amygdala dysfunction is implicated in anxiety (Tye et al.,
2011) and alcohol abuse disorders (Koob et al., 1998).
The lateral amygdala (LA) serves as the entry point for
sensory information and sends excitatory projections to
other amygdala nuclei, including the central amygdala
(CeA) and basolateral amygdala (BLA), to facilitate stimuli
processing (Sah et al., 2003; Agoglia and Herman, 2018).
The LA is required for the acquisition and expression of
fear learning and memory (Sears et al., 2014), and plays a
crucial role in the development of anxiety-like behaviors
(Rodrigues et al., 2004). Similar mechanisms may be in-
volved in the dysregulated amygdalar activity seen in al-
cohol dependence (McCool et al., 2010), but the diversity
of cell types within the LA complicates the interpretation
of ethanol (EtOH) effects.

GABAergic neurotransmission is sensitive to acute and
chronic ethanol exposure, and GABA, receptor activity is
involved in ethanol tolerance and dependence. (Eckardt
et al., 1998; Grobin et al., 1998; Weiner and Valenzuela,
2006). Both phasic (immediate, short-term inhibition) and
tonic (persistent inhibition) GABAergic transmission within
the CeA is sensitive to acute and chronic ethanol in a cell
type-specific manner (Herman et al., 2013, 2016). The
functional characteristics of GABAA receptors are deter-
mined by their subunit composition; receptors containing
the a4, a6, and/or & subunit are expressed extrasynapti-
cally and mediate tonic conductance (Semyanov et al.,
2004). These receptors also display an increased sensitiv-
ity to ethanol (Wallner et al., 2003; Wei et al., 2004) and
may be a primary target for ethanol in the brain (Wallner et
al., 2003; Mody et al., 2007), although the direct action of
ethanol on tonic GABAA receptors remains controversial
(Borghese and Harris, 2007; Baur et al., 2009). Tonic
inhibition has been described in principal cells and local
interneurons in the LA, but the receptor composition
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mediating this tonic conductance in LA neurons is unclear
(Marowsky et al., 2012).

Corticotropin-releasing factor (CRF) and the CRF re-
ceptor-1 (CRF1) are expressed throughout the amygdala
(Van Pett et al., 2000; Calakos et al., 2017) and have been
implicated in neuroplastic changes related to fear (Hubbard
et al., 2007), anxiety (Overstreet et al., 2004; Rainnie et al.,
2004), and alcohol exposure (Nie et al., 2004; Roberto et al.,
2010; Herman et al., 2013; Lovinger and Roberto, 2013).
Notably, activation of CRF1 receptors increases the excit-
ability of BLA neurons to sensory input (Ugolini et al., 2008),
and administration of CRF into the BLA increases activation
of calcium/calmodulin-dependent protein kinase Il (CaMKII)-
containing projection neurons (Rostkowski et al., 2013).
Despite the expression of CRF and CRF1 in the LA and the
relevance of the CRF system to the consequences of etha-
nol exposure, the specific effects of ethanol on the LA CRF1
neuronal population have not been characterized.

Previous work using a transgenic mouse line expressing
green fluorescent protein (GFP) under the Crhr1 promoter
(Justice et al., 2008) found that CRF1* and CRF1~ neurons
within the CeA exhibit distinct inhibitory characteristics
and differential sensitivity to acute and chronic ethanol
(Herman et al., 2013, 2016). The CRF1-containing neuronal
population within the LA has not been previously charac-
terized, and could be an important determinant of LA activ-
ity and output as well as a site of action for drugs of abuse
such as ethanol. The current study uses the same CRF1:
GFP mice to selectively target and characterize CRF1 neu-
rons in the LA, not to probe the effect of CRF1 activation,
which will be the subject of future studies. Here, we com-
bine electrophysiology, immunohistochemistry, and micro-
dialysis to (1) characterize the phenotype of CRF1" and
CRF1™ neurons of the LA, (2) investigate phasic and tonic
inhibitory transmission in LA CRF1* and CRF1~ cells, and
(8) determine the effects of acute and chronic ethanol ex-
posure on inhibitory control within the LA.

Materials and Methods

Animals

Experiments were performed in 59 adult (age, 3-
6 months; weight, 19-30 g) male transgenic CRF1:GFP
mice that express GFP under the Crhr1 promoter, as previ-
ously described (Justice et al., 2008). Mice were bred and
group housed in a temperature- and humidity-controlled 12
h light/dark facility with ad libitum access to food and water.
All experiments were performed in tissue collected from
mice between zeitgeber 2 and 7. All procedures were ap-
proved by the Scripps Research Institute and the University
of North Carolina at Chapel Hill Institutional Animal Care and
Use Committees.

Electrophysiological recording

Coronal sections (300 um) were prepared with a Leica
VT1000S (Leica Microsystems) from brains that were rap-
idly extracted from mice after brief anesthesia (5% isoflur-
ane) and placed in ice-cold sucrose solution containing
(in mm): sucrose 206.0; KCI 2.5; CaCl, 0.5; MgCl, 7.0;
NaH,PO, 1.2; NaHCO3; 26; glucose 5.0; and HEPES 5.
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After sectioning, slices were incubated in an oxygenated
(95% 0./5% COy,) artificial CSF (aCSF) solution contain-
ing (in mm): NaCl 130, KCI 3.5, NaH2PO4 1.25, MgS0O4
1.5, CaClI2 2, NaHCO3 24, and glucose 10 for 30 min at
37°C, followed by 30min equilibration at room tempera-
ture (RT; 21-22°C). Recordings were made with patch
pipettes (3—-6 MQ; Warner Instruments) filled with an intra-
cellular solution containing (in mm): KCI 145; EGTA 5;
MgCl, 5; HEPES 10; Na-ATP 2; and Na-GTP 0.2, coupled
to a Multiclamp 700B amplifier (Molecular Devices), ac-
quired at 10 kHz, low-pass filtered at 2-5 kHz, digitized at
20kHz (Digidata 1440A digitizer; Molecular Devices), and
stored on a computer using pClamp 10 software (Axon
Instruments). Series resistance was typically <15 MQ and
was continuously monitored with a hyperpolarizing 10 mV
pulse; neurons with series resistance >15 M or >20%
change in resistance during recording were excluded
from final analysis. LA neurons containing the CRF1 re-
ceptor were identified by GFP expression and differenti-
ated from unlabeled (GFP™) neurons using fluorescent
optics and brief (<2 s) episcopic illumination in slices
from CRF1:GFP reporter mice. Electrophysiological prop-
erties of cells were determined by pClamp 10 Clampex
software online during voltage-clamp recording using a
10mV pulse delivered after breaking into the cell. Drugs
were applied either by bath or Y-tube application for local
perfusion. Recordings (Vioig = —60 mV) were performed in
the presence of the glutamate receptor blockers 6,7-dini-
troquinoxaline-2,3-dione (DNQX; 20 um) and aminophos-
phonopentanoic acid (AP-5; 50 wum) and the GABAg
receptor antagonist CGP55845A (1 um). All recordings
were conducted at room temperature, and all solutions
(bath and Y-tube) were prepared and maintained at room
temperature.

Drugs and chemicals

DNQX (10 um), AP-5 (50 um), and CGP55845A (1 um)
were purchased from Tocris Bioscience. SR-95531 [ga-
bazine (GBZ); 100 uwm], picrotoxin (100 um), and 4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP; 1-10 uwm)
were purchased from Sigma-Aldrich.

Immunohistochemistry

Mice (n =4) were anesthetized with isoflurane and per-
fused with cold PBS followed by 4% paraformaldehyde
(PFA). Brains were dissected and immersion fixed in PFA
for 24 h at 4°C, cryoprotected in sterile 30% sucrose in
PBS for 24-48 h at 4°C or until brains sank, flash frozen in
prechilled isopentane on dry ice, and stored at —80°C.
Free-floating 35 um brain sections were obtained using a
cryostat and kept at 4°C in PBS containing 0.01% sodium
azide.

Sections were washed in PBS for 10 min at RT with gen-
tle agitation and then blocked for 1 h at RT in blocking so-
lution (0.3% Triton X-100, 1 mg/ml bovine serum albumin,
and 5% normal goat serum (NGS)]. Primary antibody was
incubated at 4°C overnight with gentle agitation in 0.5%
Tween-20 and 5% NGS. The following primary antibodies
were used: chicken anti-GFP (1:2000; catalog #ab13970,
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Abcam; RRID:AB_300798); rabbit anti-a1 and rabbit anti-
6 GABA, receptor subunit (1:100; 812-GA1N, 868A-GDN,
PhosphoSolutions); mouse anti-parvalbumin (PV; 1:1000;
catalog #235, Swant; RRID:AB_10000343); mouse anti-
calretinin (1:500; catalog #6B3, Swant; RRID:AB_10000320);
and mouse anti-calbindin (1:2000; catalog #300, Swant,
RRID:AB_10000347). Antibodies against native mouse pro-
tein were validated by the manufacturer with tissue from
knock-out mice, with the exception of anti-5 GABAA. Next,
sections were triple washed in PBS for 10 min at RT with
gentle agitation followed by a 1 h secondary antibody incu-
bation in PBS (in the dark). The following secondary anti-
bodies were used: Alexa Fluor 488 goat anti-chicken
(catalog #A-11039, Thermo Fisher Scientific; RRID:AB_
142924); Cy-3 donkey anti-rabbit (catalog #711-165-152,
Jackson ImmunoResearch; RRID:AB_2307443); and
Alexa Fluor 568 goat anti-mouse (catalog #A-11004,
Thermo Fisher Scientific; RRID:AB_2534072). Sections
were then washed (10 min, RT, three times) and mounted
in Vectashield (catalog #H1500, Vector Laboratories;
RRID:AB_2336788).

Sections were imaged on a Zeiss LSM 780 laser-scan-
ning confocal microscope (10x objective, tile scanning of
LA). All microscope settings were kept the same within
experiments during image acquisition. The analyst was
blind to the identity of the red fluorescent signal when per-
forming cell counts, and analysis was performed manually
in an unbiased manner at four anterior—posterior levels
(equidistant sections located —1.00 through —1.70 mm
from bregma). Data are presented as the mean = SE.

In situ hybridization

Mice (n = 3) were perfused with ice cold PBS/Z-fix (cata-
log #NC9378601, Thermo Fisher Scientific) after anesthe-
sia with isoflurane. Following perfusion, brains were
dissected and immersion fixed for 24 h in Z-fix at 4°C, cry-
oprotected in 30% sucrose in PBS for 24 h at 4°C, and
flash frozen in isopentane on dry ice. Brains were prelimi-
narily stored at —80°C until they were sliced on a cryostat
in 20-um-thick sections, mounted on SuperFrost Plus
slides (catalog #1255015, Thermo Fisher Scientific), and
stored at —80°C.

Using an RNAscope fluorescent multiplex kit (catalog
#320850, ACD), in situ hybridization was performed for
Crhr1, Gfp, and Slc17a7. Target retrieval pretreatment as
outlined in the manual provided by RNAscope (document
#320535, ACD) was performed by first briefly washing
prepared slides in PBS. Next slides were submerged in
prewarmed target retrieval buffer (catalog #322000, ACD)
and kept at a constant temperature between 95°C and
98°C for 10 min. Slides were then removed and immedi-
ately rinsed in distilled water twice, and then dehydrated
with 100% ethanol. After dehydrations, slices were de-
marcated with a hydrophobic barrier pen (catalog
#310018, ACD) and digested with Protease IV for 20 min
at 40°C in a hybridization oven. Next, the RNAscope
Fluorescent Multiplex Reagent Kit User Manual (docu-
ment #320293, ACD) was followed entirely. Last, slides
were mounted with Vectashield with DAPI (catalog
#NC9029229, Thermo Fisher Scientific). The probes used

eNeuro.org


https://scicrunch.org/resolver/AB_300798
https://scicrunch.org/resolver/AB_10000343
https://scicrunch.org/resolver/AB_10000320
https://scicrunch.org/resolver/AB_10000347
https://scicrunch.org/resolver/AB_142924
https://scicrunch.org/resolver/AB_142924
https://scicrunch.org/resolver/AB_2307443
https://scicrunch.org/resolver/AB_2534072
https://scicrunch.org/resolver/AB_2336788

eMeuro

were Crhr1 (probe target region 207-813; catalog
#418011-C2), Slc17a7 (probe target region 464-1415;
catalog #416631-C1), eGFP (probe target region 628-
1352; catalog #400281), and a negative control (catalog
#320751), all from ACD.

Slides were imaged on a Zeiss LSM 780 laser-scanning
confocal microscope (40x oil-immersion, 1024 x 10%%; of
LA at approximately —1.46 mm from bregma; 5 um z-
stacks). All microscope settings were kept the same with-
in experiments during image acquisition. Background
was subtracted from images based on the negative con-
trol for each probe, and signal intensity present in DAPI-
labeled nuclei after background subtracted denoted posi-
tive cells. To perform quantification, Imaged was used to
manually count DAPI-labeled nuclei expressing fluores-
cently labeled probes in the region of interest (ROI). Next,
the percentage of nuclei positive for one or both probes
and the percentage of signal colocalization were calcu-
lated. The percentage of Crhr1™ nuclei expressing a
marker of interest was determined by dividing the number
of colabeled nuclei by the total number of Crhr1™ nuclei.
Quantification was performed on three to four images (ap-
proximately —1.46 mm from bregma) from each mouse in
an unbiased manner as probe fluorescence was quanti-
fied blindly. Brightness/contrast and pixel dilation are the
same for all representative images.

Chronic intermittent ethanol vapor inhalation

Mice were placed in ethanol inhalation chambers (La
Jolla Alcohol Research) and exposed to chronic intermit-
tent ethanol (CIE) vapor (16 h) followed by air (8 h) daily
for 4 consecutive days/week for a period of 4-5weeks
(Herman et al., 2016). Before each vapor exposure, CIE
mice were injected with a solution of ethanol (1.5 g/kg)
and pyrazole (1 mmol/kg, i.p.), an alcohol dehydrogenase
inhibitor, to initiate intoxication and maintain constant
blood alcohol levels (BALs). Control mice were exposed
to room air and received an injection of pyrazole (1 mmol/
kg, i.p.) at the onset of each ethanol vapor exposure.
Ethanol drip rate and air flow were adjusted so as to yield
BALs averaging 100-250 mg/dl. BALs were measured
throughout exposure using an Analox GM7 analyzer.
Average BALs for the CIE mice included in electrophysio-
logical recordings were 174.6 = 15.5 mg/dl. Average BALs
for CIE mice in microdialysis experiments were 162.7 =
16.5mg/dl. Terminal BALs were also determined at the
time of death when mice were killed immediately after their
last ethanol vapor exposure (CIE mice). Another group of
mice underwent 3-7 d of withdrawal after their last vapor
exposure before being killed (CIE-WD mice).

Microdialysis

Mice (n=11) were unilaterally implanted with custom
fabricated microdialysis probes (0.5 mm regenerated cel-
lulose) aimed at the LA (from bregma: anteroposterior,
—1.5 mm; mediolateral, =2.9 mm; dorsoventral, —4.1 mm
from dura). However, as some penetrance into BLA is
possible, microdialysis results are described throughout
as LA/BLA. Mice were perfused with aCSF at 0.2 ul/min
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and allowed to recover overnight, as previously described
(Pavon et al., 2018, 2019). The following morning, the flow
rate was increased to 0.6 pl/min and allowed to equilibrate
for 60 min prior to collection. Dialysate samples were col-
lected at 15 min intervals during a 1.5 h baseline period.
Ethanol (1 m) was added to the aCSF perfusate solution
for reverse dialysis through the probe, and samples were
collected for an additional 1.5 h during the local ethanol
exposure period. This dose of ethanol was chosen for
consistency with prior experiments using reverse dialysis
in rodents, where 1 m was found to induce maximal
changes in extracellular GABA and glutamate levels
(Roberto et al., 2004a,b).

Quantification of neurotransmitters was performed using
triple liquid chromatography quadrupole mass spectrome-
try methods as previously described (Song et al., 2012;
Buczynski et al., 2016). Briefly, microdialysate samples
(5 pl) were derivatized with 100 mm borate (5 pl), 2% benzo-
yl chloride (2 pul, in acetonitrile), and 1% formic acid (2 pl),
and were subsequently spiked with benzoylated '3Cg-la-
beled internal standards (5 pl, in 98% v/v ACN, 1% formic
acid, and 1% H,0). Samples (10 ul, 4°C) were separated
by high-performance liquid chromatography and ana-
lyzed by positive-ion mode tandem quadrupole mass
spectrometry (catalog #6460 QQQ, Agilent) using multi-
ple-reaction monitoring. The following neurotransmitters
were quantified using the standard isotope dilution
method (precursor — product): the amino acids aspar-
tate (238 — 105), GABA (208 — 105), glutamate (252 —
105), glutamine (251 — 105), glycine (180 — 105), serine
(210 — 105), and taurine (230 — 105). Baseline concen-
trations were expressed as an absolute value (nanomo-
lar), while changes produced by ethanol reverse dialysis
were expressed as relative values (percentage of base-
line) over time.

Statistical analysis

Membrane characteristics and excitability were com-
pared between groups using a two-tailed t test or a one-
way ANOVA, where appropriate. Frequency, amplitude,
and decay of spontaneous IPSCs (sIPSCs) were analyzed
and visually confirmed using a semiautomated threshold-
based mini detection software (Mini Analysis, Synaptosoft).
sIPSC characteristics were determined from baseline and
experimental drug conditions containing a minimum of
60 events (time period of analysis varied as a product
of individual event frequency). All detected events were
used for analysis, and superimposed events were
eliminated. Tonic conductance was determined using
Clampfit 10.2 (Molecular Devices) and a previously de-
scribed method (Belelli et al., 2009) in which the mean
holding current (i.e., the current required to maintain
the —60mV membrane potential) was obtained by a
Gaussian fit to an all-points histogram over a 5 s interval.
The all-points histogram was constrained to eliminate
the contribution of sIPSCs to the holding current. Drug
responses were quantified as the difference in holding
current between baseline and experimental conditions.
Events were analyzed for independent significance using
a one-sample t test and compared using a two-tailed t
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test for independent samples, a paired two-tailed t test
for comparisons made within the same recording, and a
one-way ANOVA for comparisons made among three or
more groups. In the microdialysis experiments, average
baseline concentrations of glutamate and GABA were
compared in CIE-WD versus AIR controls using two-
tailed t tests. To examine the effects of acute ethanol
administration on LA/BLA dialysate, two-way repeated-
measures ANOVA (exposure condition x time) was used
to compare air to CIE-WD mice before and after reverse
dialysis of ethanol. All statistical analyses were per-
formed using Prism version 5.02 (GraphPad Software).
Data are presented as mean + SE. In all cases, p <0.05
was the criterion for statistical significance.

Results

Phenotype of CRF1* LA neurons

To validate the fidelity of the CRF1:GFP expression in
the LA, we used the RNAscope assay (n=11 images from
three mice) to examine colocalization of Crhr1, the tran-
script for CRF1, and Gfp, the transcript for green fluores-
cent protein (Fig. 1A). The number of positive nuclei in the
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ROI was consistent between groups (Fig. 1B). Approxi-
mately 74% of Crhr1™ neurons coexpress Gfp and 84%
of Gfo™ neurons coexpress Crhr1 (Fig. 1C), indicating
substantial penetrance and fidelity, respectively. To iden-
tify the phenotype of CRF1™ neurons in the LA, we per-
formed in situ hybridization in brain sections from CRF1:
GFP mice (n=10 images from three mice) to examine co-
localization of Crhr1 and Sici17a7, the transcript for
VGIuT1. Consistent with GFP expression and the estab-
lished glutamatergic makeup of the BLA, Crhr1 and
Sic17a7 were similarly expressed in the LA (Fig. 1D-F).
The number of positive nuclei counted in the ROl was not
significantly different between Sic17a7" and Crhr1™ (Fig.
1G). Approximately 60% of Slc717a7" neurons coexpress
Crhr1, and ~80% of Crhr1™ neurons coexpress Sic17a7
(Fig. 1H). These data suggest that Crhr?1™ neurons make
up a subpopulation of LA glutamatergic cells and that the
majority of Crhr1™ LA neurons are glutamatergic.

The LA is composed of glutamatergic projection neu-
rons as well as local GABAergic interneurons (Sosulina et
al., 2006). The results of the in situ experiments indicated
that a subpopulation of the CRF1™ neurons of the LA do
not express Sic17a7, suggesting that these neurons are

0-
% Crhr1 % Gfp
i fp in Crhr1

H

100 -

60 -
40 -
20

% Colocalization

"% Crhrl % Sic17a7
in Slc17a7 in Crhr1

Figure 1. Glutamate transporter expression in CRF1 lateral amygdala neurons. A, Representative merged image showing Crhr1,
Gfp, and DAPI in the LA. Scale bar, 10 um. B, Summary of the total number of Gfo™ and Crhr?* nuclei in the ROI (1024 x 10%%;
40x) in the LA of 11 images from 3 mice. C, Graph of the percentage of nuclei coexpressing Crhr? in Gfo™ nuclei (black bar), and
the percentage of nuclei coexpressing Gfp in Crhr1™ nuclei (white bar). D-F, Representative images in the LA are shown for Crhr1
and DAPI (D); Slc17a7 and DAPI (E); and the merged imaged of Crhr1, Slc17a7, and DAPI (F; Crhr1=red fluorescence,
Slc17a7 =green fluorescence, and DAPI = blue fluorescence). Scale bar, 10 um. G, Summary of the total number of Crhr1™ and
Slc17a7™ nuclei in the ROI (1024 x 102%; 40x) in the LA of 10 images from 3 CRF1:GFP mice. H, Graph of the percent of nuclei co-
expressing Crhr1 in Slc17a7™ nuclei (black bar) and nuclei coexpressing Sic17a7 in Crhr1™ (white bar).
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not glutamatergic but may express calcium binding pro-
teins (CBPs) associated with GABAergic interneurons.
Work by Calakos et al. (2017) reported that the majority of
PV-containing neurons in the BLA also expressed CRF1,
but the expression of CBPs in CRF1™ neurons of the LA is
unknown. We examined PV and GFP colocalization in the
LA of CRF1:GFP mice (n =16 sections from four mice) as
well as calbindin (CB) and calretinin (CR). For the purpose
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of clarity, we refer to GFP™ and GFP ™~ neurons throughout
as CRF1" and CRF1~, respectively. We observed expres-
sion of CB, CR, and PV interspersed with GFP in the LA
(Fig. 2A-C), but there were more CRF1™ cells than CBP-
containing cells (Fig. 2D). Consistent with Calakos et al.
(2017), we observed that a substantial percentage
(~80%) of CBP™ cells also expressed GFP (Fig. 2E), sug-
gesting that the majority of LA neurons that express CBPs
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Figure 2. Calcium binding protein expression in CRF1" and CRF1~ lateral amygdala neurons. A, Photomicrograph (10x) of GFP ex-
pression (green fluorescence, left), calbindin expression (red fluorescence, center), and merge (right). Scale bar, 100 um. B,
Photomicrograph (10x) of GFP expression (green fluorescence, left), calretinin expression (red fluorescence, center), and merge
(right). Scale bar, 100 um. C, Photomicrograph (10x) of GFP expression (green fluorescence, left), parvalbumin expression (red fluo-
rescence, middle), and merge (right). Scale bar, 100 um. D, Summary of total cells expressing CRF1 (GFP) and CBPs, n=16 sec-
tions from 4 mice. E, Percentage of CBP™ cells that coexpress CRF1. F, Percentage of CRF1™ cells that coexpress CBPs.
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also contain CRF1. However, the percentage of CRF1™
neurons that contain CBPs was much lower (<20%; Fig.
2F), suggesting that the majority of CRF1* neurons are
likely not interneurons that express these calcium binding
proteins. Together, the results of the in situ and immuno-
histochemistry experiments identify the CRF1* neurons
of the LA as a mostly (~80%) glutamatergic population
with a smaller (~20%) population of neurons that express
CBPs (potentially GABAergic interneurons).

Membrane properties and excitability

LA neurons were identified and targeted for electro-
physiological recording based on GFP expression.
CRF1* neurons (n=28 cells from 14 mice) possessed a
significantly smaller membrane capacitance (ts4)=2.96;
p=0.0046 by unpaired t test, 21.84 £ 7.39 pF effect size;
95% confidence interval, —36.65 to —7.02), increased
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membrane resistance (tzo) = 2.34; p =0.0260 by unpaired
ttest; 99.46 + 42.48 mV effect size; 95% confidence inter-
val, —186.2 to —12.71), lower time constant (¢4 =3.08;
p =0.0033 by unpaired t test; 226 + 73.56 ms effect size;
95% confidence interval, —373.6 to —78.69), and higher
resting membrane potential (ts4 =3.95; p=0.0002 by un-
paired t test; 9.114 = 2.31 mV effect size; 95% confidence
interval, 4.49-13.74) compared with CRF1~ neurons
(n=28 cells from 15 mice; Fig. 3A). Whole-cell current-
clamp recordings and a step protocol consisting of hyper-
polarizing (—60pA) to depolarizing (100 pA; Fig. 3B,C)
current injections were used to examine the spiking
properties of CRF1™ and CRF1~ LA neurons. The large
majority (90%) of CRF1™ neurons exhibited spike accom-
modation (Fig. 3B, bottom), whereas CRF1~ neurons
were more variable (52% accommodating; Fig. 3C, bot-
tom). We observed no significant differences in rheobase

A Membrane Membrane Time Membrane
Capacitance | Resistance | Constant Potential
Cm (pF) Rm (MQ) Tau (ms) Vm (mV)
CRF1+ | 52.0 + 3.4* 1722 £+ 25.1 | 375.5 £ 37.9* | -58.9 + 1.8*
CRF1- |73.9%+6.6 122.7+151 | 601.7+63.1 |-68.0+14
B C
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Figure 3. Membrane characteristics and excitability of CRF1* and CRF1~ lateral amygdala neurons. A, Summary of membrane
characteristics of CRF1™ (n=28) and CRF1~ (n=28) LA cells. B, Representative current-clamp recording of LA CRF1™ neuron ac-
tion potentials elicited by 100 pA current injection (top) and the relative proportion of CRF1" LA neurons displaying spike accommo-
dation with current injection (bottom). C, Representative current-clamp recording of LA CRF1™ neuron action potentials elicited by
100 pA current injection (top) and the relative proportion of CRF1~ LA neurons displaying spike accommodation with current injec-
tion (bottom). D, Summary of rheobase at —70 mV (left) and the threshold to fire (right) of CRF1* and CRF1~ LA neurons. #p <0.05
by unpaired t test comparing CRF1* to CRF1~ cells. E, Summary of action potentials by current injection in CRF1* and CRF1~ LA
neurons.

March/April 2020, 7(2) ENEURO.0420-19.2020 eNeuro.org



~Meuro

between CRF1™ (37.52 = 10.11 pA) and CRF1~ neurons
(55.94 + 8.90 pA; Fig. 3D, left); however, we did observe a
significantly lower threshold to fire in CRF1~ neurons
(—48.64 +1.25pA) versus CRF1" neurons (—44.61+
0.78 pA; tg) = 2.73; p =0.0093; effect size, 4.03 = 1.48 pA,;
95% confidence interval, —7.01 to —1.048; Fig. 3D, right).
In addition, we found no differences in action potentials eli-
cited by ascending current injection between CRF1* and
CRF1™ neurons (Fig. 3E).

A CRF1+

’ ’ 50pA |
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Phasic and tonic inhibitory transmission

Whole-cell voltage-clamp recordings of sIPSCs were
performed to assess baseline phasic inhibitory transmis-
sion. CRF1™ neurons had a significantly higher average
baseline sIPSC frequency (9.0 £ 1.8Hz; n=7 cells from
six mice; Fig. 4A,B) compared with CRF1~ neurons
(8.3 0.6 Hz; t(14y=3.30; p = 0.0053 by unpaired t test;
5.71 £1.73 Hz effect size with 95% confidence interval of
2.00-9.42; n=9 cells from five mice; Fig. 4A,B), and no
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Figure 4. Phasic and tonic inhibitory transmission in CRF1 lateral amygdala neurons. A, Representative voltage-clamp recording of a
CRF1™ cell (left) and a CRF1~ cell (right). B, Summary of sIPSC frequency (left), amplitude (center), and decay (right) of CRF1* and
CRF1~ cells. #p < 0.05 by unpaired t test comparing CRF1" to CRF1— cells. C, Representative voltage-clamp recording of a CRF1™

cell (left) and a CRF1

cell (right) during GBZ superfusion (100 wv). White dashed line indicates level of holding current before and

after GBZ superfusion. D, Summary of the tonic current revealed by gabazine. *p < 0.05 by unpaired t test comparing CRF1™" to
CRF1~ cells. E, Summary of the change in rms noise induced by gabazine superfusion in CRF1™ (left) and CRF1~ (right) cells.
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difference in sIPSC amplitude (51.01 =5.0 and 54.7 +
5.7 pA; p =0.64; Fig. 4A,B), decay (2.77 = 0.08 and 3.60 =
0.5ms; p=0.17; Fig. 4A,B), or rise time (1.61 = 0.12 and
1.58 = 0.16 ms; p =0.88) between CRF1* and CRF1~ LA
neurons, respectively.

We assessed tonic conductance in CRF1" (n=7 cells
from five mice) and CRF1~ (n=9 cells from five mice) LA
neurons using whole-cell voltage-clamp recordings. The
basal holding current was —28.32 +20.67 pA in CRF1™
neurons and —17.19 = 14.65pA in CRF1~ neurons. A
GABA, receptor-mediated tonic current was defined as
the difference in holding current (i.e., the current required
to maintain the neuron at —60 mV) before and after appli-
cation of a GABA, receptor antagonist. Focal application
of the GABA, receptor antagonist GBZ (100 um) produced
a significant reduction in holding current in CRF1" neu-
rons (9.2 = 1.8 pA, n=7; Fig. 4C, left trace, 4D; t(14) = 5.56,
p =0.002 by one-sample t test; 9.45 = 1.70 pA effect size;
95% confidence interval, 5.81-13.09) and a reduction in
the amplitude of the holding current or root mean square
(rms) noise (6.4 = 0.7-5.4 = 0.4 pA; Fig. 4E, left; t=2.93,
p=0.0264 by paired t test; 1.06 = 0.364 pA effect size;
95% confidence interval, 0.17-1.94). In CRF1~ neurons,
focal application of GBZ (100 um) produced no change in
holding current (—0.3 = 0.6 pA, n=9; Fig. 4C, right trace,
D; p=0.6568 by one-sample t test) and a reduction in
rms noise of a much smaller magnitude (5.6 +0.3-
5.1 = 0.3 pA; Fig. 4E, right; tgy=5.24, p =0.0008 by paired
t test; 0.51 £ 0.10 pA effect size; 95% confidence interval,
0.29-0.74). The reduction in holding current was
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significantly greater in CRF1* neurons compared with
CRF1™ neurons (Fig. 4D; t44=5.56, p=0.0001 by un-
paired t test; 9.45 = 1.70 pA effect size; 95% confidence
interval, 5.81-13.09).

Expression of GABA, receptor subunits

The phasic and tonic conductance of GABA, receptors
is dependent on specific subunit configurations and/or
expression. We performed double-label immunohisto-
chemical studies examining a1 and & GABA, receptor
subunit expression in CRF1* and CRF1~ neurons in the
LA (n =12 sections from four mice). The LA contains a sig-
nificant number of CRF1* cells, in contrast with sparse
GFP expression in the BLA (Fig. 5A,D). The a1 GABAA re-
ceptor subunit has dense expression in the LA (Fig. 5B)
and displays colocalization with GFP (Fig. 5C), indicating
expression in the majority of CRF1* neurons. In contrast,
6 GABA, receptor subunit expression was greater in the
body of the BLA than in the LA (Fig. 5E) and displays mini-
mal colocalization with GFP (Fig. 5F), indicating little to no
expression in CRF1" neurons in the LA.

The & subunit is associated with tonic conductance in a
number of brain areas, including the hippocampus, cere-
bellum, cortex, and amygdala (Saxena and Macdonald,
1996; Stell et al., 2003; Krook-Magnuson and Huntsman,
2005). Thus, we examined the functional contribution of §
subunit-containing GABA receptors in the LA using the &
subunit-preferring agonist THIP (5 um). Focal application
of THIP produced a modest increase in holding current in

Figure 5. GABA, subunit expression in CRF1" and CRF1~ lateral amygdala neurons. A, Photomicrograph (10x) of GFP expression
(green fluorescence) in LA. B, Photomicrograph (10x) of a1 GABAA receptor subunit expression (red fluorescence) in LA. Scale
bar, 100 um. C, Photomicrograph (60x) of GFP expression (top), a1 expression (center), and merge (bottom) in LA highlighting a sin-
gle cell exhibiting coexpression of GFP and a1. Scale bar, 10 um. D, Photomicrograph (10x) of GFP expression (green fluorescence)
in LA. E, Photomicrograph (10x) of 8§ GABAa receptor subunit expression (red fluorescence) in LA. Scale bar, 100 um. F,
Photomicrograph (60x) of GFP expression (top), § expression (center), and merge (bottom) in LA. Scale bar, 10 um.
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Figure 6. Contribution of 8 subunit-containing GABA, receptors to tonic conductance in CRF1" and CRF1~ lateral amygdala neu-
rons. A, Representative voltage-clamp recording of a CRF1™ (left) and CRF1~ (right) cell during superfusion of the 8 subunit-prefer-
ring GABA, agonist THIP (5 umv). White dashed line indicates level of holding current before and after THIP superfusion. B, Summary

of the tonic current induced by THIP in CRF1* and CRF1~ cells;

#p < 0.05 by unpaired t test comparing CRF1* to CRF1— cells. C,

Summary of the change in rms noise induced by THIP superfusion in CRF17 (left) and CRF1~ (right) cells. *o < 0.05 by paired t test

comparing differences between control and THIP 5 um

CRF1" neurons (7.5*2.4pA; n=6 cells from 6 mice;
ts=3.12, p =0.0262 by one-sample t test; Fig. 6A, left, B)
and CRF1~ neurons (25.9 = 3.8 pA; n=14 cells from 10
mice; t13=6.82, p <0.001 by one-sample t test; Fig. 6A,
right trace, B). This increase was significantly greater in
CRF1~ neurons compared with CRF1™" neurons (tg = 3.03,
#p =0.0072 by unpaired t test; 18.44 = 6.09 pA effect size;
95% confidence interval, —31.24 to —5.65). Consistent with
the observed effects on holding current, focal application of
THIP onto CRF1™ neurons resulted in no change in the
amplitude of the holding current or rms noise (6.6 = 0.9-
6.5 = 0.7 pA; Fig. 6C, left; p=0.9183 by paired t test) but
significantly increased rms noise in CRF1~ neurons
(6.4*+0.4-7.5*0.4pA; Fig. 6C, right; t+3=4.03, p=
0.0014 by paired t test; 1.16 = 0.29 pA effect size; 95%
confidence interval, —1.78 to —0.54). Together, these
findings indicate that the & subunit is expressed pre-
dominantly in CRF1™ neurons, whereas the a1 subunit is
expressed predominantly in CRF1™ neurons, and that
é-containing GABA, receptors contribute to tonic con-
ductance in CRF1~ but not CRF1™ neurons.

Acute cellular ethanol exposure

GABA, receptors are sensitive to ethanol, and tonic
conductance has been shown to be selectively aug-
mented by acute ethanol (Wallner et al., 2003; Wei et al.,
2004; Herman et al., 2013). Focal application of EtOH (44

March/April 2020, 7(2) ENEURO.0420-19.2020

mw) did not significantly alter sIPSC interevent interval or
sIPSC frequency (107 =4.0% of control; p=0.1514 by
one-sample t test; n=5 cells from five mice; Fig. 7A,C,
top) in CRF1™ neurons, but decreased interevent interval
and increased sIPSC frequency in CRF1~ neurons
(121.1 =£1.3% of control; n=5 cells from five mice; Fig.
7B,C, top; tg=15.82, *xp=0.0005 by one-sample t test;
t7=3.03, #p=0.01,915 by unpaired t test; 14.08 = 4.65%
control effect size; 95% confidence interval, —25.08 to
—3.09). Ethanol did not change sIPSC amplitude
(97.76 = 4.8% and 100.1 = 4.3% of control, p =0.7285 by
unpaired t test; Fig. 7C, bottom), rise (105.0 = 5.8% and
105.6 =2.1% of control, p=0.9222 by unpaired t test),
or decay (104.5+2.8% and 103.3 +2.2% of control,
p=0.7395 by unpaired t test) in CRF1* or CRF1~ neu-
rons, respectively. Additionally, focal application of etha-
nol did not significantly change the holding current of
CRF1* neurons (1.2 =0.9pA, n=5 cells from five mice;
Fig. 7D,F; p =0.2304 by one-sample t test), but did signifi-
cantly increase holding current in CRF1~ neurons
(12.6 = 0.9pA, tu=14.11, xp=0.0001 by one-sample t
test, n=5 cells from five mice; tg=9.09, #po=0.0001 by
unpaired t test; 11.37 = 1.25 pA effect size; 95% confi-
dence interval, —14.26 to —8.487; Fig. 7E,F). Acute etha-
nol did not significantly affect rms noise in CRF1*
neurons (5.9 = 0.2pA at baseline to 6.1 = 0.4 pA after
EtOH, p=0.3868) or CRF1~ neurons (6.3 *+0.5pA at
baseline to 6.2 = 0.5 pA after EtOH, p =0.6131).
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Figure 7. Effects of acute ethanol exposure on phasic and tonic inhibitory transmission in CRF1" and CRF1~ lateral amygdala neu-
rons. A, Representative voltage-clamp recording (top) and cumulative probability histogram of interevent interval (bottom) of a
CRF17 cell during superfusion of EtOH (44 mwm). B, Representative voltage-clamp recording (top) and cumulative probability histo-
gram of interevent interval (bottom) of a CRF1™~ cell during superfusion of EtOH (44 mwm). C, Summary of the change in sIPSC fre-
quency (top) and amplitude (bottom) following ethanol superfusion compared with baseline in CRF1™ and CRF1~ cells. #p < 0.05 by
one-sample t test comparing differences from baseline within cell type; #p < 0.05 by unpaired t test comparing CRF1" to CRF1~
cells. D, Representative voltage-clamp recording of a CRF1™ cell during superfusion of EtOH (44 mwm). White dashed line indicates
the level of holding current before and after EtOH superfusion. E, Representative voltage-clamp recording of a CRF1~ cell during
superfusion of EtOH (44 mwm). White dashed line indicates the level of holding current before and after EtOH superfusion. F,
Summary of the tonic current induced by ethanol in CRF1* and CRF1~ cells. xp < 0.05 by one-sample t test comparing differences
from baseline within cell type; #p < 0.05 by unpaired t test comparing CRF1* to CRF1~ cells.

Chronic intermittent ethanol exposure

To examine the sensitivity of LA neurons to chronic
ethanol exposure, we subjected CRF1:GFP mice to CIE
vapor exposure (4-5 weeks) and CIE followed by 3-7 d of
withdrawal (CIE-WD). There were no significant changes
in membrane properties in CRF1™ neurons following etha-
nol vapor exposure or withdrawal (Fig. 8A), and, consist-
ent with naive neurons, the majority of CRF1* neurons

March/April 2020, 7(2) ENEURO.0420-19.2020

from AIR, CIE, and CIE-WD mice exhibited spike accom-
modation (Fig. 8B). Rheobase was reduced in CRF1*
neurons from CIE mice (74.74 = 8.63 pA, n=19 cells from
11 mice) compared with neurons from AIR mice (46.15 =
5.72 pA, n=19 cells from 6 mice; tzq=2.49, p =0.0187 by
unpaired t test; effect size, —28.58 = 11.49 pA; 95% confi-
dence interval, —52.05 to —5.113; Fig. 8C, left). Rheobase
did not significantly differ between CRF1™ neurons from

eNeuro.org



eMeuro

Research Article: New Research

A CRF1+ Membrane Membrane Decay Membrane
Capacitance Resistance Time Constant | Potential Vm
neurons | cm (pF) Rm (MQ) Tau (ms) (mV)
AIR (n =18) 61.4+6.8 153.1+12.1 | 423.7 +63.8 -62.7 + 2.1
CIE (n=13) 63.6 +£6.8 221.1+829 |430.5+524 -61.8+1.6
CIE-WD (n=10) [66.0+12.2 156.5+21.6 |486.0+95.7 -61.9+3.2

B CRF1+ / 100%
AIR

69% 90% [[] Accommodating
CIE CIE-WD B Non-Accommodating
C D
1001 * AR CIE CIE-WD 151 -e-AIR
] S 04 w | m-CE
S 801 £ © - CIE-WD
E 60- B -201 5
5 5 2
= 40 S - 40 5 -
; 20 % :
s 20 £ a0 ] k3]
- g L= 2o
£ E.god * OO P SSSNNSHS
< Injected Current (pA)
E CRF1- Membrane Membrane Decay Membrane
neurons Capacitance | Resistance Time Constant | Potential Vm
Cm (pF) Rm (MQ) Tau (ms) (mV)
AIR (n=10) 74.5+10.3 164.3+30.2 |4446+70.4 -63.7£2.3
CIE (n=38) 75.0+9.0 119.0+12.2 |521.8+87.6 -63.5 + 3.1
CIE-WD (n = 6) 67.5+154 152.0 + 29.1 631.4+ 1345 |-65.2+1.5
CRF1-
) 50%
il [C1 Accommodating
AR WD/ m Non-Accommodating
G H
2100' AR CIE CIE-WD 151 oaR
£ g s 0 L = CIE
> £ ©10 -#-CIE-WD
E 60 o - 20 5
N i &
® 401 2 _ 40 c 51
% 2 3 g
% ?,'60- :0' UL L L L
© 0- e QOO O O OO D P
< £ PN NNV
S Y\q. & §° = NIRVARROROS
(§’ Injected Current (pA)

12 of 18

Figure 8. Effects of chronic ethanol vapor on membrane characteristics and excitability in CRF1* and CRF1~ lateral amygdala neu-
rons. A, Summary of membrane characteristics of CRF1™ LA neurons from AIR, CIE, and CIE-WD mice. B, Relative proportion of
CRF1" neurons exhibiting spike accommodation from AIR (left), CIE (center), and CIE-WD (right) mice. C, Summary of rheobase at
—70mV (left) and the threshold to fire (right) of CRF1" neurons from AIR, CIE, and CIE-WD mice. #p < 0.05 by unpaired t test com-
paring CRF1™" neurons from AIR mice to CRF1* neurons from CIE mice. D, Summary of action potentials by current injection in
CRF17 neurons from AIR, CIE, and CIE-WD mice. E, Summary of membrane characteristics of CRF1~ LA neurons from AIR, CIE,
and CIE-WD mice. F, Relative proportion of CRF1~ neurons exhibiting spike accommodation from AIR (left), CIE (middle), and
CIE-WD (right) mice. G, Summary of rheobase at —70 mV (left) and the threshold to fire (right) of CRF1~ neurons from AIR, CIE, and

CIE-WD mice. H, Summary of action potentials by current injection in CRF1™~ neurons from AIR, CIE, and CIE-WD mice.

CIE-WD mice (64 += 11.85 pA, n=10 cells from three mice)
and neurons from AIR mice (p =0.4708; Fig. 8C, left). The
threshold to fire was also reduced in neurons from CIE
mice (—58.58 = 2.35mV) versus neurons from AIR mice
(—49.71 £1.50mV; tgg=3.34, p=0.0022 via unpaired t

March/April 2020, 7(2) ENEURO.0420-19.2020

test; effect size, 8.87 =2.65mV; 95% confidence inter-
vals, —14.29 to —3.46; Fig. 8C, right) but was not different
in neurons from CIE-WD mice (—52.43 * 2.55mV) versus
neurons from AIR mice (p =0.3353). In addition, we found
no differences in action potentials elicited by ascending
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Figure 9. Effects of chronic ethanol vapor on phasic and tonic inhibitory transmission in CRF1* and CRF1~ lateral amygdala neu-
rons. A, Representative voltage-clamp recordings of CRF1" neurons from AIR (left), CIE (center), and CIE-WD (right) mice. B,
Summary of sIPSC frequency (left), amplitude (middle), and decay (right) in CRF1™ neurons from AIR, CIE, and CIE-WD mice. C,
Summary of sIPSC frequency (left), amplitude (center), and decay (right) in CRF1~ neurons from AIR, CIE, and CIE-WD mice. D,
Representative voltage-clamp recording of CRF1™ cells from AIR (left) and CIE-WD (right) mice during GBZ superfusion (100 um).
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continued

White dashed line indicates the level of holding current before and after GBZ superfusion. E, Summary of tonic current revealed by
gabazine superfusion in CRF17 cells. F, Summary of tonic current revealed by gabazine superfusion in CRF1~ cells.

current injection among the three exposure conditions
(Fig. 8D). Together, these findings indicate increases in
the excitability of LA CRF1™ neurons following CIE expo-
sure that are normalized under withdrawal conditions.

There were no significant changes in membrane prop-
erties in CRF1™ neurons following ethanol vapor exposure
or withdrawal (Fig. 8E), and, consistent with neurons from
naive mice, approximately half of CRF1~ neurons from
AIR and CIE-WD mice exhibited spike accommodation
(Fig. 8F). No changes in rheobase were observed among
CRF1™ neurons from AIR mice (84.44 =12.37pA, n=9
cells from four mice), CIE mice (65.00 +7.32pA, n=8
cells from three mice), or CIE-WD mice (76.67 = 26.03 pA,
n =6 cells from three mice; Fig. 8G, left). The threshold to
fire was also comparable in CRF1~ neurons from AIR
mice (—50.18 = 1.47 mV) versus neurons from CIE mice
(—48.00 = 1.62mV) and CIE-WD mice (—51.55 = 1.76 mV;
Fig. 8G, right). No significant differences in the number of
action potentials across current injection steps emerged
among CRF1~ neurons from AIR, CIE, or CIE-WD mice
(Fig. 8H). These findings indicate no changes in the excit-
ability of CRF1~ neurons following AIR, CIE, or CIE-WD
exposure.

We next assessed phasic inhibitory transmission in
CRF1* and CRF1~ LA neurons following vapor exposure.
There were no significant changes in sIPSC frequency
(5.4*+1.4,71x2.0,and 5.6 = 1.2Hz; p=0.7112 by one-
way ANOVA; n=5-8 cells from 3-4 mice/group; Fig. 9A,
B, left), sIPSC amplitude (67.0+4.7, 69.2 +3.4, and
62.7 £5.5pA; p=0.6551 by one-way ANOVA; n=5-8
cells from 3-4 mice/group; Fig. 9A,B, middle), sIPSC rise
(1.9+1.1,1.8£0.1,and 1.9 = 0.2 ms; p =0.8369 by one-
way ANOVA; n=5-8 cells from 3-4 mice/group; Fig. 9A),
or sIPSC decay (1.9+1.1, 1.8 +0.1, and 1.9+ 0.2ms;
p=0.9120 by one-way ANOVA; n=5-8 cells from 3-4
mice/group; Fig. 94,8, right) in CRF1™" neurons from AIR,
CIE, and CIE-WD mice, respectively. CRF1™ neurons
from AIR, CIE, or CIE-WD mice were similarly unaffected.
sIPSC frequency (5.4 *+1.5, 5.7+1.1, and 5.1 =1.9Hz;
p=0.9761 by one-way ANOVA; n=3-7 cells from 3 mice/
group; Fig. 9C, left), sIPSC amplitude (73.1 £5.0, 72.2 =
5.8, and 65.6 = 0.5pA; p=0.7758 by one-way ANOVA;
n=_3-7 cells from 3 mice/group; Fig. 9C, middle), sIPSC
rise (1.7 =0.7,1.1 =0.1,and 1.0 £ 0.1; p =0.6595 by one-
way ANOVA; n=3-7 cells from 3 mice/group), and sIPSC
decay (2.1 =0.1, 1.8 = 0.1, and 2.4 £ 0.1 ms; p=0.0902
by one-way ANOVA; n=3-7 cells from 3 mice/group; Fig.
9C, right) were all unchanged.

We also examined the tonic inhibitory conductance in
CRF1* and CRF1~ neurons after CIE and CIE-WD. Focal
application of GBZ (100 um) produced a significant reduc-
tion in holding current that was not significantly different
among CRF1* neurons from AIR, CIE, and CIE-WD mice
8.2x1.4, 11121, and 8.7 x2.1pA; p=0.5122 by
one-way ANOVA; n=5-7 cells from 3-4 mice/group; Fig.
9D,E). GBZ (100 wum) also produced a reduction in the

March/April 2020, 7(2) ENEURO.0420-19.2020

amplitude of the holding current or rms noise that was not
significantly different between CRF1™* neurons from AIR,
CIE, and CIE-WD mice (10.3 =0.5-8.8 = 0.6, 9.6 = 0.7-
8.3 0.5, and 9.3 =0.7-8.5 = 0.9 pA; p=0.4238 by one-
way ANOVA; n=5-7 cells from 3-4 mice/group]. Focal
application of GBZ (100 um) produced no reduction in
holding current in CRF1~ neurons from AIR, CIE, or CIE-
WD mice (0.7*+14, 22+1.4, and 1.0+x3.6pA; p=
0.7642 by one-way ANOVA; n= 3-7 cells from 3 mice/
group; Fig. 9F), no difference in the magnitude of reduc-
tion in the amplitude of the holding current or rms noise
(10.0 £0.7-9.1 £0.6,10.2 +0.9-8.8 + 0.4,and 7.8 = 0.1-
6.6 = 0.4 pA; p =0.6785 by one-way ANOVA; n=3-7 cells
from 3 mice/group) and no significant difference among
the experimental groups. These data suggest that tonic
inhibitory signaling in the LA is insensitive to chronic etha-
nol exposure and chronic ethanol exposure followed by
withdrawal.

In vivo microdialysis

To evaluate baseline transmitter levels following chronic
ethanol exposure and withdrawal, we performed in vivo
microdialysis in CRF1:GFP mice exposed to AIR (n=4) or
CIE-WD (n=7). Mice were implanted with 0.5 mm micro-
dialysis probes (Fig. 10A) aimed at the LA. However, as
some penetrance into BLA is possible, results are de-
scribed as LA/BLA (Fig. 10B). There were no significant
differences detected between AIR and CIE-WD mice in
basal GABA levels (9.2 2.1 and 11.9+1.3 nm; p=0.28
by unpaired t test; n=4-7; Fig. 10C). Acute administration
of ethanol (1 m) in the perfusate solution produced signifi-
cant increases in LA/BLA GABA levels in both AIR and
CIE-WD mice as assessed by two-way ANOVA of pre-
ethanol and postethanol reverse dialysis (exposure condi-
tion x time) with a significant main effect of time (F11,99)=
5.585, p=0.0001), but no significant effect of exposure
condition or interaction of time and exposure condition
(Fig. 10D). There were also no significant differences de-
tected between AIR and CIE-WD mice in basal glutamate
levels (1264 + 310.5 and 1061 = 295.8 nm; p=0.67; n=4-
7; Fig. 10E). Acute administration of ethanol (1 m in the
perfusate solution) produced significant increases in LA/
BLA glutamate levels in both AIR and CIE-WD mice as as-
sessed by two-way ANOVA of pre-ethanol and postetha-
nol reverse dialysis (exposure condition x time) with a
significant main effect of time (F(11,99)=4.747, p=0.0001),
but no significant effect of exposure condition or interac-
tion of time and exposure condition (Fig. 10F). These data
suggest that baseline excitatory and inhibitory transmitter
levels in the LA/BLA are not significantly altered by
chronic ethanol exposure and withdrawal, and that the
responsivity of these transmitter systems to ethanol also
remains intact following chronic ethanol exposure and
withdrawal.
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Figure 10. Effects of chronic ethanol vapor and withdrawal on exogenous GABA and glutamate concentration and sensitivity to
acute ethanol in lateral amygdala/basolateral amygdala. A, Representative microdialysis probe (0.5 mm). Scale bar,1 mm. B,
Histologic verification of probe site. Dashed lines indicate LA/BLA. Scale bar,1 mm. C, Baseline dialysate concentrations of GABA
(nm, left) and percent change in GABAergic transmission over time and following reverse dialysis of ehthanol (1 M, shaded area;
right) in the LA/BLA of AIR and CIE-WD mice (n = 4-7). D, Baseline dialysate concentrations of glutamate (nwm, left) and percent
change in glutamatergic transmission over time and following reverse dialysis of ehthanol (1 M, shaded area; right) in the LA/BLA of

AIR and CIE-WD mice (n = 4-7).

Discussion

The CRF1 system in the amygdala has been shown to
play an important role in the development of ethanol de-
pendence, but the CRF1™-containing neuronal population
specifically within the LA has not been fully characterized.
Here, we report that CRF1™" neurons in the LA are com-
posed of multiple subgroups, including a small percent-
age of neurons expressing calcium binding proteins and a
larger percentage of glutamatergic neurons. CRF1™" neu-
rons exhibit distinct membrane properties, minor differen-
ces in baseline excitability, and possess an ongoing tonic
GABA, receptor conductance that CRF1™ neurons lack.
Acute ethanol exposure increases the inhibition of CRF1~
neurons, but the inhibitory control of CRF1™ neurons is in-
sensitive to acute ethanol. CRF1" neurons displayed in-
creased excitability following chronic ethanol; however,
neither CRF1™ nor CRF1~ LA cells displayed alterations
in phasic or tonic GABAergic synaptic transmission
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following chronic ethanol exposure or withdrawal, and
basal changes in extracellular GABA or glutamate levels
were not observed between exposure groups. Collectively,
these results suggest that CRF1~ LA neurons are sensitive
to acute ethanol but that changes in CRF1™ neuronal excit-
ability following chronic ethanol are not due to neuroplastic
changes in inhibitory control.

Both phasic and tonic GABAergic signaling regulate the
activity and output of amygdala neurons. CRF17 LA cells
exhibit heightened basal phasic GABAergic signaling
compared with CRF1™ cells and an ongoing tonic con-
ductance that CRF1~ cells lack. Subunit stoichiometry
regulates the ability of GABA, receptors to mediate tonic
inhibition, with the &, a5, and & subunits imparting sensi-
tivity of GABAA receptors to low levels of GABA that are
thought to underlie tonic conductance (Stell and Mody,
2002; Stell et al., 2003; Glykys and Mody, 2007).The re-
sults of the immunohistochemical studies indicate that
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CRF1™ cells predominantly express the a1 subunit and
exhibit little colocalization with the 6 subunit, consistent
with previous reports (Wiltgen et al., 2009). Consistent
with this observation, the tonic conductance seen in this
population was insensitive to application of the &-prefer-
ring GABAA receptor agonist THIP. The tonic GABAA re-
ceptors in CRF17 cells of the LA therefore do not contain
& subunits but may contain alternative subunit stoichiom-
etry, such as a182y2 or a58 y2. In the CeA, the tonic
conductance exhibited by CRF1™ neurons was enhanced
by the application of the preferential «1 GABA, agonist
zolpidem, suggesting a role for a1-containing GABAA re-
ceptors in tonic inhibition in that population. A similar
mechanism may regulate tonic conductance in LA CRF1™"
neurons. The § subunit was sparsely expressed in unla-
beled LA cells, as seen previously (Pirker et al., 2000), and
a tonic conductance in CRF1™ neurons was stimulated by
acute application of THIP. These findings suggest that
CRF1™ cells express 6 subunit-containing GABA, recep-
tors that are not active under basal conditions but may be
stimulated by agonist activity or heightened concentra-
tions of extracellular GABA.

Previous research has assessed the effects of ethanol
on inhibitory signaling within the LA/BLA broadly, but the
effects of ethanol on GABAergic signaling and within spe-
cific CRF1" and CRF1~ populations have not been previ-
ously assessed. We observed that CRF1* cells are
relatively insensitive to changes in inhibitory control in-
duced by acute ethanol; focal application failed to elicit a
change in either phasic or tonic inhibitory signaling in this
population. As CRF1™ neurons exhibited heightened pha-
sic and tonic GABA, signaling, these results may suggest
a ceiling effect that precludes the possibility of GABA
mimetics such as ethanol from further increasing sIPSC
frequency or reducing holding current. In contrast, CRF1~
cells demonstrated an increased tonic conductance in the
presence of ethanol coupled with a significant increase in
GABA release onto these cells. These differences in sen-
sitivity to acute ethanol may be related to GABA, subunit
expression differences between the two populations.
§-Containing GABA, receptors have heightened sensitiv-
ity to ethanol (Wallner et al., 2003; Wei et al., 2004), and
the 6-expressing CRF1~ neurons exhibited increases in
tonic inhibitory control in response to ethanol that the
8-lacking CRF17 cells failed to demonstrate. The insensi-
tivity of CRF1™ cells to acute ethanol was also observed
in the CeA (Herman et al., 2013), suggesting that this pop-
ulation may have similar GABAA receptor compositions in
multiple amygdala nuclei.

In contrast to the selective effects of acute ethanol,
both phasic and tonic GABA, signaling in LA CRF1™ and
CRF1~ cells were not affected by chronic ethanol expo-
sure or ethanol exposure and withdrawal. The microdialy-
sis experiments showed that chronic ethanol and
withdrawal did not produce adaptations in extracellular
GABA or glutamate levels, which may explain the insensi-
tivity of tonic conductance in CRF1~ neurons to ethanol-
induced adaptations. Chronic ethanol exposure has been
shown to increase basal GABA concentration in the CeA
(Roberto et al., 2004a), elevating ambient GABA that is

March/April 2020, 7(2) ENEURO.0420-19.2020

Research Article: New Research 16 of 18
thought to drive cell type-specific changes in inhibitory
control (Herman et al., 2016). Although the GABAA recep-
tor subunits associated with CRF1* and CRF1~ neurons
in the CeA and LA are similar, the lack of elevated ambient
GABA in the LA likely precludes any chronic ethanol-in-
duced plasticity in inhibitory signaling in either CRF1* or
CRF1™ LA neurons. Together, these findings may suggest
that, unlike the CeA, inhibitory control of CRF1" neurons
in the LA is relatively preserved following chronic ethanol
exposure.

Importantly, following chronic ethanol exposure CRF1™
neurons displayed reductions in the rheobase and thresh-
old to fire, indicating increased excitability of CRF1" neu-
rons but not CRF1~ neurons. Thus, although inhibitory
signaling in the CRF1™ population is relatively insensitive
to the effects of acute ethanol, it is sensitive to chronic
ethanol in multiple amygdala nuclei (the CeA and LA),
making the CRF1" population an important target for the
actions of ethanol broadly within the amygdala. The re-
sults of the voltage-clamp experiments suggest that this
enhanced excitability in the CRF1* population is not
driven by alterations in GABAergic signaling, which may
indicate that these changes are instead regulated by etha-
nol-induced alterations in intrinsic excitability within the
LA. Plasticity in glutamatergic signaling within the LA/BLA
has been reported following chronic ethanol exposure
(McCool et al., 2010), and the LA specifically exhibits al-
terations in molecular markers of glutamate signaling fol-
lowing chronic ethanol exposure in nonhuman primates
(Alexander et al., 2018) and reinstatement of alcohol seek-
ing in mice (Salling et al., 2017). Future work to character-
ize glutamatergic signaling in the CRF1" and CRF1~
populations of the LA both under basal conditions and fol-
lowing chronic ethanol exposure would help to clarify the
mechanisms underlying these ethanol-induced changes
in excitability.

In the chronic vapor exposure experiments, we did not
find evidence for increased baseline phasic GABAergic
signaling in CRF1™ versus CRF1~ cells that was observed
in our experiments with& naive mice. The baseline sIPSC
frequency in CRF1" neurons from AIR, CIE, and CIE-WD
mice was lower than what was observed in CRF1* neu-
rons from naive mice and higher in CRF1™ neurons from
AIR, CIE, and CIE-WD mice (Figs. 4A,B, 9B,C), collectively
leading to a loss of significant differences between the
two cell populations in the chronic ethanol exposure ex-
periments. As our data indicate that the CRF1™ cell popu-
lation is composed of a majority of glutamatergic principal
neurons and a smaller subpopulation of interneurons, it is
possible that differences in cell subpopulations sampled
between the two experiments could account for these dif-
ferent baseline characteristics. However, we did observe
tonic inhibition in the CRF1* population and not the
CRF1~ population in slices from both naive and vapor-ex-
posed mice, which suggests that a similar population of
cells was sampled in both sets of experiments. The loss
of population differences in phasic but not tonic inhibition
may be attributable to the stress of repeated injection, as
the air-exposed mice were given daily pyrazole injections
as a control for the treatment given to the CIE and CIE-
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WD groups. It is also possible that exposure to the air
chamber, which as a novel environment may be a mild
stressor, contributed to the differences between naive
and AIR mice in these experiments. The relative sensitivity
of phasic and tonic inhibitory control in CRF1* cells to re-
peated mild stress is an interesting avenue for future stud-
ies to explore.

Together, these findings suggest that, unlike adapta-
tions in inhibitory control exhibited by other amygdala nu-
clei (notably the CeA), GABAergic signaling within the LA
is intact despite chronic ethanol exposure and/or with-
drawal. This resistance to ethanol-induced plasticity in in-
hibitory control within the LA may play a significant role in
the development of alcohol dependence and alcohol use
disorders. Sensory information, including external drug
cues and internal states such as craving and withdrawal,
is relayed first to the LA from the cortex and thalamus;
glutamatergic projections from the LA then synapse with
CeA, BLA and lateral paracapsular neurons. Our findings
suggest that, despite chronic ethanol exposure, inhibitory
control of LA CRF1™ neurons (many of which are projec-
tion neurons) remains unchanged, allowing these cells to
communicate with downstream amygdalar regions unim-
peded. This suggests that neuroadaptations developing
in the CeA (Herman et al., 2016) and BLA (L&ack et al.,
2007; Diaz et al., 2011) on chronic ethanol exposure result
from local, intrinsic changes rather than from changes in
extrinsic inputs from the LA. These findings may have
relevance to amygdala circuitry in other contexts, such as
fear learning, and may provide insights into other diseases
involving amygdala dysfunction, including anxiety and de-
pression. These findings also highlight the heterogeneous
cell types within the LA and underscore the need for fur-
ther cell type-specific characterization of amygdala physi-
ology and pathology.
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