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ABSTRACT

Corticotropin-releasing factor (CRF) signaling lretcentral nucleus of the amygdala (CeA) is
hypothesized to drive the development of alcohpletelence, as it regulates ethanol intake and
several anxiogenic behaviors linked to withdravieatcitatory glutamatergic neurotransmission
contributes to alcohol reinforcement, tolerance dependence. Therefore, in this study we used
in vitro slice electrophysiology to investigate the effeaftCRF and its receptor subtype (GRF
and CRE) antagonists on both evoked and spontaneous agbiatential-independent
glutamatergic transmission in the CeA of naive atinol-dependent Sprague-Dawley rats. We
found that CRF (25-200 nM) concentration-depengerdiminished evoked compound
excitatory postsynaptic potentials (EPSPs), butremsed miniature excitatory postsynaptic
current (MEPSC) frequencies similarly in CeA nesrohboth naive and ethanol-dependent rats,
indicating reduced evoked glutamatergic responselsemhanced vesicular glutamate release,
respectively. This CRF-induced vesicular glutamegtease was prevented by the GRF
antagonist (Astressin B) and the GRintagonist (R121919), but not by the GRi¥Atagonist
(Astressin 2B). Similarly, CRF's effects on evokglditamatergic responses were completely
blocked by CREFantagonism, but only slightly decreased in thes@mee of the CRFantagonist.
Moreover, CREantagonism reveals a tonic facilitation of vesaciglutamate, whereas the GRF
antagonism revealed a tonic inhibition of vesicgutamate release. Collectively our data show
that CRF primarily acts at presynaptic GRB produce opposite effects on CeA evoked and
spontaneous glutamatergic release and that the §§Rtem modulates CeA glutamatergic

synapses throughout the development of alcoholrabpee.



Abbreviations: AB, Astressin B; A2B, Astressin 2B; aCSF, artifiat@rebrospinal fluid; AP-5,
DL-2-amino-5-phosphonovalerate; BAL, blood alcolteVel, CeA, central amygdala; CRF,
corticotropin-releasing factor; CRF corticotropin-releasing factor type 1 receptorRFg
corticotropin-releasing factor type 2 receptor; DS dimethylsulfoxide; DNQX, 6,7-
dinitroquinoxaline-2,3-dione; EPSP, excitatory ggagptic potential; GABAy-aminobutyric
acid; I-O, input-output protocol; ISI, inter-stinud interval; mEPSC, miniature excitatory
postsynaptic current; mSP, Marchigian SardiniarfdPrieg rat; PPF, paired-pulse facilitation;
RMP, resting membrane potential; SEM, standardrei8RI, The Scripps Research Institute;

TTX, tetrodotoxin.



1. INTRODUCTION

Alcohol dependence is a chronic relapsing disordefined by the emergence of a
negative emotional state that is mediated by tbreuitenent of brain stress systems, including the
central nucleus of the amygdala (CeA) (Koob, 20&yb and Le Moal, 2008; Roberto et al.,
2012). The CeA is the major output relay of the gdaja complex, and serves as a
neuropeptidergic hub of anxiety, stress, and amdigelated functioning. In particular, the
stress peptide corticotropin-releasing factor (CIRRys a critical role in several CeA-driven
addiction-related processes, including ethanol woygion and the anxiogenic effects of drug
withdrawal (Breese et al., 2005; Eckardt et al98 Heinrichs et al., 1995; Koob, 1998; Koob
and Le Moal, 2001; Pich et al., 1995; RassnicK.e1893; Roberts et al., 1996).

CRF and its receptors (CRFand CRE) are widely distributed in several stress-
responsive brains regions of many species (e.qaqahuCharlton et al., 1997), rat (Fischman and
Moldow, 1982), and mouse (Justice et al., 20083)yipg a critical role in integrating the body’s
overall response to stress (Koob, 1999). The peptath be synthesized and stored at specific
GABAergic and glutamatergic synapses (Cain etl&91; Valentino et al., 2001a; Valentino et
al., 2001b), and is usually co-released with ctadsieurotransmitters (Partridge et al., 2016) in
response to neuronal firing to modulate their syinageffects (Rainnie et al., 1992; Yu and
Shinnick-Gallagher, 1998). The CRF system can preda variety of region-, cell type- and
synapse-specific effects depending on the distohubf its signaling elements within local and
regional circuit§Henckens et al., 2016a). Both CR&d CRE mRNA expression have been
detected in the CeA (Van Pett et al., 2000), aedf fbre- vs. postsynaptic distribution is critical
for the CRF-induced inhibition and facilitation glutamatergic transmission within this nucleus

(Liu et al., 2004; Liu et al., 2005). As CRF signglis critical to the role of the CeA in anxiety



and alcohol use disordgiGilpin et al., 2015), understanding its regulatairCeA glutamatergic
transmission and its potential neuroadaptation eflianol dependence are important.
Glutamate is the major excitatory neurotransmittethe central nervous system and its
ethanol-induced dysregulation contributes to séadiction-related behaviors, including drug
reinforcement, tolerance and dependence (Lovinger Roberto, 2013). Although the CeA
mainly (95%) comprisesy-aminobutyric acid (GABA) neurons, it receives nuous
glutamatergic afferents from other important addictrelated regions, including the basolateral
amygdala, thalamus and cortex (Krettek and Prie@&8;LPitkanen et al., 1995; Savander et al.,
1995). We recently reported on the effects of CR& a CRI antagonist on _spontaneous and
evoked glutamatergic transmission in CeA neurond\Midtar rats and Marchigian Sardinian
Preferring (msP) rats, a line genetically seledbedexcessive ethanol drinking and characterized
by heightened activity of the CRFsystem that mimics the post-dependent phenotype
(Ciccocioppo et al., 2006; Herman et al., 2016;\\@ad et al., 2017). We found that CRF had
mixed effects on spontaneous action potential-dégeinand -independent glutamate release in
the CeA of Wistar rats (with mainly a CRF-inducedtrease in action potential-independent
glutamate release). However, in the msP rats, CRF rixed effects on action potential-
independent glutamate release, but only increastohapotential-dependent glutamate release.
CRF also decreased evoked CeA glutamatergic trasgmi in Wistar, but not in msP rats,
though its site(s) of action (CRF/s. CREL) remain unknown. We and others have also
previously shown that ethanol dependence is adsdciaith increased CRF influence over
GABA release in the CeA (Roberto et al., 2010), tirad systemic and intra-CeA CRBlockade
both prevent the development of excessive ethawoisumption (Roberto et al., 2010;

Varodayan et al., 2017) and withdrawal-associatedety-like behavior (Rassnick et al., 1993).



However, to our knowledge, CRF’s regulation of CgWtamatergic synapses has yet to be
investigated after ethanol dependence.
In this study, we used &n vitro slice preparation to assess the effects of CRFitand

receptor antagonists on both evoked and spontaraios potential-independent glutamatergic

transmission in the CeA of naive and ethanol-depenh&prague-Dawley rats. We found that
CRF acts predominantly at CRFo differentially modulate both forms of glutanmafe
transmission at CeA synapses, and that ethanohdepee does not alter this regulation by the

CRF system.

2. MATERIALS AND METHODS
2.1 Animals and slice preparation.

We used 107 adult male Sprague-Dawley rats (avesagght 34610 g) from Charles
River (Raleigh, NC), housed 2-3 per cage in a teatpee- and humidity-controlled room on a
12-h light/dark cycle (lights on at 8:00 am) witbofl and water availablad libitum. We
conducted all care procedures in accordance wih\titional Institutes of Health Guide for the
Care and Use of Laboratory Animals and with theitumsonal Animal Care and Use Committee

(IACUC) policies of The Scripps Research Instit{(iiSRI).

2.2 Chronic Ethanol Treatment.

We used the standard ethanol inhalation methobdeoT6RI Alcohol Research Center to
induce ethanol dependence (Cruz et al., 2013; giadiial., 2014; Roberto et al., 2010; Roberto
et al.,, 2004a; Roberto et al., 2004b; Roberto aigdiss, 2006; Rogers et al., 1979). Briefly,

ethanol-dependent rats (n=36) had their home calgegd inside ethanol vapor chambers, and



were intermittently exposed (14 h on, 10 h offetbanol vapor for 5-7 weeks. We determined
the blood alcohol levels (BALs) of the chronic etbhtreated animals using weekly tail-blood
samples. The target BAL range was 150-200 mg/dL taedmean BAL was 177+10 mg/dL.
Naive/control rats (n=71yere treated similarly, but exposed to air 24 h/dag experiment
days, chronic ethanol-exposed rats were maintam#te vapor chamber until preparation of the
CeA slices in ethanol-free solutions. Thus, altetgphysiology experiments were performed in
brain slices undergoing acutevitro withdrawal (2-8 hours), as previously describedl(l#pi et

al., 2014; Roberto et al., 2010; Roberto et alQ42() Roberto et al., 2004b; Varodayan et al.,

2017).

2.3 Slice preparation

We prepared CeA slices as previously describedz(€tal., 2012; Herman et al., 2016;
Roberto et al., 2003; Roberto et al., 2004a; Robettal., 2004b; Roberto and Siggins, 2006).
Briefly, the animals were anesthetized with isathe (3%) prior to decapitation, and 300-400
pm coronal slices were sectioned on a Leica 100b&teme (Leica Microsystems, Buffalo

Grove, IL).

2.4 Intracellular recording of evoked responses.

CeA slices were incubated in an interface configonafor 15-20 min, and then
completely submerged and continuously superfuded (fate of 2-4 ml/min) with 95% 6%
CO, equilibrated artificial cerebrospinal fluid (aCSB}) the following composition in mM:
NacCl, 130; KCI, 3.5; NakEPOy, 1.25; MgSQ@-7H,0, 1.5; Cad, 2.0; NaHCQ, 24; glucose, 10.

We recorded from a total of 150 CeA neurons (frova tmedial subdivision of the CeA) with



sharp micropipettes filled with 3M KCI using dis¢imuous current-clamp mode (Kallupi et al.,
2014). Data were acquired with an Axoclamp-2A afigliAxon Instruments, Foster City, CA)
and stored for later analysis using pClamp softwWAsen Instruments). We held most neurons
near their resting membrane potential (RMP) andlieghphyperpolarizing and depolarizing
current steps (200 pA increments, 750 msec dunationgenerate |-Vcurves. We evoked
pharmacologically-isolated excitatory postsynapgimentials (EPSPs) by stimulating locally
within the CeA through a bipolar stimulating electe and superfusing the slices with aCSF
containing the GABA receptor blockers: A bicuculline (to block GABA receptors) and 1
pUM [1-(9)-3,4-dichlorophenyl)ethyllamino-25-hydroxypropylp- benzylphosphonic acid (CGP
55845A) (to block GABA receptors). At the end of the recording sessiomften added 30 uM
6,7-Dinitroquinoxaline-2,3-dione (DNQX) and 30 uM_E22-Amino-5-phosphonopentanoic acid
(DL-AP5) to the aCSF to confirm the glutamatergature of the EPSP. To determine the
synaptic response parameters for each cell, wenpeedd an input-output (I-O) protocol (Cruz et
al., 2012; Kallupi et al., 2014; Roberto et al.1@0Roberto et al., 2003; Roberto et al., 2004a)
consisting of a range of five current stimulatiof®-250 mA; 0.125 Hz), starting at the
minimum current required to elicit an EPSP up te #rength required to elicit the maximum
subthreshold amplitude. These stimulus strengthie waintained throughout the entire duration
of the experiment.

We examined paired-pulse facilitation (PPF) in eaeliron using paired stimuli at 50
and 100 ms inter-stimulus interval (Andreasen amablitz, 1994; Logrip M., 2017; Roberto et
al., 2004b). PPF was calculated as the amplitiideecsecond EPSP over that of the first EPSP.
The stimulus strength was adjusted such that thditale of the first EPSP was ~50% of the

maximal amplitude determined by the I-O protocd\ drug-induced change in PPF reflects



presynaptic effects such that an increase in PRjgestis a decrease in neurotransmitter
(glutamate) release. All measures were taken beharg superfusion (control) and during drug

superfusion (10-20 min).

2.5 Whole-cell patch-clamp recording of glutamate urrents.

CeA slices were sectioned and then incubated igenxgted aCSF for 30 min at 37°C
and then 30 min at room temperature. We recordech 87 medial CeA neurons that were
visualized with infrared differential interferencentrast (IR-DIC) optics, a x60 water immersion
objective (Olympus BX51WI, Tokyo, Japan) and a C&imera (EXi Aqua, Qlmaging, Surrey,
BC, Canada). Whole-cell voltage-clamp recordingsewserformed in gap-free acquisition mode
with a sampling rate of 10 kHz and low-pass filtei@ 10 kHz, using a Multiclamp 700B
amplifier, Digidata 1440A and pClamp 10 softwareo{dtular Devices, Sunnyvale, CA).
Pipettes (3-7 MD; King Precision, Claremont, CA) were filled withternal solution (in mM):
145 Kgluconate; 0.5 EGTA; 2 Mg&l 10 HEPES; 2 Na-ATP; 0.2 Na-GTP. Spontaneous
miniature excitatory postsynaptic currents (mEPS@sje isolated with the GABA receptor
blockers, 30 uM bicuculline and 1 pM CGP 55845Awadl as 0.5 pM tetrodotoxin (TTX).
Neurons were clamped at -60 mV and the seriestaess was monitored with a 10 mV pulse

(experiments with a series resistance >13G bt a >20% change were excluded).

2.6 Drugs.
We purchased CGP 55845A and bicuculline from Si¢8taLouis, MO, USA), DNQX
and DL-AP5 from Tocris (Ellisville, MO), and tetrotbxin (TTX) from Biotum (Hayward, CA).

CRF, Astressin B (antagonist for both GRird CRE) and Astressin 2B (CRRntagonist) were



synthesized and provided by Dr. Jean Rivier aS#i& Institute for Biological Studies. R121919
(CRR antagonist) was synthesized by Dr. Kenner Rice¢hat Drug Design and Synthesis
Section, Chemical Biology Research Branch, Natiolmstitute on Drug Abuse, National
Institutes of Health, Bethesda, MD. Bicuculline wésst dissolved in dimethylsulfoxide
(DMSO) before being added to aCSF superfusatel (6oacentration of 0.05-0.1% DMSO).
Drugs were added to the aCSF from stock solutionshtain known concentrations in the

superfusate.

2.7 Data analysis and statistics.

To analyze data acquired from intracellular reaogdj we quantified synaptic responses
by calculating the EPSP amplitude with Clampfit dditware. For whole cell recordings, the
mEPSC frequency, amplitude (only mEPSCs >5 pA weekeided), and kinetics were analyzed
using Mini Analysis software (Synaptosoft Inc., Fbee, NJ) and visually confirmed. Average
MEPSC characteristics were determined over 3-5ahnecording trace and a minimum of 50
events. To control for cell-to-cell variation inl daseline electrophysiology properties, drug
effects were normalized to their own baseline ptwogroup analyses. We used GraphPad Prism
6 software (GraphPad Software, La Jolla, CA) fostdtistical analysis of results.

Pooled data for each experimental condition weralyaed by one-sample t-test for
individual means comparisons to baseline to evalseigle drug (e.g. CRF) effects and paired t-
test for comparison of successive drug effects @RF antagonist vs. CRF antagonist + CRF)
within the same animal treatment group. To ass#gahces resulting from ethanol exposure
(i.e. naive vs. ethanol-dependent rats) and driegtsf between these groups, we used a t-test or

ANOVA as appropriate. Additionally, the Bonferromost hoc test was used to assess



significance between treatments as appropriateatepted statistical significance at the p<0.05
level. All data are presented as mean + standaodt ef the mean (SEM). n is reported in the
figure legends, and represents the cell number &oninimum of four animals (1 to 5 cells were

recorded per animal).

3. RESULTS
3.1 Chronic ethanol exposure alters glutamatergiaansmission at CeA synapses.

To investigate whether chronic ethanol treatméeted baseline glutamatergic signaling
in the rat CeA, we recorded both evoked (intratallconfiguration with sharp pipettes) and
spontaneous (whole-cell voltage-clamp configurgtglntamate transmission.

We recorded intracellularly from a total of 1574rens in the medial subdivision of the
CeA. The mean resting membrane potential (RMP)iapdt resistance for the 84 CeA neurons
from naive rats were -&0.7 mV and 1697 MQ, and for the 73 CeA neurons from ethanol-
dependent rats (cells recorded in ethanol-free itond equivalent to early withdrawal) were -
80+0.6 mV and 1728 MQ, respectively. We generated compound excitatorgtgyoaptic
potential (EPSP) input-output (I-O) curves usingdsmalized stimulation intensitieEi¢. 1A).

A two-way ANOVA of stimulus intensity and ethanokatment did not show a significant

difference between the compound EPSP I-O curvesdigas from naive and ethanol-dependent
animals (F(1,155)=1.42, p=0.2, n=157 cells), intingathat chronic ethanol treatment did not
alter evoked glutamate transmission in the CeAerd&lwas a main effect of stimulus intensity
(F(4,620)=483.4, p<0.001), with a Bonferrgmost-hoc test indicating EPSP amplitudes were

significantly different from each other (p<0.001r pmparison) among the five intensities.



Finally, there was no interaction effect betweea #timulus intensity and ethanol treatment
(F(4,620)=0.96, p=0.4).

We also examined paired-pulse facilitation (PPFphanomenon whereby a secondary
synaptic response is influenced by a preceding @aynstimulus of equal intensity (Andreasen
and Hablitz, 1994; Manabe et al., 1993). Generaliynges in the PPF ratio (second EPSP/first
EPSP) are inversely related to transmitter releaseh that a reduction of the PPF ratio is
associated with an increased probability of trattemirelease (Roberto et al., 2004b). We
examined the PPF at the half-maximal intensity rideiteed from the 1-O curve using inter-
stimulus intervals (ISI) of 50 ms and 100 nksg( 1B). In slices from naive animals, the PPF
was 1.45+0.08 and 1.23+0.04 for 50 ms and 100 msdSpectively (n=46 cells). In slices from
dependent animals, the PPF was 1.27+0.07 and 1@®#6 50 ms and 100 ms ISI (n=30 cells).
An unpaired t-test between naive and dependentadmifound no differences between groups
for both the 50 ms (t(74)=1.64, p=0.1) and 100 t1{®&1}=0.37, p=0.7) ISI.

Next, we determined the effects of chronic etharedtment on spontaneous glutamate
transmission by studying miniature excitatory pwséptic currents (mEPSCSs). This vesicular
form of glutamate release is recorded in the paseh TTX to pharmacologically block action
potentials, and so is distinct from the evokedaghatergic transmission (EPSP) that is produced
by electrically stimulating the entire synapticwetk (Atasoy et al., 2008; Kavalali, 2015). We
found that ethanol-dependent rats had a signifigdoiver mEPSC frequency (t(85)=3.22,
p<0.01, n=42 naive cells, n=45 dependent cells)aanglitude (t(85)=2.64p<0.01) than that of
naive rats, with no change in the rise or decagdirig. 1C). Specifically, in naive rats the
mean frequency was 0.90+0.13 Hz, amplitude wast2801pA, rise time was 1.23+0.06 ms and

decay time was 0.90+0.11 ms, while in the ethampletident rats, the mean frequency was



0.46+0.06 Hz, amplitude was 22.9+0.68 pA, rise twes 1.18+0.05 ms and decay time was
0.97+£0.07 ms. As mEPSCs are action potential-incigget, increased frequencies reflect higher
glutamate release probabilities, whereas altereplitirdes/kinetics indicate changed glutamate
receptor sensitivity (De Koninck and Mody, 1994j30dt al., 1994). Therefore, chronic ethanol
decreased both spontaneous glutamate release atsymaptic glutamate receptor function at

CeA synapses.

3.2 CRF decreases CeA evoked glutamatergic transrmaien similarly in naive and ethanol-
dependent rats.

We first assessed the effects of 4 concentratibrGR¥F (25, 50, 100, and 200 nM) on
evoked glutamate transmission in the CeA of naats. The histograms iRigure 2A express
the peak CRF effects as a percent of baseline edvBRSP amplitudes at half-max stimulus
intensity obtained from the I-O relationship duri@&RF superfusion. The lowest concentration
of CRF (25 nM) caused a non-significant decrease in ER8plimde (90.0£5.2% of control,
t(7)=1.91, p=0.1, n=8 cells), while 50, 100 and 200 CRF significantly decreased the EPSP
amplitude to 89.3+3.4% (t(6)=3.19, p<0.05, n=7 $¢IB9.6+2.7% (1(15)=3.91, p<0.01, n=16
cells) and 83.4+3.0% (t(6)=5.48, p<0.01, n=7 cedsgontrol, respectively. Overall, a one-way
ANOVA demonstrated that there was no significaritedence in the inhibitory effect of CRF
among the different concentrations after 15 mirapplication (F(3,34)=0.75, p=0.5). In this
experiment, we also found that CRF, at all conediains applied, did not significantly alter the
neuronal RMP or input resistance.

We then tested whether chronic ethanol exposueeealtthe effects of CRF (25-200 nM)

on CeA evoked glutamate transmission. All 4 conregiains of CRF significantly decreased the



EPSP amplitude at the middle stimulus intensittha CeA of ethanol-dependent rats, similar to
naive animalsKig. 2A). CRF reduced EPSP amplitudes to 88.7+4.0% (t(8524<0.05, n=7
cells), 76.4+8.3% (t(5)=2.85, p<0.05, n=6 celld),B-4.9% (t(8)=3.95, p<0.01, n=9 cells), and
87.1+4.5% (1(5)=2.86, p<0.05, n=6 cells) of contfor 25, 50, 100, and 200 nM CRF
respectively. A two-way ANOVA of CRF concentrati@and ethanol treatment showed no
difference in the effect of CRF concentration (B87=0.36; p=0.8) or ethanol treatment
(F(1,58)=1.00; p=0.3), with no interaction effeE{(¥,58)=2.08, p=0.1), suggesting that ethanol
dependence does not alter the CRF-induced dedreghgamatergic transmission in the CeA.

We also examined the effects of CRF on PPF in @e&rons of naive and ethanol-
dependent rats, and observed mixed resposgsdB and Q. In the CeA of naive rats, only
100 nM CRF at the 100 ms ISI produced a signifi¢a®)=2.56, p<0.05, n=13 cells) change in
PPF ratio, increasing it to 128.2+11.0% of base(iig. 2B). Additionally, one-way ANOVAs
at 50 ms (F(3,29)=0.92, p=0.4, n=33 cells) and a®0(F(3,30)=0.61, p=0.6, n=34 cells) ISI
found no significant effects of CRF concentrationRPF ratios.

Similarly, in the CeA of ethanol-dependent ratdy®0 nM CRF at 100 ms ISI caused a
significant (t(4)=2.86, p<0.05, n=5 cells) increq446.2+5.6% of baseline) in PPF ratieid.
2C). Also, one-way ANOVAs of CRF concentrations a 0 ms (F(3,22)=1.77, p=0.2, n=26
cells) and 100 ms (F(3,19)=0.80, p=0.5, n=22 cdlf) revealed no effects on PPF ratios.
Finally, we used a two-way RM ANOVA of CRF treatmhemd ethanol exposure to examine
whether the effects of CRF differed between naiwve ethanol-dependent animals. A two-way
ANOVA of CRF concentration and ethanol treatmentinid no significant effects of CRF
(F(3,51)=0.72, p=0.55, n=53 cells) or ethanol weait (F(1,51)=0.20, p=0.7) with no

interaction effect (F(3,51)=1.45, p=0.2) at the /8 ISI, and no significant effects of CRF



(F(3,55)=0.61, p=0.6, n=57 cells) or ethanol treaitr(F(1,55)=0.75, p=0.4), and no interaction
effect (F(3,55)=0.46, p=0.7) at the 100 ms ISI. refmre, CRF decreased evoked glutamate
release at CeA synapses similarly in naive anchetkdependent rats. Because 50, 100, and 200
nM CRF induced similar inhibitions of the evoked#, we used 100 nM CRF throughout the

rest of the study.

3.3 CRFR receptors mediate the CRF-induced decrease of ewmk glutamatergic
transmission.

To assess whether endogenous CRF acts at CRRaecép regulate evoked glutamate
transmission, and to identify the specific CRF ptogs) that mediates this effect, we used
several pharmacological tools. We found that 200 AMressin B, a non-selective CRF
receptor antagonist (Liu et al., 2004), signifitgndecreased evoked EPSP amplitudes (to
76.81£4.2% of control baseline; t(7)=5.5%0.001, n=8 cells) in the CeA of naive ragy( 3A).

In 7 of these neurons, we co-applied 100 nM CR#héncontinued presence of Astressin B and
found that CRF did not further change the evoke®Ed (72.9+6.6% of control baseline;
t(6)=0.43, p=0.7 by paired t-test between AB and+8RF data) fig. 3A). These data indicate
that the CRIg, system promotes excitatory transmission in the ®gAncreasing glutamate
release under basal conditions.

We next tested R121919, a selective antagonistiRIf, to probe for a potential role of
this receptor in CeA evoked glutamate transmisskt21919 (1uM) (Herman et al., 2016)
significantly decreased evoked EPSPs (86.4+2.7%onfrol at half maximal stimulus intensity;
t(19)=4.96, p<0.001, n=20 cellBig. 3B and D). To investigate whether CRF decreased EPSPs

in the CeA by activating CRFwe applied CRF in the presence of R121919 inllS.d&/e found



that CRF no longer decreased the EPSP amplitud21@®B: 88.0+3.1% of control,
R121919+CRF: 85.7+4.4% of control; t(8)=0.57, p@®. 3B), indicating that the inhibitory
effect of CRF occurs mainly through CRF

We also tested whether selective GR¥fockade affects CRF-induced decreases in
EPSPs. Application of the selective GRentagonist Astressin 2B (200 nM) (Silberman and
Winder, 2013) did not significantly affect evokedP&Ps (92.3£3.7% of control; t(9)=2.08,
p=0.1, n=10 cells) and the addition of CRF decr@éaB®SPs (to 84.7+4.7% of control;
t(9)=3.25, p<0.05Fig. 3C and D. However, a paired t-test between the effectastfessin 2B
alone and Astressin 2B+CRF showed no significafiterdince in their effects on EPSPs
(t(9)=1.65, p=0.1), indicating that CRRhay also partially contribute to CRF’s inhibitaifects.

We next examined the effects of R121919 and Asitie2B on PPF in naive rats.
R121919 increased the PPF ratio to 115.3+9.2% séllvee for the 50 ms ISI and to 122.3+8.9%
of baseline for the 100 ms ISFi§. 3E). This increase in PPF ratio was significanhat100 ms
ISI (t(13)=2.50, p<0.05, n=14 cells) indicating @ctkase of evoked glutamate release, but not at
the 50 ms ISI (t(14)=1.66, p=0.1, n=15 cells). Assin 2B did not alter PPF ratidSd. 3E).

To determine whether chronic ethanol exposureattéhe CRF system’s regulation of
evoked glutamatergic transmission in CeA neurons,tested 1uM R121919 and 200 nM
Astressin 2B. The CRFantagonist significantly (t(8)=3.12, p<0.05) desed the EPSP
amplitude to 90.8+3.0% of control (at half maxingimulus intensity; n=9 cellsFig. 3D),
suggesting that endogenous CRF/gRIgnaling regulates CeA activity in ethanol-depamtd
rats. This effect of R121919 was not significardifferent between naive and ethanol-dependent
rats (t(27)=0.96, p=0.3, n=29 cells). Also similamaive rats, R121919 increased PPF ratios in

the dependent rats to 149.7+32.1% of baselinentob0 ms ISI and 125.2+16.5% of baseline for



the 100 ms ISI, however, neither of these effectsewsignificantly different from baseline
(t(8)=1.55, p=0.2, n=9 cells and t(8)=1.53, p=029 cells for 50 and 100 ms ISI respectively;
Fig. 3E). However, there was no significant differencewssin the effect of R121919 on PPF
ratios between naive and dependent rats for diiee60 ms (t(22)=1.26, p=0.1, n=24 cells) or
the 100 ms (t(21)=0.17, p=0.9, n=23 cells) ISI. TBRF, antagonist did not significantly alter
(t(6)=0.87, p=0.4, n=7 cells) the EPSP amplitudé¢hm ethanol-dependent rats (94.14+6.7% of
baseline), and an unpaired t-test found no diffegsnn the effects of Astressin 2B between
naive and dependent animals (t(15)=0.27, p=0.87 reells) Fig 3D). Similar to CeA neurons
of naive rats, Astressin 2B did not alter PPF gtio 7 neurons of ethanol-dependent r&ig.(
3E). Therefore, the CRF/CREystem continues to modulate evoked glutamatérgnsmission

in the CeA after ethanol dependence.

3.4 CRF increases action potential-independent glamate release similarly in the CeA of
naive and ethanol-dependent rats.

To further pursue the site of CRF's action at Cédtagnatergic synapses, we examined
mMEPSCs in neurons of naive and ethanol-dependisniké& found that CRF (100 nM) increased
the mEPSC frequency in CeA cells from naive rabb (1+16.9%; t(8)=3.2%<0.05, n=9 cells;
Fig. 4A); however, in 2/9 cells CRF had no effect or dligldecreased (<5% change from
baseline) mMEPSC frequencies, indicating that CREsdwt enhance the glutamatergic input to
all CeA neurons (similar to (Herman et al., 201@)here were no CRF-induced changes in
MEPSC amplitude or kineticsFif. 4A). Therefore, our data suggest that CRF acts
presynaptically to increase vesicular (action ptédimdependent) glutamate release in the CeA

of naive rats. Similarly, CRF significantly increasthe mEPSC frequency in cells from ethanol-



dependent rats (141.2+17.1%; t(9)=2.420.05, n=10 cells), though it had no effect origHtl

decrease on mEPSC frequencies in 4/10 cells anddlidlter the overall MEPSC amplitude or
kinetics Fig. 4A). Therefore, CRF enhanced action potential-inddpenglutamate release at a
subset of CeA synapses similarly in naive and ethd@pendent rats, without significantly

affecting the region’s glutamate receptor compositir expression.

3.5 CRF activation promotes action potential-independent lytamate release.

We next assessed the effects of the (zRintagonist Astressin B (200 nM) and found
that it significantly decreased the mEPSC frequdtey2.4+6.1% of control; t(9)=2.89<0.05,
n=10 cells), but had no effect on the amplitudéioetics fFig. 4B). In 7 of these neurons, we
co-applied CRF in the presence of Astressin B andd that there was no significant difference
in MEPSC frequency between the antagonist alone Astdessin B+CRF (Astressin B:
80.5%£8.4% of control; Astressin B+CRF: 88.9+10.5%control; t(6)=1.61,p=0.16; Fig. 4C).
There were also no drug-induced changes in the i@Eflitudes and kinetics. Overall, these
data indicate that the CRF system tonically prosmaecitatory transmission in the CeA by
increasing glutamate release.

Similar to the effects of Astressin B on vesicugartamate release, the CR&ntagonist
R121919 (1 uM) significantly decreased the mEPS&Uency (to 76.2+4.8% of control,
t(16)=4.94,p<0.05, n=17 cells), with no effect on the amplitumtekinetics Fig. 4D). In 7 of
these neurons, we applied CRF in the presence 21®D and there was no further change in
MEPSC frequency (R121919: 85.1+4.7% of control; BIB®+CRF: 80.0+5.6% of control;
t(6)=1.09,p=0.32;Fig. 4E). However, CRF decreased the mEPSC amplitude=@(89,p<0.05)

and decay time (t(6)=3.65<0.05) in this R121919+CRF experiment (data notwshp



suggesting that CRF may have additional postsynagstects that are not mediated by GRF
Overall, the R121919 data indicate that GRtediates the tonic effects of endogenous CRF to
promote CeA glutamate release, as well as the eoageCRF-induced facilitation of glutamate
release we observed in this region.

In a third set of experiments, we used the CRRtagonist Astressin 2B. Notably,
Astressin 2B alone significantly increased the mER&quency (to 133.3+9.8% of control;
(6)=3.39,p<0.05, n=7 cells), with no effect on the amplitumtekinetics Fig. 4F), indicating
that the basal activation of CRIn the CeA limits glutamate release. Additionallyo-
application of Astressin 2B and CRF in 6 of thes#iscled to a further significant increase in
MEPSC frequency (Astressin 2B: 136.5+11.0% of @dnthstressin 2B+CRF: 173.0+20.6%;
t(5)=2.82,p<0.05; Fig. 4G), with no change in the mEPSC amplitude or kirsetithus, CRF
appears to activate both CR&hd CRE to regulate vesicular glutamate transmission enGeA,

but its facilitation of glutamate release occumsdaminantly via CRE

4. DISCUSSION
The amygdalar CRF/CRFsystem plays a critical role in ethanol dependd@ipin et

al., 2015; Koob, 1999; Koob and Volkow, 2010) amdonic ethanol treatment upregulates the
expression of CRF and CRin the CeA (Merlo Pich et al., 1995; Roberto et 2010). Systemic
CRF antagonism prevented the escalated ethanol dgnéfndependent rats (Roberto et al.,
2010), and intra-CeA administration of a GRiatagonist reduced both the ethanol consumption
(Funk et al., 2006; Varodayan et al., 2017) andeiytike behavior (Rassnick et al., 1993) of
these rats. Additionally, CRF acting at GRRcreased CeA GABAergic transmission in naive
rats, with a greater effect observed in ethanokddpnt animals (Roberto et al., 2010). Despite

the key implications of this neuropeptide in theAGweth regard to alcohol-related behaviors, the



present study is the first to our knowledge to aetee whether ethanol dependence produces
neuroadaptation within the CRF system to impacth#&sromodulation of CeA glutamatergic
synapse function.

Here we showed that CRF increases vesicular glutaretease at CeA synapses in both
naive and ethanol-dependent animals, and that ©ORIg activity enhances vesicular glutamate
release, whereas tonic CR&ctivity inhibits it. This CRF-induced vesiculalutamate release
was prevented by CRE and CRI antagonists, but not by the CR&ntagonist. CRF decreases
evoked glutamatergic responses, and this decreasesmaller in the presence of the GRF
antagonist, but blocked by CRREntagonism. Therefore, despite the fact that CRiyces
opposite effects on evoked and spontaneous glugagiatransmission in the CeA of both naive
and ethanol-dependent rats, it acts predominamlCRRF at these synapses.

We and others have previously shown that CRF meekilglutamate transmission in the
CeA (Gallagher et al., 2008; Herman et al., 201i6; ét al., 2004; Orozco-Cabal et al., 2006;
Silberman and Winder, 2013). Consistent with o@vus work in Wistar rats (Herman et al.,
2016), we found here that CRF decreases evokedngaiergic transmission in CeA neurons of
naive Sprague Dawley rats. This effect most likelsults from decreases in evoked glutamate
release, though we cannot rule out the possimlit¢RF having postsynaptic effects across the
synaptic network. Moreover, previous work by Liuatt (Liu et al.,, 2004) reported a similar
CRF-induced inhibition of basolateral amygdala ghoatergic afferents into the CeA (Liu et al.,
2004), suggesting that CRF may modulate these giiofes in the present study. In contrast to
these evoked glutamatergic responses, CRF incréhsddequency of mEPSCs in the majority
of CeA neurons both in the present study and oewipus work using Wistar rats (Herman et al.,

2016), indicating that it increases spontaneoummagiotential-independent glutamate release



onto a subset of CeA neurons similarly in both eawnd ethanol-dependent rats. Notably, the
two forms of glutamate transmission examined hex®Ked and spontaneous action potential-
independent) are differentially regulated by CRFoled neurotransmission results from the
stimulation of the entire synaptic network to dlwidespread classical neural communication,
whereas spontaneous action potential-independambtansmission reflects isolated synaptic
communication that can maintain homeostasis andiateeclasticity at mature synapses
(Kavalali, 2015). Thus, the differences we obserire€RF's modulation of spontaneous and
evoked glutamatergic release are likely the resfutlistinct presynaptic neurotransmitter release
mechanisms (e.g. vesicle fusion machinery, spaggregation of the vesicles and/or vesicle
populations) (Atasoy et al., 2008; Kavalali, 2015).

To better understand the mechanisms underlyingofipmsing actions of CRF at CeA
glutamatergic synapses, we performed a series afnmrtology studies using its receptor
antagonists. CRF and its G protein-coupled recepBiRk and CRE are widely expressed in
the extended amygdala (Chalmers et al., 1996;céustial., 2008; Van Pett et al., 2000). In the
CeA, CRF activation increases anxiety-like responses (Muwdlteal., 2003; Smith et al., 1998;
Zorrilla et al., 2002a; Zorrilla et al., 2002b), @reas CREactivity has mixed behavioral effects
that appear to be circuit- and synapse-specifid(iReic et al., 1999). We identified dual effects
of the CRF system on basal action potential-inddpenglutamatergic transmission; activation
of CRFR promotes glutamate release under basal conditwnige activation of CRElimits it.

As the CRI; antagonist and the CRBpecific antagonist produce similar decreasesk#®S8C
frequency, endogenous CRF acts primarily at CRFincrease glutamate release. GRIs0
mediates the increased action potential-indepenglatamatergic release that we observed upon

exogenous CRF application.



Regarding evoked glutamatergic responses, exogébiR&sacts primarily through CRF
although CREF may also be involved. Notably, the CR&ntagonist and CRF each inhibited
evoked glutamate responses, which may seem coubtéive. We speculate that the
heterogeneous expression of GRRd CRE at both pre- and postsynaptic sites (Gallaghat. et
2008; Liu et al., 2004; Orozco-Cabal et al., 20089, well as the CRF system’s selective
modulation of specific CeA glutamatergic inputsdatermined by the distribution of CR&nd
CRF, (Gallagher et al., 2008; Liu et al., 2004), result a predominant upstream network
inhibition of evoked glutamate release that actsd@tinct sites on our pool of stimulated
presynaptic terminals. Accordingly, the Gallaghesup (Gallagher et al., 2008; Liu et al., 2004,
Orozco-Cabal et al., 2006) reported that CRF awdaitin | (a CRF-related peptide that has a
higher affinity for CRE than CRIE) have opposing effects on CeA glutamate transomssi
potentially due to their different binding affire8 for each CRF receptor subtype and the
presynaptic CRFvs. pre- and postsynaptic CRdfistributions of their main targets (but see also
(Henckens et al., 2016a; Henckens et al., 2016)yus, similar to how the CRF system’s
neuromodulation of CeA glutamate release variesdas its pre- and/or postsynaptic receptor
expression, it likely also varies in terms of thegim of glutamatergic afferents and CeA target
cell types.

Glutamatergic dysfunction is a prime molecular hatsm for many of the long-term
behavioral effects resulting from chronic ethanohsumption (Lovinger and Roberto, 2013;
Roberto et al., 2006; Roberto et al., 2004b), &redGRF system within the CeA is positioned to
play a critical role in the emergence of the negatiffect associated with dependence (Koob and
Zorrilla, 2010). We have previously observed iased CRF and CRFxpression in the CeA

of ethanol-dependent rgiRoberto et al., 2010) and an increased CRF/GRffuence over CeA



GABAergic transmission in ethanol-dependent raiggssting that these synapses may play an
important role in the transition to alcohol depemtte However, a recent study reported
decreased amygdalar CREensity in ethanol-naive rats selectively bred tloeir alcohol
preference (P rats) compared to their non-prefgrecounterparts (NP rat§Yong et al., 2014).
Although we have studied the effects of acute ethan CeA glutamatergic signaling in naive
and ethanol-dependent rats (Roberto et al., 2006eRo et al., 2004b), to our knowledge, this is
the first study exploring whether the effects of CBn CeA glutamatergic transmission are
altered by chronic ethanol exposure. Surprisinglg,found no differences in the CRF-induced
glutamatergic responses in the CeA of naive veethanol-dependent rats, perhaps due to
compensatory mechanisms at these synapses. Tleeretorpresent work highlights the critical
functional role of the CeA glutamatergic systemtle maintenance of homeostasis during
chronic ethanol exposure. Interestingly, CRF hasnbeeported to potentiate CeA glutamate
transmission after 2 weeks, but not 24 hours, dhdvawal from repeated cocaine exposure
(Pollandt et al., 2006), highlighting the importaantribution of both stress history and current
stress levels in shaping the CRF system’s neurdatiaqp at CeA glutamatergic synapses

(Henckens et al., 2016a; Henckens et al., 2016b).

CONCLUSION

The CeA CRF system has been hypothesized to tirevescalation of ethanol intake and
the kindling of anxiety-like behaviors in depend@mividuals (Gilpin et al., 2015; Koob and
Volkow, 2010). We have previously shown that aldatependence is associated with increased
CRF/CRE influence over GABA transmission in the CeA, leaglito greater local inhibition

(Roberto et al., 2010). Here we found that CRF parily acts at presynaptic CREo produce



opposite effects on CeA evoked and spontaneousrgaiergic release in both naive and
ethanol-dependent animals. In addition, CRF alspears to have modest effects at GRF
highlighting the complexity of the CRF system’s rauodulation of CeA glutamatergic
synapses. This diversity in receptor type, loc#liraand action allows greater flexibility for the
CRF system to respond to different levels of strésshoth promote stress responses and to
ensure stress recovery and the maintenance of Istaseo(Henckens et al., 2016a; Henckens et
al., 2016b). As we observed no alteration in theFC&stem’s ability to regulate CeA
glutamatergic synapses in ethanol-dependent aniroalsdata identify the CRF system as a
sustained regulator of CeA glutamatergic synapsesughout the development of alcohol

dependence.
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FIGURE LEGENDS
Figure 1. Chronic ethanol exposure alters CeA glutamatergicysiapse function.

A) Top: Representative traces of evoked CeA EPSPs atwaenéirmalized stimulus intensities

from a naive and an ethanol-dependent rat (DBpjtom: 1-O relationship curves are similar for



naive and dependent rats (84 cells from 61 naige 78 cells from 31 dependent rat&) Top:
Representative traces of PPF of EPSPs at the 566hfsom naive and dependent rat CeA
neurons. Bottom: Histograms representing group PPF ratio for nana gependent rats at 50
ms and 100 ms ISI (46 cells from 34 naive ratsc@B from 17 dependent ratsXC) Left:
Representative mEPSC traces from CeA neurons vé raaid ethanol-dependent rats in baseline
conditions.Middle and Right: Group comparison showed significantly lower bamselimEPSC
frequencies and amplitudes in dependent rats cadgarnaive rats (42 cells from 19 naive rats,

45 cells from 10 dependent rats) p&0.01 by unpaired t-test.

Figure 2. CRF decreases evoked EPSP amplitude in £eeurons of naive and ethanol-
dependent rats.A) Top: Representative recordings of evoked EPSPs in Cefone from naive
rats before and during CRF applicati@ottom: Histograms representing percent peak decrease
in evoked (at half max stimulus intensity) EPSP btonges during superfusion of different
concentrations (25, 50, 100 and 200 nM) of CRH@nGeA of naive and ethanol-dependent rats
(6-16 cells from at least 4 naive or dependentpatgroup)B) Top: Representative recordings
of PPF at both 50 ms (top traces) and 100 ms (fmottaces) ISI in a CeA neuron from a naive
rat before and during superfusion of 100 nM CH3attom: Histograms representing PPF ratio
as a percentage of baseline after superfusioncohdentrations of CRF at 50 ms and 100 ms ISl
in naive rats. CRF significantly increased the P& of evoked EPSPs at the 100 ms ISI with
100 nM CRFC) Histograms representing PPF ratio as a percenfdggseline after superfusion
of 4 concentrations of CRF at 50 ms and 100 ms ihSkthanol-dependent rats. CRF
significantly increased the PPF ratio of evoked E®&t the 100 ms ISl with 50 nM CRF.

*p<0.05 and *p<0.01 by one-sample t-test.



Figure 3. The CRF-induced decrease in evoked EPSknplitude is mediated by CRFR. A)
Top: Representative recordings of evoked EPSPs in ar@e#on from a naive rat recorded in
control conditions, during Astressin B (AB) apptica, and during AB+CRF application.
Bottom: Plot representing the percent peak decrease inedvBRPSP amplitudes for the middle
three stimulus intensities during superfusion of &Rl AB+CRF (7-8 cells from 7-8 naive rats).
CRF receptor antagonism decreases the evoked EmRSRuale in naive rats and blocks any
further CRF-induced decread®) Top: Representative evoked EPSPs in a CeA neuron from a
naive rat recorded in control conditions, during2R419 (R12) application, and during
R12+CRF applicationBottom: Plot representing the percent peak decrease inedv&lPSP
amplitudes for the middle three stimulus intensitering superfusion of R12 and R12+CRF (9-
20 cells from 9-17 naive rats). CR&ntagonism decreases the evoked EPSP amplitutiéva
rats and blocks any further CRF-induced decre@3dop: Representative evoked EPSPs in a
CeA neuron from a naive rat in control conditiodsring Astressin 2B (A2B) application, and
during A2B+CRF applicationBottom: Plot representing the percent peak decrease inedvok
EPSP amplitudes for the middle three stimulus sitees during superfusion of A2B and
A2B+CRF (10 cells from 9 naive rats). CR&ntagonism does not alter the evoked EPSP
amplitude from baseline at the middle stimulusnstty in naive rats, while co-application of
CRF with A2B decreases the evoked EP®®.Histograms representing the percent peak
decrease in evoked EPSP amplitudes for the mididhellsis intensity during superfusion of R12
and A2B show no difference between naive and ettdependent rats (Dep)E) Left:
Representative PPF of EPSPs at 50 ms (top) anansO®ottom) ISI in CeA neurons from an

ethanol-dependent rat before and during superfusiétii2.Right: Histograms representing PPF



ratio as a percentage of baseline after superfusidtil2 and A2B at 50 ms and 100 ms ISI in
naive and ethanol-dependent rats. R12 significantieased the PPF ratio of evoked EPSPs for

naive rats at the 100 ms I18p<0.05 from baseline by one-sample t-test.

Figure 4. CRF, activation promotes action potential-independent lgitamate release. A)
Left: Representative mEPSC traces from CeA neurons eéraaid ethanol-dependent (Dep) rats
in baseline conditions and during 100 nM CRF swsoh. Right: CRF significantly increased
MEPSC frequencies in the CeA of naive and ethagpéiadent rats (9 cells from 4 naive rats, 10
cells from 5 dependent rat®) Left: Representative mEPSCs from CeA neurons of naigamat
baseline conditions and during 200 nM AstressinAB)(superfusionRight: AB significantly
reduced the mEPSC frequency, but had no effectrgplitaides or kinetics (10 cells from 6 naive
rats). C) Co-application of CRF and AB did not significanthjfter the mEPSC frequency
compared to AB alone (7 cells from 5 naive raiy)Left: Representative mEPSCs from CeA
neurons of naive rats in baseline conditions anthdul pM R121919 (R12) superfusidright:
R12 significantly reduced the mEPSC frequency,hauat no effect on amplitudes or kinetics (17
cells from 10 naive rats)E) CRF+R12 did not significantly alter the mEPSC frexey
compared to R12 alone (7 cells from 4 naive r&is).eft: Representative mEPSCs from CeA
neurons of naive rats in baseline conditions amihdul M Astressin 2B (A2B) superfusion.
Right: A2B significantly increased the mEPSC frequency, ted no effect on amplitudes or
kinetics (7 cells from 5 naive rat€}) CRF+A2B significantly increased the mEPSC frequency
compared to A2B alone (6 cells from 5 naive rafsx0.05 by one-sample or paired t-test, as

appropriate.
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Fig 4
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CRF acts primarily via CRF; at central amygdala glutamatergic synapses.

CRF decreases evoked glutamate transmission at central amygdala synapses.

CRF increases spontaneous glutamate release at central amygdala synapses.

CRF affects glutamate transmission similarly in naive and ethanol-dependent rats.



