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Abstract

The basolateral amygdala (BLA) controls numerous behaviors, like anxiety and reward seeking, 

via the activity of glutamatergic principal neurons. These BLA neurons receive excitatory inputs 

primarily via two major anatomical pathways – the external capsule (EC), which contains afferents 

from lateral cortical structures, and the stria terminalis (ST), containing synapses from more 

midline brain structures. Chronic intermittent ethanol (CIE) exposure/withdrawal produces distinct 

alterations in these pathways. Specifically, 10 days of CIE (via vapor inhalation) increases 

presynaptic function at ST synapses and postsynaptic function at EC synapses. Given that 10-day 

CIE/withdrawal also increases anxiety-like behavior, we sought to examine the development of 

these alterations at these inputs using an exposure time-course in both male and female rats. 

Specifically, using 3, 7, and 10 days CIE exposure, we found that all three durations increase 

anxiety-like behavior in the elevated plus maze. At BLA synapses, increased presynaptic function 

at ST inputs required shorter exposure durations relative to post-synaptic alterations at EC inputs 

in both sexes. But, synaptic alterations in females required longer ethanol exposures compared to 

males. These data suggest that presynaptic alteration at ST-BLA afferents is an early 

neuroadaptation during repeated ethanol exposures. And, the similar patterns of presynaptic-then-

postsynaptic facilitation across the sexes suggest the former may be required for the latter. These 

cooperative interactions may contribute to the increased anxiety-like behavior that is observed 

following CIE-induced withdrawal and may provide novel therapeutic targets to reverse 

withdrawal-induced anxiety.
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Introduction

Anxiety disorders and alcohol use disorders (AUDs) frequently co-occur and the clinical 

significance of this relationship has been reported in epidemiological studies for decades 

(Ross, 1995; Merikangas et al., 1998; Kushner et al., 2000; Burns and Teesson, 2002; Grant 

et al., 2015). Interestingly, the relationship between anxiety disorders and AUDs is more 

strongly associated with alcohol dependence than with alcohol abuse (Kushner et al., 2000; 

Hasin et al., 2007). This is likely because alcohol dependent individuals who suddenly stop 

or drastically reduce their drinking experience a wide range of physical (e.g., heightened 

respiration, blood pressure, seizures, delirium tremors) and psychological (e.g., anxiety, 

dysphoria, agitation) symptoms (Finn and Crabbe, 1997; Becker, 2000). The anxiety that 

emerges from alcohol withdrawal is so severe that people often relapse and self-medicate 

with alcohol to seek relief from their symptoms (Schellekens et al., 2015; Driessen et al., 

2001). Therefore, withdrawal-induced anxiety symptoms associated with terminating long-

term alcohol exposure are strong contributing factors for relapse in alcohol-dependent 

individuals. Similar to humans, animals show increased anxiety-like behavior during 

withdrawal, which may likewise contribute to the enhanced alcohol consumption observed 

during this time (Valdez et al., 2002).

One commonly used and well validated animal model of producing alcohol (ethanol) 

dependence is via vapor inhalation (Goldstein and Pal, 1971). This model consistently 

produces a dependence-like phenotype and yields behaviors (e.g., increased anxiety, 

enhanced ethanol consumption) that are frequently cited as markers of ethanol withdrawal in 

the rodent literature (Finn and Crabbe, 1997; Kliethermes et al., 2004; O’Dell et al., 2004;). 

In addition to overt behavioral signs that emerge following chronic ethanol vapor exposure, 

neurophysiological adaptations also occur in the lateral/basolateral amygdala (BLA), a brain 

region that is an integral component of the fear/anxiety circuit (Janak and Tye, 2015; Davis 

et al., 1994; Phillips and LeDoux, 1992).

The amygdala receives sensory information through multiple projections with major 

pathways arriving via the external capsule (‘lateral’ inputs in a coronal slice) and the stria 

terminalis (‘medial’ inputs) (Rainnie et al., 1991; Davis et al., 1994; Bauer et al., 2002). This 

information is first processed in the BLA, and is then relayed to downstream brain regions, 

ultimately resulting in a physiological/psychological response (e.g., anxiety) (Davis et al., 

1994; Janak and Tye, 2015). The BLA is comprised primarily of pyramidal-shaped 

glutamatergic projection neurons and non-pyramidal-shaped GABAergic interneurons, and 

manipulating activity of these neurons dramatically alters anxiety-like behavior in rodents 

(Sanders and Shekhar, 1995a, 1995b, Sajdyk and Shekhar, 1997a, 1997b). There is also 

evidence demonstrating that the BLA may be involved with the anxiogenic effects of ethanol 

observed during withdrawal (Läck et al., 2007; 2008). Our laboratory has also shown that 
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alcohol dependence/withdrawal modulates glutamatergic synaptic transmission onto BLA 

projection neurons in an input-dependent manner (Christian et al., 2012, 2013). Specifically, 

24h after 10 days of chronic intermittent ethanol (CIE) vapor exposure, glutamatergic 

afferents arriving along the external capsule/lateral pathway express postsynaptic alterations 

characterized by increased AMPA receptor function that correlate with increased receptor 

phosphorylation and trafficking. These effects contrast with glutamatergic afferents arriving 

via the stria terminalis/medial pathway which express presynaptic adaptations represented 

by increased glutamate release probability, increased synaptic glutamate concentrations, a 

larger pool of readily releasable vesicles, and decreased failure rates at these terminals.

Our laboratory and others demonstrated that withdrawal from alcohol produces increases in 

anxiety-like behavior, and this may be associated with adaptations in glutamatergic synaptic 

transmission occurring in the BLA during dependence. However, the time-course of these 

behavioral and neurophysiological alterations are unknown. This is significant because in 

the fear conditioning literature, a temporal relationship exists between pre- and post-synaptic 

plasticity. More specifically, presynaptic activation of the stria terminalis inputs facilitates 

postsynaptic long-term potentiation at external capsule synapses, which may be important 

for fear learning (Cho et al., 2012; Fonseca, 2013). It is possible that ethanol dependence 

and withdrawal may also differentially modulate presynaptic facilitation at stria inputs and 

postsynaptic plasticity expressed at the external capsule in time-specific ways.

Sex differences to a variety of ethanol-related behaviors have been reported in both 

preclinical and clinical studies (Devaud and Chadda, 2001; Nolen-Hoeksema, 2004; Devaud 

et al., 2006; Morales et al., 2015; Jury et al., 2017). For example, our laboratory has recently 

shown that while dependence produced by 10 days of CIE exposure increased ethanol 

consumption in males (as has been reported numerous times by others (Woolley et al., 1997; 

Carnicella et al., 2008; Simms et al., 2008; Meyer et al., 2013; Kimbrough et al., 2017), 

female ethanol drinking remains unaffected (Butler et al., 2014; Rosenwasser et al., 2014; 

Morales et al., 2015). Despite behavioral evidence demonstrating differences between males 

and females in alcohol use and sensitivity, we and few others have examined 

neurophysiological changes that may emerge following ethanol dependence in females. 

Therefore, the current series of experiments examined the time course of ethanol adaptations 

that occur presynaptically from stria terminalis afferents and postsynaptically via external 

capsule afferents onto BLA principal neurons after various durations of CIE vapor exposure 

and 24h withdrawal in male and female Sprague-Dawley rats. These data will provide 

further characterization of synaptic adaptations that occur on BLA principal neurons after 

various CIE exposures that likely contributes to anxiety-like behavior during withdrawal, 

which may ultimately lead to relapse.

Experimental Procedures

Animals

Five week old male and female Sprague-Dawley rats were obtained from Envigo 

(Indianapolis, IN) and were given unlimited access to standard rat chow and water 

throughout the experimental procedure. Upon arrival, rats were pair-housed and maintained 

on a reverse 12:12 h light dark cycle (lights on at 9 PM). All animal care procedures were in 
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accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved 

by the Wake Forest Animal Care and Use Committee.

Chronic intermittent ethanol (CIE) vapor exposure

Pair-housed rats were exposed to chronic intermittent ethanol (CIE) vapor for 3, 7, or 10 

days, using standard procedures from our laboratory (Läck et al., 2007; Christian et al., 

2012; Morales et al., 2015). Briefly, home cages were placed in larger, custom-built 

Plexiglas chambers (Triad Plastics, Winston-Salem, NC), and at the beginning of the light 

cycle (9pm EST), ethanol vapor was pumped into the chambers and maintained at 15-20 

mg/L throughout the exposure for 12 h day. Air-exposed control animals were similarly 

housed, except they received room-air only while in the chambers. Animals were weighed 

daily; and, tail blood samples were collected once during the CIE exposure to monitor blood 

ethanol concentrations (BECs) and adjust ethanol vapor levels as necessary (Table 1). Blood 

ethanol concentrations were determined using a standard, commercially-available alcohol 

dehydrogenase/NADH enzymatic assay (Diagnostic Chemicals Limited, Oxford CT). At 

arrival, body weights (in grams ±SEM) for males and females were 99.15±1.15 and 

86.25±0.57, respectively. After 3, 7, and 10 days of CIE exposure, males weighed 

183.91±2.59, 173.21±1.18, and 161.89±2.89, while air-exposed males weighed 

219.05±5.01. After 3, 7, and 10 days of CIE exposure, females weighed 138.85±5.01, 

139.5±3.44, and 135.43±5.66, while air-exposed females weighed 148.94±3.48.

Elevated Plus Maze

To validate our CIE vapor exposure as a model of ethanol dependence, we assessed anxiety-

like behavior during withdrawal using the Elevated Plus Maze (EPM) apparatus. Rats were 

placed onto the central junction of the EPM facing an open arm for the 5 min test. Open 

arms were dimly lit (~40 lux). Anxiety-like behavior and general locomotion were measured 

from time spent and entries into each arm. Beam breaks were collected by a computer 

equipped with MED-PC (Med Associates) connected to the plus maze. Between animals, the 

apparatus was cleaned with warm water and mild soap, and then thoroughly dried.

Estrous Cycle determination

To determine estrous cycle in a separate group of females, samples were collected via 

vaginal lavage. At the same time each morning (9 am, EST), female rats were gently 

restrained and a clean pipette filled with warm, sterile saline (200μL) was inserted at the tip 

of the vaginal opening. The pipette was flushed 2-3 times and a sample was collected and 

placed onto a clean microscope slide. Cells were visualized and identified using a light 

microscope, and determination of estrous cycle stage was based on the cells present 

(Marcondes et al., 2002; Caligioni, 2009; McLean et al., 2012).

Electrophysiology

Slice preparation—Animals were anesthetized with isoflurane prior to decapitation 

according to an approved Wake Forest University Health Sciences IACUC protocol. Brains 

were rapidly removed and incubated in an ice-cold sucrose-modified artificial cerebral spinal 

fluid (aCSF) solution containing (in mM): 180 Sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2•6H20, 

Morales et al. Page 4

Neuroscience. Author manuscript; available in PMC 2019 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26 NaHCO3, 1.2 NaH2PO4, 10 glucose, 0.10 ketamine. Coronal amygdala slices (400μM) 

were prepared using a VT1200/S vibrating blade microtome (Leica, Buffalo Grove, IL) and 

incubated for ≥1 h in room temperature, oxygenated, standard aCSF solution containing (in 

mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 10 glucose, and 2 CaCl2 

prior to recordings. All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) or 

Tocris (Ellisville, Missouri).

Whole-cell patch-clamp recording—Methods for whole-cell voltage clamp recordings 

were similar to those reported previously from our laboratory (Christian et al., 2012, 2013; 

Gioia et al., 2017). Coronal slices containing the BLA were transferred to a submersion-type 

recording chamber that was continuously perfused with room temperature aCSF (2 ml/min). 

Glutamatergic responses were recorded from a membrane holding potential of −70mV using 

electrodes filled with an intracellular solution containing (in mM): 145 CsOH, 10 EGTA, 5 

NaCl, 1 MgCl, 10 HEPES, 4 Mg-ATP, 0.4 Na-GTP, pH ~7.25 with gluconic acid, osmolarity 

between 285-295 mmol/kg. Glutamatergic synaptic currents were pharmacologically 

isolated using the GABAA antagonist, picrotoxin (100 μM) in the bath aCSF. Synaptic 

responses were electrically evoked every 30s using concentric bipolar stimulating electrodes 

(FHC Inc, Bowdoin, ME) placed either within the internal capsule (stria terminalis) or 

within the external capsule along the lateral boarder of the BLA. Stimulus intensities were 

submaximal and normalized to elicit synaptic responses with amplitudes less than 200pA. 

Previous work has shown these stimulation intensities produce distinct responses from 

anatomically unique inputs (Christian et al., 2013) and prevent response contamination by 

local circuits. Data were collected via an Axopatch 700B amplifier (Molecular Devices, 

Foster City, CA) and later analyzed using pClamp software (Molecular Devices, Foster City, 

CA). Presumptive principal neurons were included based on their electrophysiological 

characteristics of high membrane capacitance (>100 pF) and low access resistance (≤25 MΩ) 

(Washburn and Moises, 1992). Cells that did not meet these criteria were excluded from 

analysis.

Paired-pulse ratio—Two electrical stimuli were evoked at the stria terminalis or external 

capsule at an inter-stimulus interval of 50 msec, with this short interval traditionally viewed 

as an indicator of presynaptic release probability (Schulz et al., 1994; Fioravante and 

Regehr, 2011). The paired-pulse ratio (PPR) was conservatively calculated using the evoked 

EPSC amplitudes as: ([Peak 2 amplitude - Peak 1 amplitude]/Peak 1 amplitude).

Strontium Substitution—As a measure of postsynaptic function, a strontium (Sr2+) 

substitution method was used whereby extracellular calcium (2mM) was partially replaced 

by strontium (2mM). This technique allows for the measurement of asynchronous EPSCs 

(aEPSCs) (Choi and Lovinger, 1997; Christian et al., 2012), with changes in amplitude 

providing a measure of postsynaptic efficacy and changes in frequency providing a measure 

of calcium-independent presynaptic function. As described previously by our laboratory 

(Christian et al., 2012), a bipolar stimulating electrode was placed at the external capsule 

where an electrical stimulation was applied every 30 seconds. Only responses beginning 50 

ms post-stimulation artifact were included during a 400 ms window. aEPSC amplitude and 

frequency were analyzed with MiniAnalysis software (Decatur, GA).
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Statistics

All data analyses were conducted using GraphPad Prism 5.0. Data were analyzed via 

analysis of variance (ANOVA), with Bonferroni post-hoc tests used to determine the locus of 

effect. Chi-square tests were conducted on categorical data. Significance was set at p<0.05. 

Data are presented as mean ± SEM throughout the text and figures.

Results

All durations of chronic intermittent ethanol exposure increased anxiety-like behavior in 
males and females during withdrawal

To behaviorally validate our CIE model of ethanol dependence, rats were tested for anxiety-

like behavior on the elevated plus maze 24h into withdrawal after 3, 7, or 10 days of CIE. 

Percent open arm time (OAT: open arm time/[open arm time + closed arm time]x100)) and 

percent open arm entries (OAE: open arm entries/[open arm entries + closed arm 

entries]x100)) were calculated and used as indices of anxiety-like behavior (Pellow et al., 

1985) on the elevated plus maze. The two-way ANOVA of %OAT revealed a main effect of 

exposure [F(3,59)=11.87,p<0.001] and sex [F(1,59)=8.02,p<0.01] but, importantly, no 

interaction [F(3,59]=0.78,p>0.05] (Figure 1, left). Bonferroni post-hoc tests demonstrated 

that all CIE durations decreased time spent in the open arms, regardless of sex. The two-way 

ANOVA of %OAE likewise revealed a main effect of exposure only [F(3,59)=6.34,p<0.001] 

(Figure 1, middle); however, Bonferroni post-hoc tests demonstrated that males entered the 

open arms significantly less after 3 and 7 days whereas this effect was only observed in 

females after 10 days of CIE. Closed arm entries, a proxy for general locomotor activity, 

were significantly lower in females compared to males [F(1,59)=6.12,p<0.05]; but there was 

no significant effect of treatment [F(3,59)=2.08,p>0.05] and no significant sex × treatment 

interaction [F(3,59)=0.21,p>0.05] (Figure 1, right).

Withdrawal increases glutamate release probability at medial inputs after fewer ethanol 
exposures in males

To examine the presynaptic effects of CIE exposure on medial inputs, a two-way ANOVA of 

the paired-pulse ratio was conducted and revealed a main effect of exposure [F(3,48)=14.92, 

p<0.001]. Bonferroni post-hoc tests revealed that withdrawal from all CIE durations 

decreased the paired-pulse ratio, demonstrating an increase in glutamate release probability 

in males. However, a decrease in the paired-pulse ratio was only observed after 7 and 10 

days of CIE exposure in females, suggesting that females may be less sensitive to 

presynaptic alterations in glutamate release probability than males (Figure 2). To confirm 

that these presynaptic effects are specific for medial inputs as we have previously seen 

(Christian et al., 2012), a separate group of male and female rats underwent 10 days of CIE 

exposure, and paired-pulse ratios were collected from electrical stimulation at the external 

capsule 24h into withdrawal. As expected, the two-way ANOVA of paired-pulse ratios at the 

external capsule revealed no significant main effects or interactions in males or females 

(Figure 3).
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Withdrawal from chronic intermittent ethanol exposure increases asynchronous EPSC 
amplitude at external capsule inputs after longer durations in males and females

To explore the post-synaptic effects of withdrawal from CIE exposure at external capsule 

inputs, a two-way ANOVA for amplitude of aEPSCs was conducted and revealed significant 

main effects of exposure [F(3,47)=24.24, p<0.01] and sex [F(1,47)=16.69,p<0.001] (Figure 

4). Bonferroni post-hoc tests revealed that, in males, 7 and 10 days of CIE increased aEPSCs 

at external capsule inputs whereas this effect emerged in females only after 10 days of CIE. 

These increases in amplitude are suggestive of post-synaptic alterations that are duration-

dependent in males and females. These data also support previous findings demonstrating 

that presynaptic activation of medial (i.e., stria terminalis) inputs can facilitate alterations at 

external capsule synapses (Cho et al., 2012).

Longer durations of chronic intermittent ethanol exposure disrupts estrous cycle in 
females

To determine the impact of chronic intermittent ethanol exposure on estrous cycle, a group 

of females was exposed to 10 days of CIE exposure or air and vaginal smears were collected 

at three different time points: 1) Baseline: before CIE exposure; 2) Day 4: middle of CIE 

exposure; Day 10: final day of CIE exposure. The chi-square analysis revealed a strong trend 

(χ2(2)=5.677, p=0.059) at the 10 day CIE time point. These data suggest that CIE exposure 

disrupts estrous cycle, with more CIE-exposed females tending to be in diestrus I and II 

compared to air-exposed females (Figure 5).

Discussion

The current experiments examined the temporal relationships between pre- and post-

synaptic alterations at medial and lateral afferents onto BLA principal neurons during/

following chronic intermittent ethanol vapor exposure. Our main findings are that 1) pre-

synaptic facilitation requires fewer ethanol exposures compared to post-synaptic alterations 

independent of sex and, 2) female synapses require longer ethanol exposures than do male 

synapses. These findings together suggest that withdrawal-induced increases in glutamate 

release at medial afferents may be necessary for the development of post-synaptic alterations 

at lateral afferents.

Anxiogenic effects of ethanol withdrawal

Our laboratory has previously shown that withdrawal following 10 days of CIE exposure is 

sufficient to increase anxiety-like behavior (Läck et al., 2007, 2008; Morales et al., 2015). 

However, it was not clear that shorter CIE durations would produce similar phenotypes. The 

results from the elevated plus maze data show that males and females express enhanced 

anxiety-like behavior during withdrawal from all CIE durations tested (Figure 1). These data 

complement previous reports utilizing longer CIE vapor exposures (e.g., weeks to months) 

to produce ethanol dependence (Valdez et al., 2002; Kliethermes et al., 2004; O’Dell et al., 

2004; Finn et al., 2007), and provides further support for our shorter CIE vapor exposure to 

yield similar behavioral effects. We did not observe sex differences in anxiety-like behavior 

following shorter CIE exposures, which is consistent with previous studies using longer 

exposures (Devaud et al., 1999; Morales et al., 2015). However, there are other reports 
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showing that males generally demonstrate greater levels of anxiety-like behavior than 

females (Gatch and Lai, 2001; Tanchuck-Nipper et al., 2015; Jury et al., 2017). One factor 

that may contribute to discrepant findings in anxiety-like behavior during ethanol 

withdrawal among laboratories may be differences in BECS. In the current experiments, we 

maintained similar BECs between males and females during the development of ethanol 

dependence for all CIE durations examined (Table I), which may have produced similar 

outcomes on the elevated plus maze. An additional contributing factor may be related to 

sleep disturbances given we exposed animals to ethanol during their light cycle, a time when 

rodents typically sleep.

Sleep deprivation, like chronic ethanol exposure, enhances circulating corticosterone levels 

suggesting similar activation of the HPA-axis (da Silva Rocha-Lopes et al. 2017; Suchecki et 

al. 2002). However, despite this activation, socialization during sleep deprivation modulates 

anxiety-like behavior such that individually-housed, sleep-deprived animals express greater 

levels of anxiety measured on the plus maze while socially-housed/deprived animals express 

less (Suckecki et al. 2002). It is noteworthy that our animals were group-housed during the 

ethanol exposure. In support of this, sleep deprivation decreases glutamatergic synaptic 

transmission and long-term potentiation at hippocampal synapses (Ravassard et al. 2009; 

McDermott et al. 2006) while chronic ethanol exposure increases similar measures at BLA 

glutamatergic synapses (this work). This suggests that sleep deprivation may not have 

dramatically influenced outcomes associated with chronic ethanol exposure.

Interestingly, while males and females showed increased anxiety-like behavior on the 

elevated plus maze, there were no changes in the paired-pulse ratio in females after a 3 day 

CIE exposure. This suggests that other synapses were altered in these animals which 

resulted in behavioral changes during withdrawal. As discussed earlier, in addition to 

excitatory neurotransmission, the BLA is comprised of GABAergic interneurons, which 

when either systems are altered, can change anxiety-like behaviors (Sanders and Shekhar, 

1995a, 1995b, Sajdyk and Shekhar, 1997a, 1997b). Chronic ethanol exposure and 

withdrawal has also been shown to alter GABAA expression and function (Papadeas et al., 

2001; Mccool et al., 2003; Isoardi et al., 2007; Diaz et al., 2011). Therefore, while the 

present series of experiments only examined glutamate neurotransmission, it is likely that 

alterations in glutamate and GABAA neurotransmission likely produced the increased 

anxiety-like behaviors observed following CIE exposure, particularly in females.

Timing-dependent hetereosynaptic plasticity during withdrawal from chronic intermittent 
ethanol exposure

The results from the current experiments show that presynaptic alterations of medial (stria 

terminalis) glutamatergic inputs require fewer intermittent ethanol exposures than 

postsynaptic adaptations of lateral (external capsule) inputs. In males, for example, 3, 7, and 

10 day exposures all decreased the paired-pulse ratio of the stria terminalis inputs which 

suggests increased glutamate release probability after only a few days of intermittent 

ethanol. In females however, increased glutamate release probability required exposures of 

at least 7 days. This suggests that the different sexes are differentially sensitive to the 

presynaptic effects of intermittent ethanol. Importantly, there was no effect of any CIE 
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duration on the paired-pulse ratio at external capsule inputs in either sex. Additionally, we 

have previously shown that there were no changes in post-synaptic response amplitudes at 

stria terminalis/medial BLA inputs during withdrawal when using a strontium substitution 

(Christian et al., 2013). Altogether, the current data supports and extends our previous 

findings showing that presynaptic effects are specific to the medial input pathway (Christian 

et al., 2012, 2013).

While we have recently shown that postsynaptic alterations during withdrawal from 10 days 

of CIE exposure occur at the external capsule (Christian et al., 2012), the current work 

suggests these develop only after 7 days of CIE in males, and after 10 days in females. The 

initial development of presynaptic facilitation followed by postsynaptic potentiation at these 

independent synapses is similar to data suggesting that presynaptic activation of stria 

terminalis inputs facilitates postsynaptic long-term potentiation at external capsule synapses 

(Cho et al., 2012). These cooperative interactions between medial presynaptic glutamate 

release and postsynaptic function at lateral inputs may be an important neurophysiological 

mechanism governing fear-conditioned behaviors. Likewise, our results strongly suggest that 

withdrawal from chronic intermittent ethanol exposure initiates the increased presynaptic 

function at medial (stria terminalis) inputs and establishes a permissive state for the 

increased postsynaptic function at lateral (external capsule) inputs, which may drive anxiety-

like behavior during withdrawal.

It is worth noting that in the current experiments, pre- and post-synaptic adaptations were 

observed during acute (24h) withdrawal. Our laboratory has recently collected unpublished 

data demonstrating that the persistence of presynaptic changes is dependent on CIE exposure 

duration. For instance, after a single 3d CIE exposure, the presynaptic facilitation seen 

during 24h withdrawal reverses to air-exposed control levels by 72h. However, presynaptic 

facilitation persists for at least one week after a 6 day CIE exposure, and for at least forty 

days after a 10 day CIE exposure. While we have not yet similarly examined the persistence 

of post-synaptic changes, our preliminary unpublished data does suggest that longer CIE 

exposures (e.g., 10 days), do produce long-lasting neurophysiological effects. These 

persistent changes in synaptic transmission may manifest in the enduring behavioral changes 

(e.g., increased anxiety and alcohol intake) that occur during withdrawal from chronic 

alcohol use.

Finally, although we did not examine intrinsic excitability of BLA neurons following 

chronic ethanol/withdrawal, there is evidence showing that both exposure to stress and 

chronic ethanol alters intrinsic excitability in several brain regions (Ibbotson et al., 1997; 

Hendricson et al., 2007; Nimitvilai et al., 2016). For instance, an early-life stress model in 

juvenile/adolescent rats resulted in increased intrinsic excitability of BLA pyramidal neurons 

(Rau et al., 2015), just as chronic ethanol has been shown to do in the dorsal raphe (Lowery-

Gionta et al., 2015), inferior olive (Welsh et al., 2011), and the prefrontal cortex and 

extended amygdala (Pleil et al., 2015). However, it still unknown if alterations in intrinsic 

excitability occurs prior to or in parallel with synaptic facilitation following chronic ethanol/

withdrawal, and this is an important question that should be addressed in future studies. 

Regardless, it is likely a coordinated effort between intrinsic properties of BLA neurons 
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coupled with changes in synaptic transmission following chronic ethanol exposure that 

drives anxiety-like behaviors during ethanol withdrawal.

Sex differences in neurophysiological alterations during withdrawal from chronic 
intermittent ethanol

Female rats required a longer duration of CIE exposure in order to express increases in 

glutamate release probability from stria inputs compared to males. The postsynaptic 

alterations expressed at external capsule inputs likewise were expressed following longer 

ethanol exposures in females. These results suggest that female synapses are less sensitive to 

chronic ethanol exposure/withdrawal compared with males. These data are consistent with 

the robust literature illustrating that the brain is a target for sex steroid function as well as the 

large evidence for sex differences in the development, progression, withdrawal, relapse, and 

treatment phases of alcohol dependence (Erol and Karpyak, 2015; Grant et al., 2015).

Interestingly, sex differences in alcohol consumption and drinking patterns emerge during 

late adolescence (Spear, 2000; Young et al., 2002), which strongly indicates that sexual 

maturation may be an important factor in early development of alcohol abuse. Transient 

(“activational”) effects of sex steroids directly modulate a variety of alcohol-related 

behaviors such as drinking (Lakoza and Barkov, 1980; Purohit et al., 1998; Martin et al., 

1999; Apter and Eriksson, 2003; Vetter-O’Hagen et al., 2011; Sherrill et al., 2011; Vetter-

O’Hagen, 2012), aggression (Lugo et al., 2006) and withdrawal-induced anxiety (Sharma et 

al., 2007). In addition, sex steroids and their derivatives directly modulate the physiological 

responses of neurotransmitter receptors. For instance, the progesterone derivative, 

pregnenolone, and 17β- estradiol alter excitatory transmission in the brain (Wu et al., 1991; 

Womble et al., 2002; Kim et al., 2006) and also modulate numerous behavioral effects of 

alcohol (Jung et al., 2005; Pierucci-Lagha et al., 2006; Rezvani and Levin, 2014). Estrogen 

is also neuroprotective in numerous in vivo and in vitro models of ischemic brain damage 

(Simpkins et al., 1997; Green and Simpkins, 2000) and dementia (Woolley et al., 1997). 

Importantly, 17β-estradiol exerts neural and behavioral protective effects during ethanol 

withdrawal (Jung et al., 2005). Although we did not directly determine hormonal status in 

females during our studies, we did collect vaginal smears to determine the impact of CIE on 

estrous cycle. Estradiol levels are low during diestrus, peak during protestrus, and begin to 

decline during estrus (Caligioni, 2009). If estrous cycle, and consequently estradiol levels, is 

protective during ethanol withdrawal, we would expect that females with disrupted estrous 

cycles/low estradiol levels would show similar changes in synaptic neurotransmission as 

males whereas glutamate release probability in females with “normal” estrous cycles/high 

estradiol levels would not be altered after CIE. This hypothesis is supported by our data 

demonstrating that 1) females required longer CIE exposures to produce synaptic alterations, 

and 2) estrous cycle was impacted only after the longest CIE exposure (Figure 5, right panel; 

p=0.059).

In addition to direct, transient (“activational”) interactions between sex steroids and alcohol, 

permanent “organizational” functions of sex steroids also contribute to sex differences in 

response to alcohol. During prenatal and pubertal periods for example, sex hormones control 

the differentiation of sexually dimorphic brain structures. And, sex steroids have been shown 
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to alter synaptic organization of neuronal circuits, growth of axons and dendrites, and the 

number of synapses (Arnold, 2009). These effects extend beyond brain regions related to 

sexual behavior. For example, in the human literature, men have larger amygdala volume 

and density (Ruigrok et al., 2014)—with this difference emerging across adolescence (Giedd 

et al., 1996; Schumann, 2004). However, basolateral amygdala dendritic complexity (length, 

number of branches, spine density) develops similarly across adolescence in both males and 

females, suggesting a similar remodeling of excitatory synapses between sexes (Koss et al., 

2014). Neuron and glial numbers (Rubinow and Juraska, 2009) are likewise not different 

between the sexes. Regardless, the literature on estrogen receptor and/or estradiol’s effects 

on BLA synaptic physiology are extremely limited. For example, estrogen receptor β 
knockout female mice showed increases in anxiety-like behavior coupled with a lower 

threshold for LTP induction in BLA neurons compared to wild-type controls (Krezel et al., 

2001). Bath application of estrogen (17β-estradiol) can also dramatically reduce EPSP 

amplitudes measured from BLA principal neurons, suggesting acute modulation of 

glutamatergic neurotransmission (Womble et al., 2002). A study using ovariectomized 

females, found that local infusion of estradiol into the BLA was able to reverse stress-

induced anxiety-like behavior in the open field and elevated plus maze. Furthermore, these 

authors found that infusion of estradiol was also able to reverse stress-induced glutamate 

receptor upregulation, partially through GPR30, a novel estrogen membrane receptor, whose 

expression was significantly increased following both stressors (Tian et al., 2013). Overall, 

the literature suggests that females may display a decrease in sensitivity to chronic ethanol’s 

effects during withdrawal due to activational and organizational effects of sex steroids. 

Future studies should address the limitations regarding sex differences in the current 

experiments by collecting samples for hormone level determination and correlate that with 

changes in synaptic neurophysiology and behavior.

The chronic intermittent ethanol exposure paradigm used in the current experiments started 

during mid-adolescence, a unique developmental period, particularly in response to a variety 

of ethanol-related behaviors (Spear, 2000; Spear and Varlinskaya, 2010). For instance, 

human and rodent models show that alcohol consumption is high during adolescence (Vetter 

et al., 2007; García-Burgos et al., 2009; Johnston et al., 2016), a pattern of drinking that may 

be due to their insensitivity to several adverse effects associated with ethanol (Schramm-

Sapyta et al., 2009). Although the data are mixed, there is some evidence to suggest that 

adolescents may be less sensitive than adults to the anxiogenic effects associated with 

ethanol withdrawal (Doremus et al., 2003; Doremus-Fitzwater and Spear, 2007; Wills et al., 

2008; Morris et al., 2010), and that exposure to ethanol during adolescence may result in 

later higher ethanol intake (Siciliano and Smith, 2001; Strong et al., 2010). Therefore, while 

adult comparison groups were not included in the current experiments, it is likely that 

chronic ethanol exposure during this time period may have resulted in strong presynaptic 

alterations that are unique to the adolescent period and may be related to ethanol drinking. 

Future studies should include an adult comparison group to address this important area of 

research directly.

The basolateral amygdala is a critical component of the fear/anxiety circuit and of the 

anxiety that emerges during withdrawal from chronic ethanol exposure. The current 

experiments demonstrate that distinct afferents to the BLA undergo alterations during 

Morales et al. Page 11

Neuroscience. Author manuscript; available in PMC 2019 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ethanol withdrawal in a time-dependent manner. These data strongly parallel postsynaptic 

LTP induction produced by fear conditioning that is dependent on stria terminalis 

presynaptic glutamate release. These findings suggest that ethanol dependence differentially 

engages pre- and postsynaptic function in a cooperative manner, which may help facilitate 

anxiety-like behavior during withdrawal. In addition, we observed sex-dependent responses 

in synaptic function, with females requiring longer durations of CIE exposure to 

demonstrate alterations in pre- and postsynaptic function than males. It is possible that sex 

steroid influences—in particular, estrogen—may have served to protect females from 

changes in excitatory neurotransmission that occurred in males at shorter durations.
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Fig. 1. 
All durations of chronic intermittent ethanol exposure (3, 7, or 10 day) increased anxiety-

like behavior in male and female rats during withdrawal (24h) on the elevated plus maze. 

Percent (%) open arm time (left, ‘n’ for these experiments is indicated within each column) 

and percent (%) open arm entries (right) for male and female rats. * denotes a significant 

difference with a 2-way ANOVA and Bonferroni’s post-hoc test (p<0.001) between CIE 

duration and control (CON).
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Fig. 2. 
Chronic intermittent ethanol and withdrawal increased glutamate release probability at 

medial/stria terminalis inputs after fewer exposures in males. Diagram showing the 

recording pipette in the lateral/basolateral amygdala and the stimulating electrode at the 

medial input pathway (top left). Summary of paired-pulse ratio data for the treatment groups 

and sexes (lower left; ‘n’ for each group indicates number of neurons). * denotes a 

significant difference with a 2-way ANOVA and Bonferroni’s post-hoc test (p<0.001) 

between CIE duration and control (CON). Inter-stimulus interval of 50 msec. Representative 

traces for each CIE duration in males and females (right). Inter-stimulus interval of 50msec.
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Fig. 3. 
Chronic intermittent ethanol and withdrawal did not alter glutamate release probability at 

lateral/external capsule inputs in male or female rats. Diagram showing the recording pipette 

in the lateral/basolateral amygdala and the stimulating electrode at the lateral input (top left). 

Summary of paired-pulse ratios from the different treatment groups and sexes (lower left; ‘n’ 

for each group indicates the number of neurons). NS = non-significant (p=0.92), with a 2-

way ANOVA. Representative traces in males and females (right). Inter-stimulus interval of 

50 msec.
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Fig. 4. 
Chronic intermittent ethanol and withdrawal increased asynchronous EPSC amplitude at 

lateral/external capsule inputs after longer durations in males and females. Diagram showing 

the recording pipette in the lateral/basolateral amygdala and the stimulating electrode at the 

lateral input (top left). Summary of aEPSC amplitude data across the treatment groups and 

sexes. Numbers represents the ‘n’ (neurons) for each group. Representative traces in males 

and females (right). Scalar bars denote 250msec for all traces and either 50pA or 25pA 

(male 10dCIE 24h WD only). Bars above the traces indicate the 400msec window used to 

analyze aEPSC amplitude and frequency (see Methods). * denotes a significant difference 

with a 2-way ANOVA and Bonferroni’s post-hoc test (p<0.01) between CIE duration and 

control (CON).
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Fig. 5. 
Longer durations of chronic intermittent ethanol exposure disrupted estrous cycle in females. 

Proportion of females in Diestrus I+II, Estrus, and Proestrus during baseline (χ2, p=0.465), 

Day 4 (χ2, p=0.435), and Day 10 (χ2, p=0.059) of the 10 day CIE exposure (n=6 animals).
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Table 1

Mean ± SEM For Blood Ethanol Concentrations during Each CIE Exposurea

CIE Duration 3 Days 7 Days 10 Days

Males 231.6 ± 6.3 191.4 ± 9.9 259.5 ± 12.2

Females 247.5 ± 17.6 205.7 ± 22.9 238.6 ± 12.1

a
Units are mg/dL. See Methods for details.
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