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EXAMINING THE ROLE OF PREFRONTAL CORTEX AND INSULAR CORTEX 

PROJECTIONS TO THE BASOLATERAL AMYGDALA IN SYNAPTIC PLASTICITY 

AND ANXIETY-LIKE BEHAVIOR FOLLOWING WITHDRAWAL FROM CHRONIC 

ETHANOL EXPOSURE 

 

Dissertation under the direction of  

Brian A. McCool, Ph.D., Professor, Physiology and Pharmacology  

 

Alcohol use disorder (AUD) is a chronic relapsing brain disease. Increased 

anxiety during alcohol withdrawal is a characteristic of AUD and commonly contributes to 

relapse. The basolateral amygdala (BLA) is a brain region that has long been identified 

as a critical regulator of emotion, including anxiety. The BLA can regulate emotion and 

behavior through its interactions with other brain regions such as the medial prefrontal 

cortex (mPFC) and the agranular insular cortex (AIC). BLA afferents arrive through two 

primary pathways: medially through the stria terminalis (ST) or laterally through the 

external capsule (EC). Using chronic intermittent ethanol (CIE) exposure, an animal 

model that reliably produces dependence-like behaviors including increased anxiety-like 

behavior during withdrawal, we’ve shown that ethanol-induced synaptic alterations in 

these two pathways are input- and duration-specific. Specifically, ST – BLA synapses 

undergo presynaptic changes that precede the postsynaptic changes that occur at EC – 

BLA synapses following withdrawal from CIE. However, it’s unknown if these alterations 

occur in specific neural circuits.  
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In this thesis project, we use optogenetics and chemogenetics along with whole-

cell patch-clamp electrophysiology to examine BLA inputs arising from the dorsomedial 

PFC (dmPFC) and ventromedial PFC (vmPFC), which project to the BLA through the ST 

and projections from the AIC, which project to the BLA through the EC. The goal of the 

project was to determine if mPFC and/or AIC inputs to the BLA undergo similar or 

unique synaptic alterations following CIE and withdrawal and whether they are 

necessary for the expression of withdrawal-induced anxiety-like behavior. In Chapter 2, 

we report that withdrawal from 7 days of CIE increases glutamate release from dmPFC – 

BLA synapses but decreases glutamate release from vmPFC – BLA synapses. We also 

demonstrate that chemogenetic inhibition of dmPFC – BLA synapses attenuates 

increased anxiety-like behavior during withdrawal. In Chapter 3, we report that 

withdrawal from 10 days of CIE increase postsynaptic function at AIC – BLA synapses. 

Further, we demonstrate that the ethanol-induced increases in AMPA and NMDA 

receptor function and anxiety-like behavior can be attenuated by administration of a 

subanesthetic dose of ketamine at the onset of withdrawal.   

Together, these studies identify three circuits that are regulated by chronic 

ethanol exposure and withdrawal, identify one circuit that regulates withdrawal anxiety, 

and provide evidence that ketamine may be a novel treatment for AUD.  
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Alcohol Use Disorder  

Alcohol use disorder (AUD) is a chronic, relapsing brain disease characterized by 

the compulsion to seek and take alcohol, the loss of control over limiting alcohol intake, 

and the emergence of a negative emotional state reflecting a motivational withdrawal 

syndrome when access to alcohol is prevented (Koob & Le Moal, 1997). The 

development of a negative emotional state along with substantial neuroadaptations that 

persist beyond acute withdrawal may help drive a chronic alcohol-dependent state, 

trigger relapse, and fuel compulsive alcohol drinking. The conceptual framework 

regarding AUD classifies the addiction cycle into three stages: Binge/Intoxication, 

Withdrawal/Negative Affect, and Preoccupation/Anticipation (Koob, 2013). The three 

stages interact with each other and become more intense with each iteration of the 

intoxication-withdrawal-anticipation cycle. Individuals suffering from AUD often drink 

more alcohol than intended, have a persistent desire to drink, experience tolerance and 

withdrawal, and compromise their social, occupational, and recreational activities as they 

proceed through the addition cycle. Evidence suggests that the negative emotional 

states become sensitized over time and lead to an allostatic state that can perpetuate 

alcohol dependence (Breese, Overstreet, & Knapp, 2005). Based on the idea that 

Withdrawal/Negative Affect is one of the primary factors that perpetuate dependence, 

this review, and the work described herein focuses on the neural substrates that regulate 

the negative emotional state associated with AUD.  

Withdrawal/Negative Affect 

Alcohol withdrawal includes both physical and affective aspects. The physical 

symptoms of alcohol withdrawal include tremor, autonomic hyperactivity, nausea, 

vomiting, and seizures. Affective symptoms include dysphoria, anxiety, irritability, and 
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depression (Koob & Le Moal, 2001). Although these physical symptoms are typically 

more significant during acute withdrawal, measures of negative affect including anxiety 

and depression persist into protracted abstinence and may require treatment to resolve 

(Liappas, Paparrigopoulos, Tzavellas, & Christodoulou, 2002). The emotional 

dysregulation associated with the Withdrawal/Negative Affect stage reflects 

neuroadaptations in many of the brain regions and neurotransmitter systems that are 

part of the emotional neural circuitry. This occurs through repeated periods of alcohol 

intoxication in which the brain attempts to adapt through molecular, cellular, and neural 

circuitry changes, leading to homeostatic dysregulation, referred to as an allostatic state 

(Koob, 2003). This idea represents the ability to attain stability but at an altered, and 

potentially pathological state that perpetuates continued alcohol abuse (Adinoff, O’Neill, 

& Ballenger, 1995; Weiss et al., 2001). Maladaptive changes in the brain’s reward 

systems and recruitment of the brains stress systems are two of the main processes 

underlying the neurobiological basis of the Withdrawal/Negative Affect stage of the 

addiction cycle (Koob & Mason, 2016), providing a powerful motivation for relapse during 

both acute and protracted abstinence.        

Prevalence  

Alcohol is the most commonly used and abused substance in the United States; 

and, AUD is a serious and persistent health problem. According to the Substance Abuse 

and Mental Health Services Administration (SAMHSA), approximately 14.4 million 

Americans aged 12 years or older met the criteria for AUD in 2017 (NSDUH Report). 

This included 0.4M aged 12-17, 3.4M aged 18-25, and 10.6M aged 26 or older. In the 5th 

edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), the 

severity of the AUD is determined by the number of symptoms present in the past year 

and includes Mild, Moderate, and Severe sub-classifications. Regardless of severity, 
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only 9% of people with AUD who needed treatment in the past year received it. Data 

from over 1,000 people who entered treatment revelated that 90% of individuals 

experienced at least one relapse in the 4-year period following treatment (Dennis, Foss, 

& Scott, 2007). This suggests that although treatments do exist, no single or combined 

intervention has proven successful at maintaining abstinence, highlighting the fact that 

relapse is a central barrier to the treatment of AUD and warrants further study.     

Treatment Options  

There are many different psychological treatments offered to patients with AUD. 

The most common type of alcohol-related treatment is a Brief Intervention. This is a 

counseling strategy used in health care systems to deliver a 5 to 10-minute intervention 

during a medical visit. These interventions educate the patient about problematic 

drinking, increasing motivation to change behavior, and reinforcing skills to address 

problematic drinking (Fleming, Manwell, Barry, Adams, & Stauffacher, 1999; Leggio & 

Lee, 2017). Although these interventions have proven successful at reducing drinking in 

some instances, they tend to lack efficacy in people with dependence or very heavy 

drinking (Saitz, 2010). Other psychological and behavioral therapies for AUD include 

12-Step Facilitation Therapy (Alcoholics Anonymous), Cognitive Behavioral Therapy 

(CBT), Contingency Management (CM) Intervention, Community Reinforcement 

Approach (CRA), and Motivational Enhancement Therapy (MET). Alcoholics Anonymous 

is an active engagement strategy designed to increase the likelihood of patients 

becoming affiliated with and actively involved in 12-step self-help groups, thereby 

promoting abstinence. The three key ideas are acceptance, surrender, and active 

involvement (Zemore, Kaskutas, Mericle, & Hemberg, 2017). CBT helps patients identify 

the feelings and situations that can lead to heavy drinking and teaches them coping 

skills, including how to manage stress and how to change the thoughts that cause them 
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to want to drink (McHugh, Hearon, & Otto, 2010). CM is a strategy used to encourage 

positive behavior change in patients by providing reinforcing consequences when 

patients meet treatment goals (e.g., abstinence) and by withholding those consequences 

or providing punitive measures when patients engage in the undesired behaviors 

(e.g., drinking) (Higgins & Petry, 1999). CRA is based on the belief that environmental 

contingencies can play a powerful role in encouraging or discouraging drinking or drug 

use. It uses social, recreational, familial, and vocational reinforcers to assist patients in 

the recovery process (W. R. Miller, Meyers, & Hiller-Sturmhöfel, 2004). MET helps 

patients build and strengthen their motivation to change their drinking behavior by 

formulating a plan for making changes in their drinking and building up their confidence 

and skills needed to be able to stick to the plan. Although the methods and goals differ 

with each approach, they all seek to modify drinking behavior and are equally effective 

(G. W. Martin & Rehm, 2012; Schmidt, Bojesen, Nielsen, & Andersen, 2018).  

Severe cases of Alcohol Withdrawal Syndrome include seizures and delirium 

tremens during the first 48-72 hours of abstinence and may trigger life-threatening health 

complications (Swift, 1999). Benzodiazepines are used to treat this type of alcohol 

detoxification and are the only class of medication known to reduce the risk of 

withdrawal seizures and/or delirium tremens. In the United States, there are three Food 

and Drug Administration (FDA)-approved medications for the long-term treatment of 

AUD: Disulfiram, Naltrexone, and Acamprosate. Disulfiram (Antabuse), approved by the 

FDA in 1951, inhibits acetaldehyde dehydrogenase (ALDH), which is what metabolizes 

acetaldehyde into acetate. This causes acetaldehyde to quickly build up when alcohol is 

ingested, resulting in rapid onset of flushing, nausea, and palpations. Disulfiram was 

designed to be a psychological deterrent to alcohol use, but medication compliance 

tends to be poor unless it’s taken under supervised administration. The FDA approved 
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oral Naltrexone in 1995 for the treatment of AUD and an injectable extended-release 

formula was approved in 2006. Naltrexone (Revia, generic) is a mu-opioid receptor 

antagonist that acts to reduce the reward of alcohol consumption in order to reduce the 

rates of heavy drinking episodes. Acamprosate (Campral) was approved by the FDA in 

2004. Its exact mechanism is not fully understood but it may act as a “partial co-agonist” 

at the NMDA receptor (Dahchour & De Witte, 2000) to restore homeostasis in 

NMDA-mediated glutamate transmission (Mason & Heyser, 2010). A recent 

meta-analysis (Jonas et al., 2014) supports the efficacy of Naltrexone and Acamprosate, 

but not Disulfiram, for the treatment of AUD. However, there is still a need for better 

treatments to promote abstinence and prevent relapse in those suffering from AUD. 

Advances in our understanding of the neurobiology of AUD through basic research has 

identified novel pharmacological targets [reviewed in (Koob, Lloyd, & Mason, 2009; 

Mason, 2017; Swift & Aston, 2015)]. Yet our understanding of how alcohol affects the 

brain and behavior is far from complete.  

 

Anxiety and Alcohol Use Disorder 

The association between anxiety disorders and AUDs is multifaceted and 

complex. Results from several years of the National Epidemiologic Survey on Alcohol 

and Related Conditions (NESARC) conducted by the National Institute on Alcohol Abuse 

and Alcoholism (NIAAA) have found that anxiety and AUDs co-occur at rates two to 

three times higher than what is expected by chance alone (Grant et al., 2004; Hasin & 

Grant, 2015; Hasin, Stinson, Ogburn, & Grant, 2007). However, questions remain 

regarding the development of comorbid anxiety and AUDs. Based on preclinical and 

clinical evidence, three possibilities have been described: 1) The Common-Factor Model, 
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which uses a third variable to explain the co-occurrence of anxiety and AUDs; 2) The 

Self-Medication Pathway, which suggests that people consume alcohol to cope with 

anxiety disorders, leading to the development of AUD; and 3) The Substance-Induced 

Pathway, which states that AUDs lead to increased anxiety and vulnerability for 

co-occurring anxiety disorders (Smith & Randall, 2012). Surely there is merit in all three 

of these possibilities, but the present review will focus on evidence relating to the 

substance-induced anxiety model. Accumulating evidence supports the notion that 

increased anxiety during alcohol withdrawal is a consequence of adaptations in neural 

circuits that regulate emotion. These neuroadaptations occur due to repeated bouts of 

heavy, prolonged alcohol consumption, and periods of abstinence leading to 

withdrawal-associated anxiety and an enhanced vulnerability relapse (Gilpin & Koob, 

2008; Koob & Volkow, 2010; Oscar-Berman & Marinković, 2007; Tabakoff & Hoffman, 

2013). The co-occurrence of anxiety and AUD complicates treatment strategies.  

Neural Substrates  

Anxiety and AUD are characterized by a variety of neurotransmitter and 

neuroanatomical disruptions in cortical, limbic, and brain stem structures with common 

underlying neurobiological mechanisms. The primary emotional-processing brain 

structures are referred to as the limbic system. Historically, the limbic system referred to 

the hypothalamus, hippocampus, and amygdala (LeDoux, 1992). Over time, this view 

has evolved to include both cortical and subcortical structures including the prefrontal 

cortex, amygdala, anterior cingulate cortex, hippocampus, and insula. These regions are 

highly interconnected and participate in the majority of emotional processing (Davidson, 

2003; Roxo, Franceschini, Zubaran, Kleber, & Sander, 2011). This review will focus on 

the prefrontal cortex, amygdala, and insula and the interactions between these regions 

as they relate to anxiety and AUD. The prefrontal cortex (PFC) is responsible for 
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executive functions including planning complex cognitive behavior, personality 

expression, decision making, and moderating social behavior. In the healthy brain, the 

PFC regulates impulses, emotions, and behavior via inhibitory top-down control of 

subcortical emotional-processing structures such as the amygdala (Miller & Cohen, 

2001). A main function of the amygdala is processing emotionally salient external stimuli 

and initiating the appropriate behavioral response including anxiety, fear, and aggression, 

as well as the formation and retrieval of emotional-related memories (Rasia-Filho, 

Londero, & Achaval, 2000). The insula serves a wide variety of functions ranging from 

sensory and affective processing to high-level cognition (Uddin, Nomi, Hébert-Seropian, 

Ghaziri, & Boucher, 2017). All of these regions are altered in pathological anxiety such 

that limbic regions are hyperactive and higher-order cortical areas are unable to 

normalize the limbic responses to stimuli (Martin, Ressler, Binder, & Nemeroff, 2009), 

leading to severe functional impairs.   

In AUD, similar changes have been described in the prefrontal-striatal-limbic 

circuit. Broadly speaking, the Binge/Intoxication stage of the addiction cycle is controlled 

by the basal ganglia, Withdrawal/Negative Affect by the extended amygdala, and 

Preoccupation/Anticipation by the prefrontal cortex. As is the case with anxiety, AUD 

results in neuroadaptations that lead to a pathological state in which the prefrontal cortex 

loses executive control over emotional-brain structures. When sensory information 

arrives in the amygdala and is processed in association with conditioned cues and 

interoceptive cues from the insula, it can lead to a negative emotional state and stress 

that are hallmarks of the Withdrawal/Negative Affect stage of addiction (Koob & Volkow, 

2010). The driving force behind these adaptations is alterations in neurotransmitter 

systems including gamma-aminobutyric acid (GABA), glutamate, dopamine, 

acetylcholine, and serotonin systems (Oscar-Berman & Marinkovic, 2003). Not only are 
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there functional adaptions in brain regions and neurotransmitter systems from chronic 

alcohol use, but there are also anatomical changes. Specifically, alcohol-related atrophy 

is seen across the brain including in frontal lobes, corpus callosum, caudate, putamen, 

cerebellum, pons, thalamus, hypothalamus, amygdala, and hippocampus (Zahr & 

Pfefferbaum, 2017). The ability of the brain to return to “normal” structure and function is 

largely unknown, but some studies have reported partial recovery in neuropsychological 

functioning (Munro, Saxton, & Butters, 2000; Rourke & Grant, 1999) and structure of the 

cortex (Liu, Lemieux, Shorvon, Sisodiya, & Duncan, 2000), insula (Cardenas, Studholme, 

Gazdzinski, Durazzo, & Meyerhoff, 2007), and amygdala (Wrase et al., 2008) after long-

term abstinence- particularly in younger patients. Developing a full understanding of 

what brain regions/neural circuits are altered by alcohol dependence and how they 

change in a pathological state is imperative for the development of effective therapies. 

Continued research is needed to more thoroughly understand how chronic alcohol 

abuse affects the brain at the molecular, cellular, and circuit levels. Since recovery from 

AUD is a long and complex process due to high relapse rates, it’s critical to understand 

the neural underpinnings of relapse if we want to improve treatment outcomes. 

 

Animal Models of Alcohol Use Disorder  

AUD is a complex neuropsychiatric disorder, requiring the use of different animal 

models to cover the many aspects of the human condition. Through decades of research, 

sophisticated animal models have been developed that are effective in capturing various 

aspects of AUD including alcohol seeking and consumption; alcohol dependence; 

compulsive alcohol intake despite adverse consequences; alcohol withdrawal and 

negative affect; alcohol relapse; and vulnerability and resilience to alcohol dependence 
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(Goltseker, Hopf, & Barak, 2019; Spanagel, 2017). Commonly used procedures that 

produce alcohol intoxication are two-bottle choice, liquid diet, vapor inhalation, and 

operant self-administration (Planeta & Planeta, 2013). These procedures include both 

voluntary (i.e., self-administration) and involuntary (i.e., vapor inhalation) methods of 

intoxication. As is the case with all animal models, selection of which animal model to 

use will largely depend on the nature of the research question. Typically, rodents will not 

self-administer enough alcohol to produce a state of dependence (Becker & Ron, 2014), 

therefore, passive exposure procedures were developed. These types of models are 

designed to examine the consequences of chronic alcohol exposure/dependence rather 

than the factors contributing to its development, which is what this review focuses on.  

Ethanol Vapor Inhalation  

This method of ethanol exposure uses vapor inhalation, which is a non-invasive 

procedure that allows for experimenter control of dose, duration, and pattern of exposure, 

with the goal of producing dependence in rats. Vapor inhalation systems are 

commercially available (La Jolla Alcohol Research, Inc.) but laboratories often have 

them custom built to accommodate specific needs. This method is also used to produce 

dependence in mice, but the procedural parameters and behavioral endpoints differ 

across species (see (Griffin III, Lopez, & Becker, 2009)). During exposure, rats will show 

visible signs of intoxication such as a staggering gait. The targeted blood ethanol 

concentration (BEC), assessed through tail blood samples, is 150 to 225 mg/dl. Also, 

rats reliably exhibit signs of tolerance and physical dependence (i.e., abnormal body 

poster, tail stiffness) (Gilpin, Richardson, Cole, & Koob, 2008). The induction of 

dependence through ethanol vapor inhalation also increases drinking behavior 

(Kimbrough, Kim, Cole, Brennan, & George, 2017; Morales, McGinnis, & McCool, 2015; 

Vendruscolo & Roberts, 2014), anxiety-like behavior during withdrawal (Ewin et al., 2019; 
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Läck, Diaz, Chappell, DuBois, & Mccool, 2007; Morales, McGinnis, Robinson, Chappell, 

& McCool, 2018), and produces reward deficits (Boutros et al., 2018; Valdez et al., 2002), 

all of which are hallmarks of AUD.  

The two most common patterns of exposure include intermittent and continuous. 

In continuous ethanol protocols, ethanol vapor delivery never terminates. In intermittent 

ethanol exposure protocols, the vapor is activated for a certain number of hours per day 

(usually 12-17 hours) and terminated for a certain number of hours per day (7 to 

12 hours). The latter exposure paradigm is referred to as chronic intermittent ethanol 

(CIE) exposure in which animals undergo repeated cycles of intoxication and withdrawal, 

which is similar to patterns of exposure in humans with AUD. Additionally, CIE produces 

more rapid increases in self-administration relative to continuous exposure (O’Dell, 

Roberts, Smith, & Koob, 2004), an effect that lasts for months after exposure terminates 

(Rimondini, Sommer, & Heilig, 2003), and may reflect a more rapid escalation of the 

allostatic processes that drive excessive ethanol self-administration. Still, the 

non-physiological route of ethanol exposure through vapor inhalation is sometimes 

considered a limitation of this approach. However, this model has good face validity and 

importantly- high predictive validity, such that Acamprosate, which is prescribed to 

human’s with AUD, suppresses drinking in rats made dependent via vapor inhalation, 

but does not alter drinking in non-dependent control animals (Rimondini, Arlinde, 

Sommer, & Heilig, 2002). Overall, this is a commonly used and well-validated model for 

producing dependence in rats that allows for the study of the maladaptive changes in 

neurophysiology and behavior.  

 

Synaptic Plasticity 
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Plasticity is the ability of the brain to change and adapt to new information. 

Synaptic plasticity refers to changes in synaptic strength that control how effectively two 

neurons communicate with each other. Plastic changes in synaptic efficacy are widely 

recognized as mechanisms involved in learning and memory, responses to drugs of 

abuse, and addiction (Lovinger & Abrahao, 2018). Synaptic plasticity is typically defined 

as either short-term (sub-second timescale) or long-term plasticity (minutes to hours, day, 

or years). Ethanol modulation of short- or long-term changes in synaptic strength plays a 

role in the transition from abuse to addiction (McCool, 2011). Much of the work 

presented in the following chapters will focus on the effects of chronic ethanol exposure 

and withdrawal on the induction of synaptic plasticity in different brain circuits, with a 

focus on in vitro electrophysiological indices of plasticity.  

Both presynaptic and postsynaptic mechanisms can contribute to the expression 

of synaptic plasticity. Often, short-term presynaptic plasticity is characterized as 

depression or facilitation and is controlled by the initial release probability and the 

presynaptic activity pattern at the synapse. This type of plasticity can be measured using 

two closely spaced stimuli, which is referred to as paired-pulse stimulation (Schulz, Cook, 

& Johnston, 1994). The extent of paired-pulse plasticity depends on the initial release 

probability. For example, synapses with a high initial probability of release tend to 

depress, whereas those with a low initial probability of release usually facilitate. Several 

factors can contribute to short-term plasticity including presynaptic calcium signaling, 

vesicle pools, release sites (Regehr, 2012). In the chapters that follow, paired-pulse 

ratios calculated from evoked synaptic responses are used as a measure of presynaptic 

release probability. A common method to probe for changes in presynaptic and 

postsynaptic function is to measure the frequency and amplitude of quantal synaptic 

responses (Stevens, 1993). According to the quantal theory of neurotransmitter release, 
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a change in quantal frequency represents a change in presynaptic neurotransmitter 

release and a change in quantal amplitude represents a change in postsynaptic function 

(Augustine & Kasai, 2007). Strontium can substitute for calcium in driving quantal 

transmitter release, although it does so less effectively (Miledi, 1966). This makes 

strontium a useful tool in studying calcium-independent aspects of synaptic plasticity. 

When strontium is substituted for calcium, it reduces the efficacy of fast, synchronous 

release and facilitates slow, asynchronous release events, which continue for hundreds 

of milliseconds after presynaptic stimulation and are thought to be quantal (Dodge, 

Miledi, & Rahamimoff, 1969). In Chapter 3, we use strontium substitution to examine 

input specific changes in postsynaptic activity. Together, these techniques allow for the 

examination of ethanol-induced synaptic plasticity which allows us to make inferences 

about their contributions to ethanol-related behaviors.    

 

Basolateral Amygdala 

Anatomy  

The basolateral nuclei of the amygdala comprise the lateral nucleus (LA), the 

basolateral nucleus (BLA), and the accessory basal nucleus (AB), collectively referred to 

as the basolateral complex (Sah, Faber, Lopez De Armentia, & Power, 2003). The BLA 

plays a major role in the processing of emotion, including fear and anxiety (LeDoux, 

2000). The BLA is bordered laterally by the external capsule (EC) and medially by the 

central nucleus and stria terminalis (ST). The afferent and efferent connections of the 

BLA have been extensively characterized using anterograde and retrograde tracers and 

are separated into those arising in cortical and thalamic structures based largely on the 

information they convey (Aggleton, 2000). Cortical structures including the insular, 
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temporal, occipital, piriform, and entorhinal cortices send projections to the 

lateral/basolateral amygdala via the lateral EC (McDonald, 1998). The thalamus, medial 

prefrontal cortex, anterior cingulate, hippocampus, and somatosensory cortex send 

projections to the lateral/basolateral amygdala via the medial ST (Ray & Price, 1992). 

These glutamatergic projections relay information from all modalities including olfactory, 

somatosensory, gustatory and visceral, auditory, and visual (Ottersen, Fischer, Rinvik, & 

Storm-Mathisen, 1986). Pathways conveying auditory and visual information are 

particularly important during fear conditioning (Phillips & LeDoux, 1992). Efferent 

connections of the BLA arise from pyramidal-like neurons, are glutamatergic, and target 

regions including the hippocampus, prefrontal cortex, nucleus accumbens, central and 

medial nuclei of the amygdala, and bed nucleus of the stria terminalis (McDonald & 

Culberson, 1986). Notably, the amygdala also has extensive intranuclear and 

internuclear connectivity (Krettek & Price, 1978). Tract-tracing studies demonstrate that 

the BLA is the primary input nucleus of the amygdala (Pitkänen, Savander, & LeDoux, 

1997). There are two main types of neurons found in the BLA: glutamatergic projection 

neurons that account for approximately ~80% of the population and local GABAergic 

interneuron make up the remaining ~20% (McDonald, 1984; Millhouse & DeOlmos, 1983; 

Washburn & Moises, 1992). GABAergic interneurons in the BLA receive excitatory 

inputs from local, cortical, and thalamic sources and form local networks providing 

negative feedback control over BLA activity (Szinyei, Heinbockel, Montagne, & Pape, 

2000). Importantly, the primary amygdalar nuclei, basic circuit connections, and 

functions are conserved across species (Janak & Tye, 2015).  

Glutamate Neurotransmission 

Glutamate is the primary excitatory neurotransmitter in the brain, and it exerts its 

effects by binding to and activating a variety of glutamate cell surface receptors. There 
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are three types of ionotropic glutamate receptors, which are ligand-gated ion channels: 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-d-aspartate 

(NMDA) receptors, and kainate receptors (KA-R). All of these receptors are nonselective 

cation channels, allowing the passage of sodium (Na+) and potassium (K+) ions, and in 

some cases calcium (Ca2+) ions (Mahanty & Sah, 1998). AMPA receptors mediate most 

of the fast-excitatory synaptic transmission in the CNS and are composed of subunits 

GluA1-4. The GluA2 subunit found in most AMPA receptors controls calcium 

permeability. AMPARs containing the GluA2 subunit are impermeable to divalent cations 

whereas those lacking the GluA2 subunit are strongly inwardly rectifying in the presence 

of Ca2+ (Isaac, Ashby, & McBain, 2007). GluA2-lacking, calcium-permeable AMPA 

receptors are present in the BLA interneurons and may play a role in synaptic plasticity 

(Mahanty & Sah, 1998). NMDA receptors are made up of two main subunit families: 

GluN1 and GluN2. The GluN1 subunit is present in all NMDA receptors and there are 

four GluN2 subunits (GluN2A-D). GluN3A-B subunits (previously NMDAR-L) do exist, 

but their subunit assembly and physiologic roles remain elusive (Hansen et al., 2018). 

Different combinations of these subunits can impact the function of NMDA receptors in a 

brain region and development-dependent manner. For activation, NMDA receptors 

require the binding of both glutamate and glycine. NMDA receptors function as a 

modulator of synaptic response and as a coincidence detector. At most synapses, 

NMDA receptors are inactivated at resting membrane potentials due to their voltage-

dependent block of the channel pore by extracellular magnesium (Mg2+) (Nowak, 

Bregestovski, Ascher, Herbet, & Prochiantz, 1984). In addition to Na+ and K+, NMDA 

receptors allow the entry of Ca2+ leading to an increase in Ca2+ concentrations in the 

postsynaptic neurons and activation of intracellular signaling cascades such as 

calcium/calmodulin-dependent protein kinase (CamKII) and protein kinase C (PKC), 

which underly synaptic plasticity (Blackstone & Sheng, 2002). Kainate receptors are 
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comprised of GluK1-3 and GluK4,5 subunits. The roles played by these receptors in 

glutamate transmission and plasticity is still unclear, but they are highly expressed in the 

BLA and contribute to excitatory postsynaptic potentials in this brain region (H. Li & 

Rogawski, 1998). In addition to these ionotropic glutamate receptors, there are three 

groups of metabotropic glutamate receptors (mGluRs), which are G-protein coupled 

receptors (GPCRs). Group I receptors (mGluR1 and 5) are coupled to phospholipase C 

(PLC) and intracellular Ca2+ signaling, while Group II (mGluR2 and 3), and Group III 

(mGluR4, 6, 7, and 8) are negatively coupled to adenylyl cyclase (Harvey and Shahid, 

2012). The research presented here focuses on the role of ionotropic glutamate 

receptors in the BLA and how they are altered by chronic ethanol exposure and 

withdrawal.   

GABA Neurotransmission  

GABA is the primary inhibitory neurotransmitter in the brain. There are two 

distinct classes of GABA receptors: ionotropic GABAA and metabotropic GABAB 

receptors. GABAA receptors are ligand-gated ion channels composed primarily of α 

(α1-6), β (β1-3), and γ(γ1-3) subunits that pass the anion chloride (Cl-) and mediate fast 

inhibitory synaptic transmission in the CNS. The opening of GABAA’s Cl- selective pore 

drives the membrane potential towards the reversal potential for Cl- effectively inhibiting 

the firing of action potentials (Sigel & Steinmann, 2012). GABAA receptors are the target 

for the action of many drugs in the brain, including Benzodiazepine and ethanol, which 

enhance GABAergic transmission (Lobo & Harris, 2008). GABAA-ρ receptors (ρ1-3) are 

mostly expressed in the retina (Naffaa, Hung, Chebib, Johnston, & Hanrahan, 2017). 

GABAB receptors (GABAB1 and GABAB2) are coupled indirectly to K+ channels via 

G-proteins and can decrease presynaptic neurotransmitter release by hyperpolarizing 

the cell (Yamada, Saitow, Satake, Kiyohara, & Konishi, 1999). Glycine receptors are 
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also inhibitory ligand-gated ion channels and are anion selective. Like GABAA receptors, 

glycine receptors are enhanced by ethanol (Mascia, Machu, & Harris, 1996). The 

research presented in Chapter 2 touches on GABAergic transmission mediated by 

ionotropic GABAA receptors in the BLA and how they are altered by chronic ethanol 

exposure and withdrawal.  

Effects of Chronic Ethanol 

Chronic ethanol exposure affects numerous systems in the BLA including 

endocannabinoid (Robinson, Alexander, Bluett, Patel, & McCool, 2016; Varodayan et al., 

2017), neuropeptide (Enquist, Ferwerda, Madhavan, Hok, & Whistler, 2012), and 

serotonin (Carlson & Drew Stevens, 2006). However, this review specifically focuses on 

the effects of chronic ethanol on glutamate and GABA signaling in the BLA. Over the 

past two decades, our laboratory has extensively characterized the synaptic alterations 

in the BLA that are produced by chronic ethanol exposure and withdrawal. Our early 

work focused on glutamate transmission in the BLA as a general target of modification 

by CIE exposure and withdrawal by examining acutely dissociated neurons and 

locally-evoked synaptic function in BLA pyramidal neurons. NMDA receptor function and 

expression are facilitated in neurons isolated from rats sacrificed while still intoxicated 

following 10-12 days of chronic ethanol administration via an ethanol-containing liquid 

diet (Floyd, Jung, & McCool, 2003). NR1, but not NR2 or NR3, subunit mRNA levels are 

increased by chronic ethanol and this is associated with increased NMDA-receptor 

current density when NMDA is applied. The enhanced NMDA receptor function was 

accompanied by enhanced inhibition of NMDA current responses by the NR2B-selective 

antagonist, ifenprodil, and a decrease in calcium-dependent inactivation of 

NMDA-mediated currents (Floyd et al., 2003), suggesting an increased functional 

contribution by NR2B-containing receptors. Similarly, there was increased contributions 
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by synaptic NMDA receptors in slices prepared from intoxicated and withdrawal animals 

following 10 days of CIE exposure (Läck et al., 2007). In addition, CIE increased the 

frequency and amplitude of AMPA-receptor-mediated spontaneous EPSCs. Withdrawal 

altered the frequency, amplitude, and kinetics of tetrodotoxin-resistance miniature 

EPSCs, suggesting that CIE and WD differentially alter both pre- and postsynaptic 

properties of BLA glutamatergic synapses. Notably, microinjection of the AMPA-receptor 

antagonist, DNQX, attenuated withdrawal-related anxiety-like behavior (Läck et al., 

2007). Together, these data suggest that increased glutamate function may contribute to 

anxiety expressed during withdrawal from chronic ethanol. In line with this, microinjection 

of the KA-R agonist, ATPA, increases anxiety-like behavior in ethanol naïve-animals 

(Läck, Ariwodola, Chappell, Weiner, & McCool, 2008). We measured increased synaptic 

responses mediated by KA-Rs in CIE but not withdrawal animals, but kainate-mediated 

synaptic plasticity was occluded in both (Läck, Christian, Diaz, & McCool, 2009). These 

findings suggest that KA-Rs, like AMPARs and NMDARs, participate in the overall 

increase in glutamate function in response to chronic ethanol exposure. 

Since we consistently found that chronic ethanol and withdrawal differentially 

modulate pre- and postsynaptic properties of glutamatergic synapses, our more recent 

studies have focused on characterizing the pre- and postsynaptic changes in an 

input-specific manner. We report that ‘thalamic’ inputs that enter the BLA through the 

medial ST express increased presynaptic function during withdrawal from chronic 

ethanol exposure (Christian, Alexander, Diaz, & Mccool, 2013; Morales et al., 2018). 

This is characterized by enhanced glutamate release probability, decreased failure rates 

of unitary events, and increased concentrations of synaptic glutamate (Christian et al., 

2013). Quantal analysis revealed a withdrawal-dependent enhancement of the readily 

releasable pool of vesicle as a probable mechanism. Additionally, these functional 
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alterations were accompanied by increased expression of vesicle-associated protein 

markers including VAMP2 (SNARE protein), and VGLfUT1/VGLUT2 (glutamate 

vesicular transporter) (Christian et al., 2013). By using different lengths of CIE exposures 

to examine the time-course of development for these presynaptic changes, we found 

that withdrawal from 3, 7, and 10 days of CIE exposure increases presynaptic glutamate 

release probability at ST inputs (Morales et al., 2018).   

On the other hand, ‘cortical’ inputs that enter the BLA through the lateral EC 

express increased postsynaptic function during withdrawal from chronic ethanol 

exposure (Christian, Alexander, Diaz, Robinson, & McCool, 2012; Morales et al., 2018). 

Specifically, we found an increase in the amplitude of AMPAR-mediated asynchronous 

EPSCs measured using strontium substitution, but no change in aEPSC frequency 

(Christian et al., 2012), suggesting a predominately postsynaptic alteration following CIE 

and withdrawal. Biochemical analysis revealed treatment-dependent changes in AMPAR 

GluA1 and GluA2/3 surface expression but no change in total protein. Additionally, we 

found an increase in GluA1 Ser831 and GluA2 Ser880 subunit phosphorylation, which 

are both associated with increased receptor trafficking to the plasma membrane 

(Christian et al., 2012). This exposure also increased the phosphorylation status of 

several key plasticity-associated protein kinases including CamKII and PKC (Christian et 

al., 2012). Our time-course experiment determined that increases in postsynaptic 

function at EC inputs do not occur until 7 days of CIE exposure (Morales et al., 2018), 

demonstrating that presynaptic facilitation of ST inputs precedes postsynaptic facilitation 

of EC inputs. Notably, all three durations increase anxiety-like behavior on the elevated 

plus maze (Morales et al., 2018).  

The effects of chronic ethanol exposure and withdrawal on mGluRs in the 

basolateral amygdala are less understood. One study found that mGluRs were 
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unchanged following chronic ethanol consumption (Obara et al., 2009). However, 

chronic ethanol-induced alterations in mGluR expression have been noted in other 

regions such as the hippocampus (Simonyi, Christian, Sun, & Sun, 2004). Also, mGluRs 

in the cortex have been implicated in ethanol drinking by dependent rats (Meinhardt et 

al., 2013). Based on the ability of mGluRs to regulate presynaptic glutamate release 

(Lovinger & McCool, 1995), it’s possible that mGluRs play a role in ethanol-induced 

synaptic plasticity and anxiety-like behavior, but this has not been directly assessed in 

the BLA. Together, these data demonstrate that CIE and withdrawal produce changes in 

the BLA glutamatergic system that both functionally and biochemically mimic 

plasticity-related states and contribute to increased anxiety-like behavior during 

withdrawal.  

Chronic ethanol consumption increases the functional expression of GABAA 

receptors in neurons isolated from the BLA of intoxicated rats (McCool, Frye, Pulido, & 

Botting, 2003). Specifically, GABAA receptors composed of unique α-subunits are 

differentially sensitive to acute ethanol such that currents mediated by α1-containing 

receptors were significantly increased by ethanol compared to those containing 

α2-subunits, which were significantly inhibited (McCool et al., 2003). In line with this, 

GABA concentration-response relationships from ethanol-exposed neurons were 

right-shifted compared with controls in monkeys with an 18-month-long history of ethanol 

self-administration (Floyd et al., 2004). Also, mRNA levels of the α2 and α3 subunits 

were significantly decreased in ethanol-exposed monkeys (Floyd et al., 2004). In rats, 

CIE exposure increases the surface expression of α4 and γ2 subunits but decreases the 

surface and total protein levels of α1-subunit during withdrawal (Diaz, Christian, 

Anderson, & Mccool, 2011). The expression of several GABAA receptor association 

proteins such as gephyrin and GABA-RAP, which are involved in intracellular transport 
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and membrane anchoring, are also altered by CIE and withdrawal (Diaz et al., 2011). 

These findings indicate that ethanol-induced alterations in GABAA function may be 

regulated by changes in the expression of specific subunits. Importantly, these changes 

in GABAA receptor subunits parallel electrophysiological changes recorded from BLA 

principal neurons. At least two anatomically and functionally distinct populations of 

GABAergic interneurons, the lateral pericapsular intercalated cells (LPC) and local 

interneurons, synapse onto principal neurons. LPCs are GABAergic interneurons found 

in concentrated clusters along the external capsule while local GABAergic interneurons 

are scattered throughout the BLA (Spampanato, Polepalli, & Sah, 2011). Withdrawal 

from chronic ethanol exposure significantly decreases presynaptic function at LPC 

GABAergic synapses measured by a decrease in the paired-pulse ratio, which provides 

robust feed-forward inhibition to principal neurons (Diaz et al., 2011). Interestingly, 

GABAergic release from local interneurons was not altered by CIE or withdrawal. These 

two populations of GABA neurons also demonstrated differential sensitivity to 

benzodiazepines such that there were decreases sensitivity to zolpidem at feed-forward 

LPC synapses and decreased midazolam sensitivity at local synapses (Diaz et al., 2011). 

In relation to this, chronic ethanol exposure and withdrawal decreased expression of the 

GABA α1-subunit total protein at feed-forward LPC synapses and increased surface 

expression of the α4-subunit protein at feed-back local synapses. These findings 

suggest a differential modulation of local and LPC GABAergic synapses via distinct 

presynaptic and postsynaptic mechanisms. Our findings are in agreeance with what 

others have reported regarding ethanol-induced alterations in GABAA receptor subunits 

in the cortex, cerebellum, and hippocampus (reviewed in (Kumar et al., 2009)). Together, 

these data suggest that the facilitation of GABAA receptors during chronic ethanol 

exposure may help explain ethanol’s anxiolytic effects and the downregulation following 
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chronic ethanol self-administration may contribute to the hyperexcitable and anxiogenic 

phenotype present during withdrawal.  

As is the case with metabotropic glutamate receptors, the effects of chronic 

ethanol on GABAB receptors in the BLA is not well characterized. GABAB agonists such 

as baclofen can reduce ethanol intake and withdrawal symptoms including seizures in 

ethanol-dependent rats (Colombo et al., 2000). In the hippocampus, GABAB receptors 

limit ethanol’s potentiating effect on GABAA receptor (Ariwodola & Weiner, 2004). One 

study investigating the molecule effects of chronic ethanol on GABAB receptors report 

that both mRNA and protein levels of GABAB are increased in the cortex and 

hippocampus (S. P. Li et al., 2005). These findings indicate that chronic ethanol 

influences GABAB receptors but highlights the paucity of BLA data indicating that future 

studies are needed.       

 

Medial Prefrontal Cortex 

The prefrontal cortex (PFC) is divided into medial, orbital, and lateral parts 

(Ongür & Price, 2000). The medial PFC (mPFC), which this review focuses on, can be 

divided into several functionally distinct subregions including the dorsomedial PFC 

(dmPFC) and the ventromedial (vmPFC) (Heidbreder & Groenewegen, 2003). The 

mPFC is a major source of cortical projections to the BLA (Amaral, Price, Pitkänen, & 

Carmichael, 1992). Information from all sensory modalities, including many involved in 

behavior and reward circuitry, converges in the prefrontal cortical areas (Ray & Price, 

1992). Both the dmPFC and vmPFC subdivisions make key contributions to emotional 

processing through top-down modulation of limbic regions, such as the BLA.  
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Recent research on negative emotions in animals and humans has reported a 

dichotomy of these subdivisions in the processing of anxiety and fear (Etkin, Egner, & 

Kalisch, 2010). For example, several quantitative meta-analytic reviews of human 

neuroimaging studies report that the dmPFC is involved in fear appraisal and expression, 

whereas the vmPFC is associated with extinction (Etkin & Wager, 2007; LaBar & 

Cabeza, 2006; Mechias, Etkin, & Kalisch, 2010). In the rodent literature, similar findings 

for the role of the dmPFC and vmPFC in the acquisition and extinction of conditioned 

and unconditioned fear have been reported (Sotres-Bayon & Quirk, 2010). Specifically, 

one study found a fear-enhancing effect of dmPFC stimulation, but a fear-inhibiting effect 

of vmPFC stimulation (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006), 

providing a mechanism for bidirectional modulation of fear expression. Importantly, the 

mPFC can promote fear expression/extinction through direct excitatory glutamatergic 

projections onto BLA neurons (Likhtik, 2005; Little & Carter, 2013; McGarry & Carter, 

2017). For example, dmPFC – BLA projections are involved in the acquisition of 

conditioned fear and fear expression (Arruda-Carvalho & Clem, 2014; Senn et al., 2014; 

Sierra-Mercado, Padilla-Coreano, & Quirk, 2011). Conversely, vmPFC – BLA projections 

are critical for extinction learning and the inhibition of fear responses (Bloodgood, 

Sugam, Holmes, & Kash, 2017; Bukalo et al., 2015; Senn et al., 2014; Sierra-Mercado et 

al., 2011). Together, these data demonstrate that the dmPFC and vmPFC projections to 

the BLA are important pathways for the regulation of fear. However, the role of these 

circuits in regulating other emotional behaviors, such as anxiety, has not been studied. 

Notably, the BLA – mPFC pathway can bidirectionally modulate anxiety-related and 

social behaviors (Felix-Ortiz, Burgos-Robles, Bhagat, Leppla, & Tye, 2016). Specifically, 

Channelrhodopsin-mediated activation of BLA – mPFC inputs produced anxiogenic 

effects on the elevated plus maze and open field tests, whereas Halorhodopsin-

mediated inhibition of BLA – mPFC inputs produced anxiolytic effects. Based on these 
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findings, it’s reasonable to hypothesize that the mPFC – BLA pathway may do the same. 

Additionally, how these circuits might be altered under pathological conditions, such as 

during alcohol withdrawal, remains to be elucidated.  

Alcohol has profound effects on the function of the PFC, which has been studied 

in both humans and rodent models. Chronic alcohol use in human is linked to deficits in 

executive function and changes in the structural morphology and integrity of the PFC 

underlie the cognitive deficits associated with chronic alcohol exposure (Abernathy, 

Chandler, & Woodward, 2010). For example, alcohol consumption impaired 

neuroplasticity in the dmPFC (Loheswaran et al., 2017). Disrupted vmPFC function was 

correlated with stress, alcohol craving, and relapse risk in alcohol-dependent patients 

(Seo et al., 2013). In rodent models, CIE exposure alters structural, functional, and 

behavioral plasticity of the mPFC (Kroener et al., 2012), observations that are consistent 

with those in human alcoholics. In sum, the literature presented above indicates that 

chronic ethanol exposure alters the mPFC, and likely its projections to the BLA, which 

may play a role in regulating withdrawal-associated negative affect such as anxiety-like 

behavior, which we explore in Chapter 2 of this dissertation.  

 

Insular Cortex 

In humans, the insular cortex is located deep within the lateral sulcus and is 

hidden by parts of the frontal, parietal, and temporal lobes. In rodents, which do not have 

sulci and gyri, the insular cortex is exposed on the lateral surface of the brain above the 

rhinal fissure (Gogolla, 2017). Based on cytoarchitecture, the insular cortex is divided 

into an anterior agranular portion, a middle dysgranular portion, and a posterior granular 

portion (Flynn, 1999). Importantly, the insular cortex is reciprocally connected with the 
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amygdala and is implicated in a number of functions including the processing of 

emotions (Nieuwenhuys, 2012). Specifically, the anterior agranular insular (AIC) cortex 

plays a role in emotional awareness (Gu, Hof, Friston, & Fan, 2013). In rodents, the AIC 

is interconnected with limbic regions (Allen, Saper, Hurley, & Cechetto, 1991), 

suggesting a similar function as the mPFC in top-down control of emotions. In the rodent 

brain, the connectivity of the insular cortex has established a role for the insular cortex in 

a wide variety of behaviors including interoception, emotional functions, motivation, 

reward, and defensive systems, cognitive systems, and neuromodulation (Gogolla, 

2017).  

A specific role for the insula in anxiety disorders and addiction has made it the 

target of many recent studies. The insula exhibits altered structure and overactive 

function across different forms of anxiety disorders including specific and social phobia, 

generalized anxiety disorder, post-traumatic stress disorder (PTSD), and panic disorder 

(Paulus & Stein, 2006). In rats, pharmacological inactivation of the AIC induced 

anxiolytic effects and pharmacological activation produced anxiogenic effects (Méndez-

Ruette et al., 2019), suggesting that the AIC has a direct role in anxiety. However, the 

mechanistic role of the AIC in fear and anxiety remains unclear. Accumulating evidence 

implicates the insular cortex in many different aspects of alcohol dependence. Human 

functional imaging studies have revealed insula activation in response to alcohol cues in 

alcohol-dependent individuals, but not social drinkers (Myrick et al., 2004; Tapert, Brown, 

Baratta, & Brown, 2004). Altered AIC function and output to subcortical limbic regions 

also mediates alcohol intake in animal models of AUD (Jaramillo, Agan, et al., 2018; 

Jaramillo, Randall, Frisbee, & Besheer, 2016; Jaramillo, Randall, et al., 2018; Seif et al., 

2013). Together, these studies in humans and rodents suggest a dual role of the insular 

cortex in anxiety and AUD. Given that the similarities of the role of the human and rodent 
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insula described here, rodent models represent a unique opportunity to assess the 

precise neuronal mechanisms underlying the insulars role in healthy and pathological 

fear and anxiety as well as how it’s altered by chronic ethanol exposure and withdrawal. 

The AIC – BLA projections have never been directly assessed functionally, but 

several studies have found correlative evidence for interactions between these two 

regions. For example, pharmacological disconnection of the BLA and AIC disrupts 

Pavlovian conditioned behaviors (Nasser, Lafferty, Lesser, Bacharach, & Calu, 2018). 

Also, taste memory formation during conditioned taste aversion learning requires 

synchronized activity between AIC and BLA (Ferreira, Miranda, De la Cruz, Rodríguez-

Ortiz, & Bermúdez-Rattoni, 2005; Miranda & McGaugh, 2004; Uematsu, Kitamura, 

Iwatsuki, Uneyama, & Tsurugizawa, 2015). The evidence provided here regarding the 

interaction between the AIC and BLA, along with their individual roles, led us to 

hypothesize that chronic ethanol exposure alters AIC – BLA projections and that this 

circuit regulates withdrawal-associated anxiety, which we examine in Chapter 3.   

 

Summary   

Alcohol dependence results in changes to neural circuits that regulate emotion, 

including the prefrontal cortex, insular cortex, and amygdala. These neuroadaptations 

can lead to a negative emotional state during withdrawal such as increased anxiety, 

which may promote relapse. Due to high relapse rates and lack of effective treatments, 

there is a significant unmet need to better understand the changes produced by chronic 

alcohol exposure and withdrawal in order to identify novel pharmacotherapeutic targets. 

Commonly used animal models of dependence are well validated and serve as useful 

tools for the identification of pathological mechanisms. The overall goal of this thesis 
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project was to understand whether the medial prefrontal cortex and agranular insular 

cortex inputs into the basolateral amygdala undergo similar or unique synaptic 

alterations following chronic ethanol exposure and withdrawal and whether they are 

necessary for the expression of withdrawal-induced anxiety-like behavior. In Chapter 2, 

we examine projections from the dmPFC and vmPFC to the BLA following 24-hour 

withdrawal from 3 or 7 days of CIE. We used whole-cell patch-clamp electrophysiology 

to characterize changes in presynaptic glutamate release and measured 

withdrawal-induced anxiety-like behavior using the elevated zero maze. In Chapter 3, we 

examine projections from the AIC to the BLA following 24-hour withdrawal from 7 or 10 

days of CIE. Again, we used whole-cell patch-clamp electrophysiology to characterized 

changes in presynaptic release probability and postsynaptic glutamate receptor function. 

Collectively, these studies identify three novel circuits that are altered by chronic ethanol 

exposure and withdrawal. These findings provide the foundation for future investigations 

into the mechanisms underlying these maladaptive alterations.      
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Abstract 

The medial prefrontal cortex (mPFC) and the basolateral amygdala (BLA) have strong 

reciprocal connectivity. Projections from the BLA to the mPFC can bidirectionally 

modulate anxiety-related behaviors but it is unclear if the same is true for mPFC to BLA 

projections. Our laboratory is specifically interested in withdrawal-related anxiety-like 

behavior and the underlying synaptic plasticity. Here, we use optogenetics and 

chemogenetics to characterize the neurophysiological and behavioral alterations 

produced by chronic ethanol exposure and withdrawal on dorsal (dmPFC) and ventral 

(vmPFC) medial prefrontal cortical terminals in the BLA. We exposed adult male 

Sprague-Dawley rats to chronic intermittent ethanol (CIE) using vapor chambers and we 

measured anxiety-like behavior on the elevated zero maze (EZM) and used 

electrophysiology to record glutamatergic and GABAergic responses in BLA principal 

neurons. We found that 24-hour withdrawal from a 7-day CIE exposure significantly 

increases the glutamate release probability from dmPFC terminals, but significantly 

decreases the glutamate release probability from vmPFC terminals in the BLA. 

Chemogenetic inhibition of dmPFC terminals in the BLA attenuated the increased 

anxiety-like behavior we observed during withdrawal. These data demonstrate that 

chronic ethanol exposure and withdrawal strengths the synaptic connectivity of the 

dmPFC – BLA pathway but weakens the vmPFC– BLA pathway. Moreover, we provide 

novel evidence that the dmPFC – BLA pathway can modulate anxiety-like behavior. 

Overall, our results suggest that findings ways to reserve these synaptic changes may 

be effective in reducing withdrawal-induced anxiety-like behavior and potentially the risk 

for relapse.  
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Significance Statement 

Accumulating evidence suggests that the medial prefrontal cortex (mPFC) and its 

projections to the basolateral amygdala (BLA) bidirectionally modulate fear-related 

behaviors. Since the neuronal circuits for fear and anxiety are thought to overlap, we 

sought to examine the role of dorsal and ventral subdivisions of the mPFC and their 

inputs to the BLA in regulating anxiety. Specifically, we focused on alcohol withdrawal-

induced anxiety-like behavior, which is a commonly reported cause of relapse in human 

alcoholics. In our study, we used optogenetics and chemogenetics to demonstrate, for 

the first time, that withdrawal from chronic ethanol exposure strengthens dmPFC 

synapses, but weakens vmPFC synapses in the BLA and that inhibiting glutamate 

release from dmPFC terminals in the BLA reduces anxiety-like behavior.   

 

 

 

 

 

 

 

 

 

 

 



47 

 

Introduction 

Decades of epidemiological and clinical studies have highlighted the relationship 

between alcohol use disorder (AUD) and anxiety disorders (Smith and Randall, 2012). 

Comorbidity of these disorders is highly prevalent and is associated with a complex 

clinical presentation, which makes diagnosis and treatment challenging. Anxiety 

disorders in individuals with AUD is largely thought to be an consequence of alcohol 

withdrawal and can contribute to the maintenance of and relapse to pathological alcohol 

use (Kushner et al., 2000; Schuckit and Hesselbrock, 1994). The standard 

pharmacotherapy and psychotherapy protocols for AUD and anxiety treatments have 

had limited success, with roughly 80% of individuals relapsing following treatment 

(Driessen et al., 2001; Kushner et al., 2005). A crucial step in the development of more 

effective treatments for AUD and co-occurring anxiety disorders is to identify the brain 

circuits altered by alcohol dependence that are critically involved in the regulation of 

emotion.  

The basolateral amygdala (BLA) is an integral part of the neural circuitry that 

regulates emotion, including fear and anxiety (Davis, 1992; Gallagher and Chiba, 1996; 

Tovote et al., 2015). Inputs to the BLA are widespread and arise from both cortical and 

subcortical regions conveying sensory information from all modalities (McDonald, 1998). 

Glutamatergic pyramidal neurons comprise approximately 85% of the cell population and 

are the primary projection neurons of the BLA (Mcdonald, 1982; McDonald, 1992; 

Washburn and Moises, 1992). The remaining cell population consists of GABAergic 

neurons, which are local circuit interneurons that exert tight inhibitory control over the 

pyramidal neurons (Carlsen, 1988; Muller et al., 2006). Thus, the generation of 

emotional responses is predominantly determined by the balance of excitatory and 
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inhibitory neurotransmission within the BLA (Davis et al., 1994; McDonald and Betette, 

2001).  

A leading neurobiological model of emotional regulation, supported by both 

animal and human data, is that the prefrontal cortex mediates the expression of negative 

affect through powerful top-down control of the amygdala (Phelps and LeDoux, 2005). 

Specifically, the dorsal and ventral subdivisions of the medial prefrontal cortex (mPFC) 

have strong reciprocal connectivity with neurons in the BLA (Little and Carter, 2013; 

McGarry and Carter, 2017) and have been implicated in controlling a variety of 

emotional-related behaviors (Arruda-Carvalho and Clem, 2015; Sotres-Bayon and Quirk, 

2010). Interestingly, these different subregions and their projections to the BLA play 

dichotomous roles in fear learning and extinction. For example, the prelimbic or dorsal 

medial prefrontal cortex (dmPFC) is involved in the acquisition of conditioned fear and 

fear expression (Arruda-Carvalho and Clem, 2014; Senn et al., 2014; Sierra-Mercado et 

al., 2011). Conversely, the infralimbic or ventral medial prefrontal cortex (vmPFC) is 

critical for extinction learning and the inhibition of fear responses (Bloodgood et al., 

2017; Bukalo et al., 2015; Senn et al., 2014; Sierra-Mercado et al., 2011). Taken 

together, these data provide strong evidence that the dmPFC and vmPFC projections to 

the BLA are important pathways for the regulation of fear. However, the role of these 

circuits in regulating other emotional behaviors, such as anxiety, has not been studied. 

Additionally, how these circuits might be altered under pathological conditions, such as 

during alcohol withdrawal, remains to be elucidated.  

Evidence suggests that the key mechanisms underlying emotional behaviors 

such as fear and anxiety are similar in both animals and humans, and that these 

processes are likely mediated by overlapping neuronal circuits. Therefore, we 

hypothesized that projections from the dmPFC and vmPFC to the BLA would be altered 

by chronic ethanol exposure and may regulate alcohol withdrawal-induced anxiety-like 
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behavior in an animal model. A commonly used method for inducing dependence in 

animal models of AUD is chronic intermittent ethanol (CIE) exposure. Using this model, 

our laboratory has demonstrated that withdrawal from CIE produces an increase in 

anxiety-like behavior (Morales et al., 2015), which is a result of increased presynaptic 

glutamate release onto BLA pyramidal neurons (Christian et al., 2013; Läck et al., 2007; 

Morales et al., 2018). These data suggest that glutamate inputs, from regions such as 

the mPFC, are likely altered by chronic ethanol exposure and withdrawal. Additionally, 

CIE impairs fear extinction and remodels glutamatergic mPFC neurons (Holmes et al., 

2012) providing further evidence that specific mPFC projections to the BLA may be 

altered by chronic ethanol exposure and mediate withdrawal-induced anxiety. Here, we 

took a circuit-based approach using electrophysiology in combination with optogenetics 

and chemogenetics to examine dmPFC and vmPFC terminals in the BLA, the effects of 

CIE exposure, and their role in regulating anxiety-like behavior during withdrawal.  

 

Materials and Methods 

Animals 

Male Sprague-Dawley rats were obtained from Envigo (Indianapolis, IN). Upon arrival, 

rats were pair-housed, given food and water ad libitum, and maintained on a reverse 

12:12h light-dark cycle (lights on at 9 PM). Rats were aged ~5 weeks at the time of 

surgical manipulation and ~10 weeks at the time of behavioral 

manipulations/electrophysiology recordings. All animal care procedures were in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and 

experimental procedures were approved in advance by the Institutional Animal Care and 

Use Committee at Wake Forest.   
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Stereotaxic Surgery 

Viral Microinjection  

Rats (n= 115; ~100g) were induced using 3-5% isoflurane anesthesia and maintained 

under continuous 1-3% isoflurane for the duration of the procedure with the oxygen 

flowmeter set to 1.0 L/min. Bilateral microinjections (1μL/side) of adeno-associated viral 

vectors containing channelrhodopsin (AAV5-CamKIIα-hChR2(H134R)-EYFP; UNC 

Vector Core), Gi-coupled DREADD (AAV5-CamKIIα-hM4D(Gi)-mCherry; Addgene), Gq-

coupled DREADD (AAV5-CamKIIα-hM3D(Gq)-mCherry; Addgene) or a control 

fluorophore (AAV5-CamKIIα-mCherry; UNC Vector Core) were delivered at a rate of 

0.1μL/min over 10 min using a Harvard Apparatus pump (Holliston, MA). Injectors were 

left in place for an additional 5 min to allow for virus to diffuse. The medial prefrontal 

cortex was targeted using a Neurostar StereoDrive (Germany) with the following 

coordinates (in mm): dmPFC (3.20 AP, ± 0.50 ML, 2.75 DV) or vmPFC (3.20 AP, ± 0.50 

ML, 4.75 DV) relative to bregma. Targeting the upper portion of the dmPFC and lower 

portion of the vmPFC allowed for maximal spatial segregation between subregions. At 

the end of surgery rats were given 3 mg/kg ketoprofen (Patterson Veterinary Supply, 

Charlotte, NC) for pain management and 2 mL warmed sterile saline. Sutures were 

removed 1 week later, and animals were pair-housed. Rats were allowed a total of 4 

weeks to recover and for virus to express before further experimentation. Injection sites 

were confirmed by collecting coronal slices of the mPFC and visualizing EYFP and 

mCherry using fluorescence microscopy post-mortem. Rats with unintended viral spread 

were excluded. 

Cannulation  
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For the behavioral studies using BLA microinjections, animals (n= 48; ~300g) underwent 

a second surgery 4 weeks after virus injection to implant bilateral guide cannulae using 

previously published methods (Diaz et al., 2011a; Läck et al., 2007). Briefly, rats were 

deeply anesthetized with pentobarbital sodium (50 mg/kg, IP) and 15 mm long stainless-

steel guide cannulae (26 gauge; Plastics One, Roanoke, VA) were implanted to 

terminate 1 mm above the BLA using the following stereotaxic coordinates: -2.80 AP, ± 

5.00 ML, 7.80 DV. Dental cement (Lang Dental Manufacturing Co., Wheeling, IL) was 

used to affix and stabilize the guide cannulae to the skull. Obturators (15 mm long; 

Plastics One, Roanoke, VA) were used to maintain the patency of the guide cannulae. 

During a 5-day recovery period, rats were extensively handled and repeatedly exposed 

to the manipulations associated with the microinjection procedure (Mccool and Chappell, 

2007). Prior to CIE exposure, all rats were microinjected with 0.5 μL/side aCSF to 

habituate them to the procedure. Correct placement of the guide cannulae was 

confirmed post-mortem by preparing coronal slices from fixed tissue. 

Chronic Intermittent Ethanol (CIE) Vapor Exposure  

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

consecutive days, using standard procedures from our laboratory (Morales et al., 2018). 

Briefly, animals in their home cages were placed inside larger, custom-build Plexiglas 

chambers (Triad Plastics, Winston-Salem, NC). At the beginning of the light cycle (lights 

on at 9 PM), ethanol vapor was pumped into the chambers at a constant rate (16 L/min) 

and maintained at ~25 mg/L throughout the exposure for 12h/day. Air-exposed control 

animals were similarly housed, except they received room-air only. Animals were 

weighted daily, and tail blood samples were collected during the CIE exposure to 

monitor blood ethanol concentrations (BECs) and adjust ethanol vapor levels as 

necessary. Average BECs in the CIE animals were 241.29 ± 12.97 mg/dL as determined 
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by a standard, commercially available alcohol dehydrogenase/NADH enzymatic assay 

(Carolina Liquid Chemistries, Greensboro, NC). These BECs are in the standard range 

for our laboratory (150-275 mg/dL) to produce dependence. All behavioral assays and 

electrophysiology recordings were conducted 24h after the last ethanol (or air) exposure.  

Elevated Zero Maze 

Twenty-four hours after the last ethanol (or air) exposure, rats were microinjected with 

either artificial cerebral spinal fluid (aCSF; Tocris) or 300 μM clozapine-N-oxide (CNO; 

Tocris) and then tested on the elevated zero maze (EZM; Med Associates, Fairfax, VT) 

to assess anxiety-like behavior. The EZM is a circular maze consisting of two elevated 

closed or open sections, without the issue of an ambiguous center position found in the 

elevated plus maze. For microinjections, obturators were removed and 16 mm long 33 

gauge injection cannulae were inserted into the guide cannulae such that their tips 

extended 1 mm below the ventral aspect of the guide cannulae. Drug solutions were 

bilaterally infused into the BLA over a 1 min period with 0.5 μL total volume delivered per 

side. Injectors were left in place for an additional minute before being removed. Animals 

were placed on the EZM 5 min after the microinjection (Poland et al., 2015). A Basler 

ace monochrome camera (Basler AG, Germany) along with EthoVision XT video 

tracking software (Noldus; Leesburg, VA) were used to track center point, tail base, and 

nose point throughout the 5 min test to assess anxiety-like behavior and general 

locomotion. Between animals, the apparatus was cleaned with warm water and mild 

soap, and then thoroughly dried. Percentage of time was calculated by dividing the time 

(in seconds) spent collectively in both open areas by the entire time of the test, which 

was 300 seconds.   
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Electrophysiology  

Slice Preparation 

Animals were anesthetized with isoflurane and then decapitated using a guillotine. 

Brains were rapidly removed and incubated for 5 min in an ice-cold sucrose-modified 

artificial cerebral spinal fluid (aCSF) solution containing (in mM): 180 Sucrose, 30 NaCl, 

4.5 KCl, 1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 10 D-glucose, 0.10 ketamine, 

equilibrated with 95% O2 and 5% CO2. Coronal slices (400 μM) containing the BLA were 

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

incubated for ≥ 1h in room temperature (~25°C), oxygenated, standard aCSF solution 

containing (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4·7H2O, 26 NaHCO3, 10 D-

glucose, and 2 CaCl2·2H2O prior to recordings. For low calcium recordings, an altered 

aCSF solution with 3 MgSO4 and 1 CaCl2 were used. 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 published 

previously from our laboratory (Morales et al., 2018). BLA slices were transferred to a 

submersion-type recording chamber that was continuously perfused at a rate of 2 

mL/min with oxygenated, room temperature (~25°C) aCSF. Synaptic responses were 

recorded using electrodes filled with an intracellular solution containing (in mM): 145 

CsOH, 10 EGTA, 5 NaCl, 1 MgCl2·6H2O, 10 HEPES, 4 Mg-ATP, 0.4 Na-GTP, 0.4 

QX314, 1 CaCl2·2H2O, pH was adjusted to ~7.3 with gluconic acid, and osmolarity was 

adjusted to ~285 Osm/L with sucrose. Optogenetic (ChR2) responses were evoked 

using a 473 nm laser connected to a fiber optic cable (Thorlabs, Newton, NJ); the naked 

end of the cable was placed just above the stria terminalis on the medial side of the BLA. 
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Five-millisecond laser pulses were used to activate channelrhodopsin found in the 

mPFC terminals. Sweeps were recorded every 30 s and light stimulation intensities were 

submaximal and normalized to elicit synaptic responses with amplitudes ~100 pA. 

Glutamatergic synaptic currents were recorded at a membrane holding potential of -70 

mV and pharmacologically isolated using the GABAA antagonist, picrotoxin (100 μM). 

GABAergic synaptic currents were recorded at a membrane holding potential of 0 mV 

and pharmacologically isolated with 20 μM 6,7-dinitroquinoxaline-2,3(1H,4H)-dione 

(DNQX, an AMPA/kainite receptor antagonist) and 50 μM DL-2-amino-5-phosphono-

pentanoic acid (APV, an NMDA receptor antagonist). In some recordings, 1 μM 

tetrodotoxin (TTX; Tocris) and 20 mM 4-aminopyridine (4-AP; Tocris) were included for 

more stringent isolation of monosynaptic transmission (Cruikshank et al., 2010; Petreanu 

et al., 2009). Data were low-pass filtered at 2 kHz and acquired via an Axopatch 700B 

amplifier (Molecular Devices, Foster City, CA) and later analyzed using pClamp 10 

software (Molecular Devises, 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 or cells in which access resistance or 

capacitance changed ≥ 20% during the recording were excluded from analysis.  

Paired-Pulse Ratio 

Two 5-msec light stimuli of equal intensity were delivered to the stria terminalis at an 

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

indicator of presynaptic release probability (Fioravante et al., 2011). The paired-pulse 

ratio (PPR) was conservatively calculated using the evoked EPSC amplitudes as: ([Peak 

2 amplitude – Peak 1 amplitude]/Peak 1 amplitude). The average paired-pulse ratio was 
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determined for a 5-minute baseline and was compared to the average ratio of the final 

five minutes of drug application and washout.   

Western Blotting  

Total protein was prepared from GFP-positive regions of ChR2-injected mPFC from air- 

and CIE-exposed animals (N=16) using standard methods from our laboratory (Gioia et 

al., 2016). 10µg of total protein was fractioned on a 4 - 20% Criterion TGX 18-well 

precast gels (567-8094; Bio-Rad, Hercules, CA) and transferred to nitrocellulose 

membrane with a Bio-Rad Trans Blot Turbo Transfer System and pre-assembled 

membrane stacks (1704270; Bio-Rad, Hercules, CA). Total lane protein transfer was 

detected using Pierce Reversible Protein Stain Kit (PI24580; Thermo Fisher, Waltham, 

MA). GFP was targeted with chicken anti-GFP primary antibody (GFP-1020; Aves, Davis, 

CA; 1μg/mL). Next, the membranes were exposed to peroxidase-labeled goat anti-

chicken secondary antibody (H-1004; Aves, Davis, CA; 1:5000). Detection of bound 

secondary antibody was performed using SuperSignal West Dura Extended Duration 

Substrate Enhanced Chemiluminescence (34076; Thermo Fisher, Waltham, MA).  

Immunoreactive band intensity was quantified from digital images captured on a charge-

coupled device camera and normalized to total lane protein using a Bio-Rad Chemi-Doc 

XRS Imaging System and Image Lab Analysis software (Bio-Rad, Hercules, CA).  

Experimental Design and Statistical Analysis 

Primary statistical analyses were conducted using Prism 5 (GraphPad Software, La Jolla, 

CA). Data were analyzed using analysis of variance (ANOVA) or t-tests depending on 

the experimental design, with Bonferroni post-hoc tests used to determine the locus of 

effect as appropriate. A value of p < 0.05 was considered statistically significant. All data 

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

Neurons from the dmPFC and vmPFC make monosynaptic glutamatergic 

synapses with principal neurons in the BLA 

Injection of Channelrhodopsin targeting either the dmPFC (Figure 1C1) or vmPFC 

(Figure 1D1) results in robust YFP-expressing terminals in the BLA. Expression patterns 

between BLA-projecting dmPFC and vmPFC neurons were very similar across all levels 

of the BLA. There were little to no YFP-expressing terminals in the lateral amygdala (LA) 

or the central nucleus of the amygdala (CeA), which is a typical innervation pattern for 

projections from the rat mPFC (McGarry and Carter, 2017; Reppucci and Petrovich, 

2016). 

To demonstrate monosynaptic projections from mPFC to BLA principal neurons, 

we recorded excitatory postsynaptic currents (EPSCs) in the presence of tetrodotoxin 

(TTX; sodium channel blocker) and 4-aminopyradine (4-AP; potassium channel blocker) 

(Figure 1C2, 1D2). After a stable baseline EPSC was collected, 1 μM TTX was applied 

until the response was completely inhibited, approximately 5 minutes. In the presence of 

TTX, we added 1 mM 4-AP to the bath solution which recovered the EPSCs after 

roughly 5 minutes. The amplitude of EPSCs collected in the presence of TTX and 4-AP 

were 89.54% ± 22.29 (dmPFC) and 81.39% ± 11.64 (vmPFC) of the baseline EPSC 

amplitudes, suggesting that a majority of the baseline synaptic responses were 

monosynaptic as previously reported (Cho et al., 2013; Little and Carter, 2013). Once 

the EPSCs had returned in the presence of TTX and 4-AP, we washed on the AMPA 

receptor antagonist, DNQX (20 μM), to confirm that the responses were glutamatergic. 

Application of DNQX abolished the monosynaptic EPSC. These data indicate that 
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monosynaptic projections from dmPFC and vmPFC to BLA principal neurons are 

glutamatergic.     

Withdrawal from 3 days of CIE does not alter glutamate release from mPFC 

terminals in the BLA 

After confirming that we could reliably evoke and record monosynaptic 

glutamatergic EPSCs from dmPFC and vmPFC terminals, we wanted to examine the 

effects of chronic ethanol exposure and withdrawal on these circuits. Glutamate release 

probabilities recorded from air-exposed control animals are significantly different 

between dmPFC (PPR= -0.2615 ± 0.03735, N=21) and vmPFC (PPR= -0.6559 ± 

0.03173, N=23) terminals in the BLA (Unpaired t-test, [t(42) = 8.090, p < 0.001]) (Figure 

2B). We exposed animals to 3 days of CIE based on recently published data from our 

laboratory demonstrating that a single 3 day CIE exposure is sufficient to produce 

presynaptic changes (Morales et al., 2018). Surprisingly, withdrawal from 3 days of CIE 

exposure did not significantly alter the glutamate release probability from dmPFC (AIR: -

0.2960 ± 0.03712, N=11; CIE/WD: -0.3221 ± 0.05159, N=10) [Unpaired t-test (AIR vs 

CIE/WD); t(19) = 0.4170, p = 0.6814] or vmPFC (AIR: -0.6344 ± 0.05184, N=10; CIE/WD: 

-0.5754 ± 0.08719, N=8) [Unpaired t-test (AIR vs CIE/WD); t(16) = 0.6094, p = 0.5508] 

terminal in the BLA (Figures 2C1 and 2D1, respectively).  

Withdrawal from 7 days of CIE bidirectionally modulates glutamate release from 

dmPFC and vmPFC terminals in the BLA 

Next, we exposed animals to a longer, 7 day CIE exposure. This resulted in a 

significant increase in the PPR from dmPFC terminals (AIR: -0.2237 ± 0.06725, N=10; 

CIE/WD: -0.5495 ± 0.05766, N=8) [Unpaired t-test (AIR vs CIE/WD); t(16) = 3.567, p = 

0.0026] (Figure 2C2) and a significant decrease in the PPR from vmPFC terminals (AIR: 
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-0.6723 ± 0.04078, N=13: CIE/WD: -0.3704 ± 0.05866, N=15) [Unpaired t-test (AIR vs 

CIE/WD); t(26) = 4.100, p = 0.0004] (Figure 2D2) compared to air-exposed control 

animals. As the paired-pulse ratio is inversely related to release probability, these data 

suggest that ethanol facilitates glutamate release from dmPFC terminal and suppresses 

glutamate release from vmPFC terminals.  

Using dmPFC and vmPFC tissue from a separate cohort of ChR2-injected AIR 

and 7 day CIE/WD animals (N=16), we examined GFP protein levels using western 

analysis. A two-way ANOVA of normalized GFP expression showed no main effects or 

interactions: exposure condition (AIR vs CIE/WD) [F(1,12) = 0.008762, p = 0.927], brain 

region (dmPFC vs vmPFC) [F(1,12) = 0.0218, p = 0.8851], interaction (exposure X 

region) [F(1,12) = 0.0218, p = 0.8851]. These data indicate that CIE/WD does not alter 

ChR2-expression from the viral construct.   

Lowering calcium levels disrupts glutamate release from vmPFC terminals but not 

dmPFC terminals in the BLA of air-exposed controls  

While examining the effects of chronic ethanol exposure on projections from the 

dmPFC and vmPFC, we found that the release probabilities at these distinct inputs were 

significantly different in air-exposed control animals (Figure 2B). Paired-pulse ratios are 

a measure of presynaptic release probability; and its long been known that calcium plays 

an important role in regulating neurotransmitter release (Neher and Sakaba, 2008). 

Therefore, we examined the effects of manipulating extracellular calcium concentrations 

on presynaptic glutamate release at these inputs. Reducing calcium levels in the bath 

aCSF from 2 mM to 1mM had no effect on glutamate release probability from dmPFC 

terminals in the BLA (Baseline: -0.3754 ± 0.02049; Low Calcium: -0.3798 ± 0.05923; 

Washout: -0.4820 ± 0.02923, N=14) (Figure 3A, C). However, the release probability 
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from vmPFC terminals was significantly decreased when calcium was lowered (Figure 

3A, D: Baseline: -0.6080 ± 0.04206; Low Calcium: -0.3515 ± 0.08208; Washout: -0.6551 

± 0.03278, N=15). A two-way repeated-measures ANOVA revealed a main effect of 

calcium levels [F(2,54) = 19.19, p < 0.0001], a main effect of input [F(1,54) = 4.74, p = 

0.0416], and a significant interaction [F(2,54) = 8.55, p = 0.0006]. Bonferroni posttests 

(dmPFC vs vmPFC) further revealed a significant difference between the release 

probabilities from dmPFC and vmPFC terminals at baseline [t = 3.318, p < 0.01] and 

during washout [t = 2.470, p < 0.05], when the calcium levels were normal (Figure 3A). 

Interestingly, lowering calcium levels decreased vmPFC release probability to dmPFC 

levels to the point where they were no longer significantly different [t = 0.4048, p > 0.05]. 

Normalized PPR (Figure 3B) data were analyzed using a two-way repeated-measure 

ANOVA, which revealed a main effect of calcium level [F(1,27) = 7.357, p = 0.0115] and 

a significant interaction [F(1,27) = 8.227, p = 0.0079]. Planned Bonferroni posttests 

(Baseline vs Low Calcium) revealed a significant difference in the effect of calcium levels 

on vmPFC inputs [t = 4.016, p < 0.001] but not dmPFC inputs [t = 0.1084, p > 0.05]. 

Lowering extracellular calcium concentrations reduced glutamate release from vmPFC 

terminals 42.19% ± 13.50, but did not affect release from dmPFC terminals in the BLA 

(101.2% ± 15.78) (Figure 3B). 

Bath application of CNO decreases glutamate release from Gi-DREADD 

expressing dmPFC terminals in the BLA 

Since increased glutamate release in the BLA can lead to increases in anxiety-

like behavior (McCool et al., 2010), we sought to use DREADD technology to selectively 

decrease glutamate release from dmPFC terminals in the BLA. Approximately 6 weeks 

after co-injecting Channelrhodopsin (ChR2) and Gi-DREADD containing viruses into the 

dmPFC, we examined the effects of 10µM clozapine-N-oxide (CNO) bath application on 
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paired-pulse ratios recorded from BLA principal neurons. CNO significantly decreased 

the glutamate paired-pulse ratio in both AIR (Baseline: -0.2604 ± 0.05714; CNO: -

0.04875 ± 0.08127, N=6) [Paired t-test (Baseline vs CNO); t(5) = 3.70, p = 0.0139] 

(Figure 4A1, 4A2) and CIE/WD animals (Baseline: -0.6248 ± 0.02394; CNO: -0.3777 ± 

0.03984, N=6) [Paired t-test (Baseline vs CNO); t(5) = 6.35, p = 0.0014] (Figure 4B1, 

4B2). Importantly, CNO had no effect on glutamate paired-pulse ratios in recordings from 

animals (AIR and CIE/WD combined) lacking the Gi-DREADD (“ChR2 only”) (Baseline: -

0.5411 ± 0.04300; CNO: -.05598 ± 0.04969, N=11) [Paired t-test (Baseline vs CNO); 

t(10) = 0.98, p = 0.3456] (Figure 4C). The percent inhibition by CNO on peak 1 

amplitude was similar in both AIR (68.32 ± 14.09, N=6) and CIE/WD (59.41 ± 12.77, N=6) 

animals [Unpaired t-test (AIR vs CIE/WD); t(10) = 0.4684, p = 0.6496] (Figure 4D). 

These data demonstrate that the Gi-DREADDs act as we expected in vitro.  

Bath application of CNO decreases glutamate release from Gq-DREADD 

expressing vmPFC terminals in the BLA in air-exposed control animals 

Because CIE decreases glutamate release from vmPFC terminals in the BLA, we 

sought to use Gq-DREADDs to increase glutamate release at these synapses. Although 

not statistically significant (Unpaired t test; [t(15) = 1.727, p = 0.1048]), light-evoked 

paired-pulse ratios recorded from Gq-expressing vmPFC – BLA synapses in air-exposed 

animals appeared to be qualitatively different than those previously recorded from ChR2-

only expressing vmPFC – BLA synapses. Specifically, Gq-expressing vmPFC terminals 

appeared to have a higher release probability, with the average PPR recorded from Gq-

terminals being -0.7766 ± 0.04975 (N=4) compared to ChR2 only terminals with an 

average PPR of -0.625 ± 0.04558 (N=13). Surprisingly, bath application of CNO (10μM) 

significantly decreased the amplitude of the first EPSC (peak 1) recorded from Gq-

DREADD expressing terminals by 36.78% ± 4.806 (Paired t test: Baseline vs CNO, N=5 
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[t(4) = 10.24, p=0.0005]). The average EPSC amplitude at baseline was 79.56 ± 6.141 

pA and the average EPSC amplitude in the presence of CNO was 50.97 ± 6.736 pA. 

These findings are opposite of how we expected Gq-DREADDs to function in vitro. 

Chemogenetic inhibition of glutamate release from dmPFC terminals in the BLA 

decreases anxiety-like behavior during withdrawal  

After demonstrating that activation of Gi-coupled DREADDs with CNO decreases 

glutamate release from dmPFC terminals in the BLA, we sought to examine the 

behavioral consequences of silencing this dmPFC – BLA circuit during ethanol 

withdrawal. Our target level of BLA was AP -2.80 mm from bregma, and all of the 

cannulations fell between -2.56 mm and -3.14 mm from bregma which was revealed 

through post-hoc analysis of sliced rat brains. We replicated and extended previous 

findings from our lab (Morales et al., 2018) by demonstrating that withdrawal from 7 days 

of CIE produces an increase in anxiety-like behavior measured by percentage of time 

spent in the open areas on the elevated zero maze (AIR ACSF: 16.15% ± 3.898, N=8; 

CIE/WD ACSF: 3.962% ± 1.636, N=8) (EZM; Figure 5C). Importantly, in rats with the Gi-

coupled inhibitory DREADDs, microinjection of CNO (300 µM) into the BLA significantly 

increased the amount of time that ethanol exposed animals spent in the open areas of 

the EZM, suggesting a decrease in anxiety-like behavior (CIE/WD CNO: 16.98% ± 4.368, 

N=7) (Figure 5C, E). These data were analyzed using a two-way ANOVA, which 

revealed a significant interaction (exposure X treatment) [F(1,27) = 9.185, p = 0.0053]. 

Planned post-hoc analyses using Bonferroni’s posttest demonstrated a significant 

withdrawal effect (AIR vs CIE) only for animals in the ACSF treatment group [t=2.564, p 

< 0.05], but not for animals treated with CNO [t=1.737, p > 0.05]. Bonferroni’s 

comparisons of treatment effect (ACSF vs CNO) showed a significant effect of CNO in 

the CIE/WD animals [t=2.647, p < 0.05], but no significant effect of CNO in AIR-exposed 
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control animals (AIR CNO: 8.440% ± 3.368, N=8) [t=1.621, p > 0.05] (Figure 5C). We 

used total distance moved as a measurement of locomotor activity on the EZM (Figure 

5D). A two-way ANOVA revealed a main effect of exposure group (AIR vs CIE/WD) 

[F(1,27) = 7.194, p = 0.0123] and a significant interaction (exposure X treatment) [F(1,27) 

= 7.334, p = 0.0116] but no significant main effect of CNO [F(1,27) = 1.534, p = 0.2261]. 

Total distance, in centimeters, is as follows: AIR ACSF: 2,629 ± 340.5, N=8; AIR CNO: 

1,731 ± 183.0, N=8; CIE/WD ACSF: 1,402 ± 185.8, N=8; CIE/WD CNO: 1,737 ± 110.4, 

N=7.      

CNO has no effect in rats injected with the control virus lacking the Gi-coupled 

DREADD 

We generated another group of animals that were injected with an mCherry 

control virus lacking the Gi-DREADD construct. We used these animals to examine the 

effects of microinjecting CNO into the BLA to see if CNO alone would produce any 

behavioral alterations (Figure 5F and 5G). A two-way ANOVA of percent time spent in 

open area revealed a main effect of exposure (AIR vs CIE/WD) [F(1,12) = 6.627, p = 

0.0244], with no main effect of CNO treatment  [F(1,12) = 0.01565, p = 0.9025] and no 

interaction (exposure X treatment) [F(1,12) = 0.1968, p = 0.6652] (Figure 5F). Percent 

time spent in open areas for animals with control virus is as follows: AIR ACSF: 29.45% 

± 8.973, N=4; AIR CNO: 27.35% ± 7.321, N=4; CIE/WD ACSF: 9.55% ± 3.274, N=4; 

CIE/WD CNO: 13.30% ± 5.395, N=4. A two-way ANOVA of total distance traveled 

revealed no main effects or interactions: exposure condition [F(1,12) = 3.22, p = 0.0979], 

treatment group [F(1,12) = 0.01578, p = 0.9021], interaction [F(1,12) = 0.001529, p = 

0.9695] (Figure 5G). Total distance, in millimeters, is as follows: AIR ACSF: 2,036 ± 

321.2, N=4; AIR CNO: 2,010 ± 334.8, N=4; CIE//WD ACSF: 1,498 ± 205.1, N=4; 

CIE/WD CNO: 1,447 ± 345.0, N=4.    



63 

 

Withdrawal from CIE increases the E/I ratio in the dmPFC – BLA pathway 

To gain a better understanding of the dmPFC to BLA pathway and the alterations 

produced by chronic ethanol exposure, and to potentially provide a circuit based 

explanation for the CNO-induced behavior trend we see in air-exposed control animals 

(Figure 5C), we examined the balance between excitatory and inhibitory transmission 

evoked by dmPFC terminals in the BLA. In the presence of the NMDA receptor 

antagonist, APV (50 µM), we recorded optically evoked glutamatergic EPSCs at -70 mV 

followed by GABAergic IPSCs at 0 mV. Since we have already shown that withdrawal 

from chronic ethanol increased glutamate transmission at these synapses (Figure 2C2), 

we adjusted the laser intensity to produce equivalent EPSCs and then recorded the 

resulting IPSC from that same stimulation intensity to normalize stimulation intensities 

between cells. We found that withdrawal from 7 days of CIE significantly increases the 

EPSC/IPSC ratio (AIR: 0.6326 ± 0.08788, N=6; CIE/WD: 1.536 ± 0.266, N=9) [Unpaired 

t-test (AIR vs CIE/WD); t(13) = 2.677, p = 0.019] (Figure 6A1). Examination of the peak 

amplitudes of the EPSCs (AIR: 154.2 ± 32.27, N=6; CIE/WD: 123.8 ± 12.54, N=10) and 

IPSCs (AIR: 278.1 ± 83.38, N=6; CIE/WD: 130.4 ± 29.97, N=10) revealed that the 

increase in the E/I ratio is driven by a decrease in the average peak amplitude of IPSCs 

recorded from CIE/WD animals (Figure 6A2). A two-way ANOVA revealed a main effect 

of exposure (AIR vs CIE) [F(1,26) = 5.994, p = 0.0214]. There was no main effect of 

response type (EPSC vs IPSC) [F(1,26) = 1.743, p = 0.1982] and no significant 

interaction (exposure X response) [F(1,26) = 3.28, p = 0.0817]. Bonferroni’s posttest 

(AIR vs CIE/WD) indicated a significant difference in the IPSC peak amplitude [t = 3.012, 

p < 0.05] with no significant different in EPSC peak amplitude [t = 0.4505, p > 0.05] 

(Figure 6A2). The latency of response onset, measured in milliseconds post-stimulation, 

was significantly longer for evoked IPSCs (AIR: 62.52 ± 2.239, N=6; CIE/WD: 64.97 ± 
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1.632, N=10) than EPSCs (AIR: 50.52 ± 0.7593, N=6; CIE/WD: 50.01 ± 0.2947, N=10), 

regardless of exposure condition (Figure 6A3). Importantly, EPSCs were sensitive to the 

glutamate antagonist, DNQX (20 µM) and IPSCs were inhibited by application of the 

GABAA antagonist, picrotoxin (100 µM). 

Withdrawal from CIE decrease the E/I ratio in the vmPFC – BLA pathway  

We then preformed the same experiment to look at the alteration in glutamatergic 

and GABAergic transmission evoked in BLA principal neurons by optically activating 

vmPFC terminals to see if CIE/WD differentially regulated this circuit as compared to the 

dmPFC – BLA circuit. In contrast to what we found in the dmPFC to BLA pathway, 

withdrawal from 7 days of CIE significantly decreased the EPSC/IPSC ratio in the 

vmPFC to BLA pathway (Figure 6B1). An unpaired t-test was used to compare the E/I 

ratios from AIR (0.8182 ± 0.1519, N=13) and CIE/WD (0.3013 ± 0.06194) animals [t(24) 

= 3.152, p = 0.0043]. Examination of the peak amplitudes (pA) demonstrated that this 

decrease in the E/I ratio was driven by a significant increase in the average IPSC 

amplitude recorded from CIE/WD animals (Figure 6B2). These data were analyzed using 

a two-way ANOVA, which revealed a main effect of exposure (AIR vs CIE/WD) [F(1,48) 

= 7.030, p = 0.0108], a main effect of response (EPSC vs IPSC) [F(1,48) = 25.63, p < 

0.0001], and a significant interaction (exposure X response) [F(1,48) = 7.568, p 0.0084] 

(Figure 6B2). Bonferroni’s posttest revealed that the IPSC peak amplitude was 

significantly different in AIR vs CIE/WD animals [t = 3.820, p < 0.001]. Importantly, the 

standardized EPSC amplitudes were not significantly different [t = 0.0705, p > 0.05], 

indicating our normalization was successful. Interestingly, Bonferroni’s posttest showed 

that in CIE/WD [t = 5.525, p < 0.001], but not AIR [t = 1.635, p > 0.05] animals, the 

EPSC (AIR: 221.7 ± 20.10, N=13; CIE/WD: 212.2 ± 20.89, N=13) and IPSC (AIR: 442.5 

± 93.15, N=13; CIE/WD: 958.6 ± 164.3, N=13) peak amplitudes were significantly 
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different (Figure 6B2). Similar to the dmPFC pathway, the latencies of IPSCs (AIR: 57.82 

± 1.059, N=13; CIE/WD: 60.76 ± 1.202, N=13) were significantly longer than those of 

EPSCs (AIR: 49.54 ± 0.3721, N=13; CIE/WD: 51.40 ± 0.5569, N=13) recorded from 

stimulating the vmPFC pathway (Figure 6B3). These data were analyzed using a two-

way ANOVA, which revealed a main effect of response (EPSC vs IPSC) [F(1,48) = 103.2, 

p < 0.0001], a main effect of exposure (AIR vs CIE/WD) [F(1,48) = 7.646, p = 0.0081], 

with no interaction (response X exposure) [F(1,48) = 0.3777, p = 0.5417]. Similarly to  

dmPFC responses, EPSCs evoked from vmPFC terminals were sensitive to DNQX and 

IPSCs were attenuated with the application of picrotoxin.  

 

Discussion 

The present study sought to examine the effects of chronic ethanol exposure and 

withdrawal on projections from two subdivisions of the medial prefrontal cortex to the 

basolateral amygdala. We used a combination of optogenetics and chemogenetics to 

document the neurophysiological and behavioral alterations of dmPFC and vmPFC 

terminals in the BLA. The major findings of the study are that withdrawal from chronic 

ethanol exposure increases optogenetically stimulated glutamate release from dmPFC 

terminals but decreases the glutamate release from vmPFC terminals in the BLA. 

Additionally, we demonstrate that chemogenetic inhibition of dmPFC terminals in the 

BLA rescues withdrawal-induced anxiety-like behavior. Together, these data provide the 

first characterization of how chronic ethanol exposure and withdrawal changes mPFC – 

BLA circuitry and suggests a novel role for this circuit in regulating ethanol withdrawal-

associated anxiety.  
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Through precise stereotaxic microinjection, we targeted the dorsal and ventral 

subdivisions of the medical prefrontal cortex. To prevent unintended viral spread 

between the dmPFC and vmPFC regions, we placed the tip of our injectors in the top 

third of the prelimbic cortex (PL) and the bottom third of the infralimbic cortex (IL). This 

allowed for maximal separation of dmPFC and vmPFC but caused spread of the virus 

into the anterior cingulate (Cg) and dorsal peduncular (DP) cortices in some cases. 

Recently, the anterior cingulate cortex and its input to the basolateral amygdala has 

been implicated in mediating innate freezing response to predator odors (Jhang et al., 

2018), which is similar to the role the PL plays in learned fears (Corcoran and Quirk, 

2007). Although the projection from the dorsal peduncular cortex to the BLA has not 

been directly characterized, the DP is thought to play a role similar to the IL and is often 

included when examining conditioned responses such as fear and drug seeking (Peters 

et al., 2009). Hence, we refer broadly to the dorsal component (dmPFC) and the ventral 

component (vmPFC). These are common subdivisions based on cytoarchitecture, 

functional criteria, and connectivity with other brain regions (Heidbreder and 

Groenewegen, 2003). Notably, homologies between the human, primate, and rodent 

prefrontal cortices exist, which allows for cross-species comparisons (Laubach et al., 

2018). The pattern of terminal expression in the BLA was similar between dmPFC and 

vmPFC injected animals such that only cells in the basolateral nucleus were innervated 

and this was consistent along the rostral – caudal axis. This notion if further supported 

by our electrophysiology findings demonstrating that glutamate release probabilities are 

similar along the anteroposterior axis of the BLA. Of note, the lateral nucleus and central 

nucleus of the amygdala were devoid of innervation BLA. These findings are consistent 

with previously reported terminal formation and holds true throughout development 

(Arruda-Carvalho et al., 2017).    
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The use of TTX and 4-AP to demonstrate monosynaptic circuits is imperative 

when using optogenetics and electrophysiology. Without these pharmacological 

manipulations, it is difficult to distinguish light-evoked responses are originating from 

virally transfected terminals or from local networks. In the present study, application of 

TTX, which inhibits action potential firing, completely blocked optogenetically-evoked 

EPSCs recorded in the BLA that originated from both the dmPFC and vmPFC. The 

addition of 4-AP and subsequent blockade of voltage-gated potassium channels 

presumably prolonged ChR2-mediated terminal depolarization at the terminals 

sufficiently to trigger glutamate release (Figure 1). Our results are consistent with 

previous characterizations of the monosynaptic nature of the mPFC – BLA projections 

(Arruda-Carvalho and Clem, 2014; Cho et al., 2013; Kiritoshi and Neugebauer, 2018; 

Little and Carter, 2013; McGarry and Carter, 2017).  

A main focus of our laboratory is on understanding the synaptic changes that 

occur in response to chronic ethanol exposure and withdrawal. Previous studies from 

our laboratory have characterized the presynaptic and postsynaptic adaptations that 

occur following withdrawal from chronic ethanol exposure. For example, 

electrophysiology recordings using electrical stimulation of medial stria terminalis inputs 

have shown that withdrawal from a 10 day CIE exposure increase the glutamate release 

probability at these synapses (Christian et al., 2013) and that these presynaptic changes 

are present after just 3 days of CIE (Morales et al., 2018). Accordingly, we wanted to 

investigate if these findings held true for specific circuits. Projections from the mPFC to 

the BLA arrive via the medial stria terminalis (Sesack et al., 1989) so we hypothesized 

that these synapses would also undergo presynaptic alterations following withdrawal 

from chronic ethanol exposure. Surprisingly, withdrawal from 3 days of CIE did not alter 

the glutamate release probability from either dmPFC or vmPFC synapses (Figure 2) 
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while a withdrawal from a 7-day exposure was sufficient. A potential explanation for a 

lack of effect after 3 days of CIE in these circuits, which contrasts with the recently 

published study from our laboratory using electrical stimulation of the stria terminalis, is 

related to the age of the animals used in the different studies. Animals in our previous 

report were exposed to ethanol during early adolescence (postnatal day 39-46), whereas 

animals used in the present study were adults at the time of ethanol exposure (P70+). 

Others have also found that adolescents are more vulnerable to the effects of ethanol 

and that these alterations can persist into adulthood (reviewed in (Crews et al., 2016)). 

Therefore, our data is consistent with findings showing that adults are more resilient and 

therefore require a longer exposure to induce the same types of synaptic alterations.   

We find that withdrawal from 7 days of CIE produces opposite effects on dmPFC 

and vmPFC projections to the BLA. Indeed, others have also reported differential 

regulation of these two pathways. The dmPFC and vmPFC play distinct roles in both 

fear and drug-seeking behaviors such that the dmPFC drives the expression of fear and 

drug seeking, whereas the vmPFC suppresses these behaviors after extinction 

(reviewed in (Peters et al., 2009)). For instance, fear learning leads to strengthening of 

PL but not IL excitatory synapses in BLA principal neurons (Arruda-Carvalho and Clem, 

2014). Additionally, inhibition-excitation ratios in the IL- but not PL-pathway were 

increased in an arthritis pain model (Kiritoshi and Neugebauer, 2018). Moreover, there’s 

a large body of evidence that suggests the mechanisms underlying fear and anxiety 

processes are mediated by overlapping neuronal circuits in both rats and humans 

(review in (Davis et al., 2010; Tovote et al., 2015). Based on the literature presented 

here, a possible functional consequence of our findings demonstrating changes in 

glutamate signaling in the BLA is that the increase in glutamate release from dmPFC 

terminals during alcohol withdrawal acts to promote fear, anxiety, and drug seeking 
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whereas the observed decrease in glutamate release from vmPFC terminals decrease 

the ability of these projections to suppress these behaviors, ultimately leading to the 

pathological state observed during abstinence. These findings together show that these 

two mPFC – BLA circuits likely serve independent functions and can be differentially 

altered under pathological conditions.  

One of our interesting electrophysiology findings is that the glutamate release 

probabilities, measured using paired-pulse ratios, were significantly different between 

dmPFC and vmPFC terminals in the BLA in air-exposed control animals (Figure 2). 

Specifically, we found that vmPFC synapses had a higher release probability than 

dmPFC synapses. To our knowledge, no previous studies have directly compared the 

synaptic strength of these two pathways in rats. However, one study did report that 

these pathways recruited equivalent excitation and feedforward inhibition in BLA 

principal neurons (Arruda-Carvalho and Clem, 2014). It should be noted that their 

electrophysiology recordings were done in mice, and they never directly compared 

glutamate release probability of these synapses. One way to interpret our findings of 

differences in ‘basal’ glutamate transmission is that under ‘normal’ circumstances, the 

vmPFC is exerting the primary top-down control of the BLA to prevent maladaptive 

behavior responses. However, during a pathological state, such as during alcohol 

withdrawal, the dmPFC takes over at the primary sources of top-down control and drives 

maladaptive behaviors. Notably, alterations in synchronized activity between medial 

prefrontal and amygdala have been reported in human alcoholics (Müller-Oehring et al., 

2015), although the behavioral implications of these changes were not directly assessed. 

Potential explanations for our findings include the size of the readily releasable pool, 

number of release sites, and alterations in calcium dynamics (Fioravante et al., 2011), all 

of which could differ between dmPFC and vmPFC terminals in the BLA. More 
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specifically, calcium plays an integral role in neurotransmitter release and is thought to 

underlie changes in short-term synaptic plasticity including release probability (reviewed 

in (Catterall et al., 2013; Neher and Sakaba, 2008; Südhof, 2012)). In order to examine 

the extent to which calcium played a role in determining glutamate release probability 

from dmPFC and vmPFC terminals in the BLA, we altered calcium levels in the external 

bath solution. We found that lowering extracellular calcium levels affected the release 

probability of vmPFC, but not dmPFC inputs suggesting that differences in calcium 

dynamics may underlie the differences in synaptic strength between these two circuits. 

Although these data demonstrate that calcium is a contributing factor, we do not know 

the exact mechanism underlying these differences. Some possibilities include 

differences in calcium influx, calcium-sensing proteins, calcium channel function, and 

calcium buffers.  

GABAergic transmission in the BLA serves an important role in providing both 

feedforward and feedback inhibition onto glutamatergic principal neurons to regulate the 

balance of inhibitory and excitatory transmission, which ultimately determines the output 

of the BLA. Chronic ethanol exposure and withdrawal selectively decreases GABAergic 

transmission from feedforward neurons without altering the release from local 

interneurons (Diaz et al., 2011b). In the present study we examined the excitatory – 

inhibitory ratios of dmPFC and vmPFC synapses in the BLA (Figure 6) in both air-

exposed control animals and those in withdrawal. In line with our paired-pulse findings, 

we found that the E/I ratios were differentially altered in these two pathways such that 

the E/I ratio was increased at dmPFC – BLA synapses and decreased at vmPFC– BLA 

synapses. When normalizing for the EPSC amplitude with each projection, we found 

these opposing effects were driven by a decrease in IPSC amplitude recruited from 

dmPFC stimulation and an increase in IPSC amplitude resulting from vmPFC stimulation 
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in CIE/WD animals. Although the approaches used here do not allow us to differentiate 

feedforward and feedback GABAergic responses, our findings suggest these responses 

are disynaptic. This is evidenced by significantly longer onset latencies for IPSC relative 

to the EPSCs. Overall, these GABAergic data suggest there may be less recruitment of 

intrinsic GABAergic circuits from dmPFC terminals. Conversely, vmPFC terminals 

appear to recruit a more extensive intrinsic GABA circuit following chronic 

ethanol/withdrawal.  

The BLA has been implicated in mediating a wide range of behaviors (reviewed 

in (Janak and Tye, 2015) and increases in glutamate signaling within the BLA 

specifically is associated with increases in emotional behaviors such as fear and anxiety 

(reviewed in (McCool et al., 2010)). On the other hand, decreases in glutamate release 

has been linked to an anxiolytic state, and our lab has previously demonstrated that 

microinjection of the glutamate receptor antagonist, DNQX, into the BLA attenuates 

anxiety-like behavior expressed during withdrawal (Läck et al., 2007). In line with this, 

our current findings show that microinjection of CNO into the BLA diminishes the 

increased anxiety-like behavior seen during withdrawal from 7 days of CIE (Figure 5), 

presumably through activation of Gi-coupled DREADDs expressed in dmPFC terminals. 

Our EZM data thus replicated previous findings showing that withdrawal from 7 days of 

CIE exposure increase anxiety-like behavior and extended the literature by directly 

demonstrating that dmPFC projections to the BLA play an important role in regulating 

anxiety-like behavior. Although projections from the BLA to the mPFC have been shown 

to bidirectionally modulate anxiety-related behaviors (Felix-Ortiz et al., 2015), the 

behavioral contributions of mPFC projections to the BLA that not been explored prior to 

this study.  
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Given the functional role of the vmPFC and that CIE and withdrawal decreases 

glutamate release from vmPFC terminals in the BLA, we hypothesized that artificially 

increasing glutamate release from these inputs would attenuate anxiety-like behavior 

during withdrawal. In support of this, electrical stimulation of the IL increases the time 

spent and entries in the open arms of an elevated-plus maze suggesting a key role in 

down-regulating anxiety-like behavior (Shimizu et al., 2018), which parallels the role this 

region plays in extinction learning. Before testing our hypothesis in vivo, we first wanted 

to see if activation of the Gq-coupled DREADD would increase glutamate release onto 

BLA principal neurons. To our surprise, CNO-activation of the Gq-DREADD resulted in a 

decrease of glutamate release. Interestingly, we noted that paired-pulse ratios recorded 

from vmPFC terminals expressing ChR2 and Gq-DREADDS were qualitatively different 

that those recorded from ChR2-only terminals. One possible explanation is that Gq-

DREADD overexpression in vmPFC synaptic terminals results in some level of 

constitutive (agonist-independent) activity.  The Gq-DREADDs having constitutive 

activity could, in part, explain why activation of the Gq-DREADD with CNO decreased 

rather than increased glutamate release. Although mainly Gi/o-coupled auto- and 

heteroreceptors are known to inhibit evoked transmitter release, there is evidence that 

the Gq α subunit can cause both inhibition or facilitation of synaptic transmission (Betke 

et al., 2012). Since the Gq-DREADDs did not increase glutamate release in vitro, we 

were not able to use this approach to facilitate release vmPFC terminals in the BLA and 

examine their role modulating withdrawal-related, anxiety-like behavior in this study.    

In conclusion, our results indicate a novel role of discrete mPFC inputs to the 

BLA beyond that of fear. We demonstrate that the dmPFC – BLA pathway is involved in 

regulating anxiety and that chemogenetic inhibition of these projections during alcohol 

withdrawal can decrease withdrawal-induced anxiety-like behavior. These data suggest 
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that withdrawal from chronic ethanol exposure may selectively strengthens dmPFC 

synapses while weakening vmPFC synapses in the BLA. Strategies focused on 

reversing these alterations may offer targets for treatment development. Future studies 

will examine the molecular mechanisms underlying the ethanol-induced synaptic 

plasticity within these two mPFC-BLA circuits.  

 

 

 

 

 

 



74 

 

 

 

 



75 

 

Figure 1. The dorsal and ventral subdivisions of the mPFC make dense 

monosynaptic glutamatergic synaptic connections with principal neurons in the 

BLA.  

A, Experimental timeline with procedures on the top and approximate age of the rats in 

postnatal days on the bottom. B, Schematic depicting the typical placement of the optical 

fiber and patch electrode for electrophysiology recordings. The optical fiber used to 

deliver 470 nm blue light was placed just outside of the BLA above the stria terminalis to 

activate the Channelrhodopsin-expressing terminal entering the BLA from the mPFC. 

BLA principal neurons were patched with recording electrodes that were placed near the 

stimulating fiber where the YFP-expressing terminals were most dense. C1, D1, 

Representative fluorescent images of the mPFC injection site (left) and the resulting 

terminals in the BLA (right) 4 weeks after injection of Channelrhodopsin into the dmPFC 

or vmPFC, respectively. C2, D2, Representative traces of optogentically-evoked EPSCs 

recorded from dmPFC – BLA or vmPFC – BLA synapses, respectively. Scale bars: 

20msec X 20pA. Blue dashes represent optogenetic stimulation (5msec) with blue light. 

Cg= cingulate cortex, PL= prelimbic cortex, IL= infralimbic cortex, DP= dorsal 

peduncular cortex, dmPFC= dorsal medial prefrontal cortex, vmPFC= ventral medial 

prefrontal cortex, ac= anterior commissure, CeA= central nucleus of the amygdala, LA= 

lateral amygdala, BLA= basolateral amygdala. 
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Figure 2. Withdrawal (WD) from 7, but not 3, days of CIE bidirectionally modulates 

glutamate release from dmPFC and vmPFC terminals in the BLA.  

A, Timeline demonstrating the 3- and 7-day chronic intermittent ethanol (CIE) exposures. 

Each day, rats were exposed to 12-hours of ethanol (EtOH) and 12-hours of air. All 

electrophysiology recordings were conducted 24-hours after the last exposure. Control 

animals were only exposed to air. B, Optogenetically-evoked glutamate paired-pulse 

ratios (PPR) recorded from BLA principal neurons in air-exposed controls were 

significantly different between dmPFC (N=21) and vmPFC (N=23) terminals. C1, No 

effect of 3-day CIE on PPR recorded from dmPFC – BLA neurons in AIR (N=11) vs 

CIE/WD (N=10). C2, Significant decrease in the PPR after 7-days of CIE in dmPFC – 

BLA neurons, AIR (N=10) vs CIE/WD (N=8). D1, No effect of 3-day CIE on PPR 

recorded from vmPFC – BLA neurons in AIR (N=10) vs CIE/WD (N=8). D2, Significant 

increase in the PPR after 7-days of CIE in vmPFC – BLA neurons, AIR (N=13) vs 

CIE/WD (N=15). C3, Representative traces of PPR recorded from dmPFC – BLA or D3, 

vmPFC – BLA neurons from AIR (left), 3-day CIE/WD (middle), and 7-day CIE/WD 

(right). Representative traces were normalized using peak 1. Scale bars: 50msec X 

20pA. **p<0.01; ***p<0.001; unpaired t-test. 
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Figure 3. Lowering calcium levels in air-exposed control animals disrupts 

glutamate release from vmPFC, but not dmPFC, terminals in the BLA.  

A, Paired-pulse ratios recorded from  dmPFC or vmPFC terminals in the BLA during 

baseline (2mM Ca2+), low calcium (1mM Ca2+), and washout (2mM Ca2+) in the bath 

solution in slices from air-exposed control animals. Significant differences in the PPR 

between dmPFC (N=14) and vmPFC (N=15) at baseline and washout but not in the 

presence of low calcium. B, Normalized PPR with the low calcium PPRs calculated as a 

percentage of baseline PPR allowing for direct comparison of magnitude of effect of 

lower calcium levels on glutamate release probability. Significant differences between 

baseline and low calcium for vmPFC synapses but not dmPFC. C, Representative traces 

of light-evoked paired-pulse responses with a 50msec interstimulus interval from dmPFC 

– BLA projections and D, vmPFC – BLA projections with baseline (left), low calcium 

(middle), and washout (right). Scale bars: 50msec X 20pA. *p<0.05; **p<0.01; 

***p<0.001; Two-way repeated measures ANOVA. 
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Figure 4. Bath application of CNO decreases glutamate release from Gi-DREADD 

expressing dmPFC terminals in the BLA.  

A1, Light-evoked paired-pulse ratios recorded from dmPFC – BLA terminals expressing 

ChR2 and Gi-coupled DREADDs at baseline and during the bath application of CNO 

(10μM) in air-exposed control animals (N=6) and B1, 7-day CIE/WD animals (N=6). CNO 

significantly increased the PPR in all the cells recorded. A2, Representative traces of 

paired-pulse responses recorded from AIR or B2, CIE/WD animals during baseline (left) 

and in the presence on CNO (right). Scale bars: 50msec X 20pA. C, PPRs recorded 

from AIR and CIE/WD animals (N=11) with ChR2 only. CNO did not significantly change 

glutamate release probability from terminals without the DREADD construct. D, Percent 

inhibition by CNO, calculated from the first response amplitude, was not different 

between AIR and CIE/WD recordings. *p<0.05; **p<0.01; Paired t-test. 
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Figure 5. Selectively inhibiting glutamate release from dmPFC terminals in the 

BLA attenuates withdrawal-induced anxiety-like behavior.  

A, Representative fluorescent images of the PL-targeted injection site for the Gi-coupled 

DREADDS (mCherry). B, Schematic depicting level of the BLA targeted for cannula 

placement relative to bregma. Black circles represent approximate location of cannula tip 

that fell within the region of interested and were included in the analysis. C, Percent time 

spent in the open areas of the elevated zero maze for AIR (N=16) and CIE/WD (N=15) 

animals expressing Gi-DREADDs that received microinjections of either ACSF 

(N=8/group) or CNO (N=7-8/group; 300μM). Significant difference between AIR ACSF vs 

CIE/WD ACSF and between CIE/WD ACSF vs CIE/WD CNO. No significant differences 

between AIR ACSF vs AIR CNO nor AIR ACSF and CIE/WD CNO. D, Main effect of 

exposure condition (AIR vs CIE/WD) for total distance moved in centimeters (cm) on the 

EZM. E, Representative heat plots of amount of time spent in open vs closed areas of 

the EZM depicting group data. F, Main effect of exposure condition (AIR vs CIE/WD) on 

percentage of time spent in the open areas of the EZM in animals without the DREADD 

construct (N=4/group). G, No differences observed between any of the conditions for 

total distances moved. *p<0.05, Two-way ANOVA. Cg= cingulate cortex, PL=prelimbic 

cortex, IL= infralimbic cortex, DP= dorsal peduncular cortex; ac= anterior commissure, 

dmPFC= dorsal medial prefrontal cortex. 
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Figure 6. Withdrawal from CIE produces opposing alterations to the balance of 

excitation and inhibition in the dmPFC and vmPFC – BLA pathway.  

A1, Light-evoked EPSC/IPSC (E/I) ratio recorded from dmPFC – BLA terminals. 

Significant increase in the E/I ratio in CIE/WD (N=9) vs AIR (N=6). A2, Peak amplitudes 

in picoamps (pA) of glutamatergic EPSCs and GABAergic IPSCs recorded from dmPFC 

– BLA synapses. Significant reduction in the IPSC amplitude in CIE/WD animals. A3, 

Response onset latency for EPSCs and IPSCs recorded from dmPFC – BLA inputs. 

ISPCs had significantly longer latencies than EPSCs regardless of exposure condition. 

A4, Representative traces recorded from dmPFC – BLA terminals. IPSC recorded at 

0mV and EPSCs recorded at -70mV. B1, Light-evoked E/I ratios recorded from vmPFC – 

BLA terminals. Significant decrease in the E/I ratio in CIE/WD (N=13) vs AIR (N=13). B2, 

Peak amplitudes of EPSCs and IPSCs recorded from vmPFC – BLA synapses. 

Significant increase in the IPSC amplitude in CIE/WD animals. B3, Response onset 

latency for EPSCs and IPSCs recorded from vmPFC – BLA inputs. ISPCs had 

significantly longer latencies than EPSCs regardless of exposure condition. B4, 

Representative traces recorded from vmPFC – BLA terminals. Scale bars: 20msec X 

20pA. *p<0.05; **p<0.01; ***p<0.001; Unpaired t-test or Two-way ANOVA. 
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Abstract 

A key feature of alcohol use disorder (AUD) is negative affect during withdrawal, which 

often contributes to relapse and is thought to be caused by altered brain function, 

especially in circuits that are important mediators of emotional behaviors. Both the 

agranular insular cortex (AIC) and the basolateral amygdala (BLA) regulate emotions 

and are sensitive to ethanol-induced changes in synaptic plasticity. The AIC and BLA 

are reciprocally connected, however, and the effects of chronic ethanol exposure on this 

circuit have yet to be explored. Here, we use a combination of optogenetics and 

electrophysiology to examine the pre- and postsynaptic changes that occur to AIC – BLA 

synapses following withdrawal from 7- or 10-days of chronic intermittent ethanol (CIE) 

exposure. While neither exposure altered presynaptic glutamate release probably, 

withdrawal from 10, but not 7, days of CIE increased AMPA receptor-mediated 

postsynaptic function at AIC – BLA synapses. Additionally, NMDA receptor-mediated 

currents evoked by electrical stimulation of the external capsule, which contains AIC 

afferents, were also increased during withdrawal. Notably, a single subanesthetic dose 

of ketamine administered at the onset of withdrawal prevented the withdrawal-induced 

increases in AMPAR and NMDAR function. Ketamine also prevented the withdrawal-

induced increases in anxiety-like behavior measured using the elevated zero maze. 

Together, these findings suggest that chronic ethanol exposure alters the AIC – BLA 

circuit and that ketamine can prevent ethanol withdrawal-induced alterations in synaptic 

plasticity and negative affect, indicating it may be an effective treatment to examine for 

AUD.     
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Introduction 

Alcohol use disorder (AUD) is characterized by prolonged and excessive alcohol 

consumption. This type of chronic alcohol exposure results in neuroadaptations in brain 

circuits that are crucial for the regulation of emotional states [1]. Alcohol withdrawal is 

associated with a negative-affective state, including an increase in anxiety, which is 

caused by disrupting the delicate balance between inhibitory and excitatory 

neurotransmission [2,3]. For example, brain glutamate levels were significantly 

increased and GABA concentrations were significantly lower during acute withdrawal in 

alcohol-dependent patients as compared to healthy controls measured using magnetic 

resonance spectroscopy [4] or cerebral spinal fluid [5]. In preclinical models of 

dependence, chronic ethanol exposure and withdrawal produce pronounced increases in 

glutamatergic synaptic function in the basolateral amygdala (BLA), which likely 

contributes to increased anxiety-like behavior expressed during ethanol withdrawal [6]. 

The BLA serves as the primary input nuclei in the amygdala’s emotional-related neural 

circuitry [7], receiving highly processed sensory information from cortical afferents 

arriving via the external capsule (EC) [8]. Our laboratory has extensively characterized 

both the pre- and postsynaptic changes that occur in the BLA as a result of chronic 

intermittent ethanol (CIE) exposure and withdrawal (WD). For instance, we have 

reported that EC cortical glutamatergic inputs onto BLA principal neurons undergo 

predominantly postsynaptic alterations characterized by increased AMPA receptor 

function following CIE and WD [9,10]. Although EC afferents onto BLA neurons 

potentially come from many different cortical regions, it is unclear if CIE/WD-induced 

postsynaptic changes can be localized to individual circuits.  

Tracing studies have demonstrated that the agranular insula cortex (AIC), which 

is located on the ventrolateral surface of the cerebral cortex rostrally and is a subdivision 
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of the polymodal association cortex, is reciprocally connected with the BLA via the EC 

[11–14]. In addition to sensory inputs, the AIC integrates affective, anticipatory, and 

reward-related information coming from limbic regions [15]. Recent functional imaging 

studies in humans have identified the insula as a central region across many psychiatric 

and neurological disorders [16]. Importantly, many of the anatomical and functional 

features of the AIC are conserved across species, allowing the study of insular functions 

in animal models. A large body of evidence supports a role for the AIC in mediating fear 

and anxiety related behaviors as well as addiction. Specifically, pharmacological 

inactivation of the AIC decreases operant responding for alcohol along with a decrease 

in alcohol intake [17]. Several studies using opto- and chemogenetics have established 

a role of the AIC to nucleus accumbens (NAc) pathway in mediating alcohol intake in 

animal models of AUD. For example, optogenetic inhibition of glutamatergic AIC inputs 

to the nucleus accumbens reduces quinine-resistant alcohol intake, suggesting this 

pathway sustains aversion-resistant alcohol intake [18]. Additionally, chemogenetic 

silencing of AIC – NAc projections decreases alcohol intake in rats trained to self-

administer alcohol [19]. Despite mounting evidence that the AIC is involved in AUD-

related behaviors, very few studies have examined ethanol modulation of synaptic 

transmission and plasticity in the AIC. One study examining the acute effects of ethanol 

on GABA and glutamate transmission in the AIC found that glutamate, but not GABA, 

systems are sensitive to pharmacologically relevant concentrations of ethanol [20]. 

Specifically, ethanol had no effect on spontaneous inhibitory postsynaptic currents 

mediated by GABAA receptors. However, ethanol inhibited N-methyl-D-aspartate 

receptor (NMDAR)-mediated excitatory postsynaptic currents in a concentration-

dependent manner and acute, intoxicating concentrations of ethanol prevented the 

ability to induce LTD in the AIC [20]. However, the effects of chronic ethanol exposure 

on AIC circuits, such as AIC – BLA projections, are yet to be examined.  
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Since AIC inputs arrive at the BLA via the EC, and our laboratory has previously 

shown that EC – BLA synapses undergo postsynaptic changes following withdrawal 

from chronic ethanol exposure, we hypothesized that AIC – BLA synapses would 

express a similar form of ethanol-induced plasticity. To test this hypothesis, we exposed 

rats to CIE using ethanol vapor chambers, which is a commonly used method for 

inducing dependence in rodent models of AUD [21]. We’ve previously reported that 

varying lengths of this type of ethanol exposure produces behavioral alteration indicative 

of a dependence-like phenotype including increased voluntary ethanol-self 

administration and increased anxiety-like behavior during withdrawal [9,22]. Using a 

combination of optogenetics and electrophysiology to record optically-evoked 

glutamatergic response in the BLA principal neurons that were innervated by 

Channelrhodopsin-expressing AIC terminals, we characterized the presynaptic and 

postsynaptic functions of AIC – BLA synapses in CIE- and air-exposed animals.  

 

Materials and Methods 

Animals 

Male Sprague-Dawley rats were purchased from Envigo (Indianapolis, IN) and given 

access to food and water ad libitum upon arrival. Rats were pair-housed in a humidity 

and temperature-controlled room and maintained on a reverse 12:12h light-dark cycle 

(lights off at 9 AM). Rats that underwent surgery (N=96) were aged ~5 weeks (100g) at 

arrival and rats that did not undergo surgery (N=32) were aged ~8 weeks (250g) at 

arrival. All rats were aged ~10 weeks (300g) at the time of behavioral manipulations and 

electrophysiology recordings. All animal care procedures were in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals. All experimental procedures 
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were approved in advance by the Institutional Animal Care and Use Committee at Wake 

Forest University Health Sciences.    

Stereotaxic Surgery 

Rats were kept under continuous isoflurane anesthesia (3-5% for induction, 1-3% for 

maintenance) with oxygen flow at 1 L/min throughout the surgery. An adeno-associated 

viral vector containing Channelrhodopin (AAV5-CamKIIα-hChR2(H134R)-EYFP; UNC 

Vector Core, Chapel Hill, NC) was bilaterally microinjected (1 μL/side) into the agranular 

insular cortex (AIC) using a Neurostar StereoDrive (Germany) with the following 

coordinates relative to bregma (in mm): 2.76 AP, ± 3.50 ML, 5.10 DV. The virus was 

delivered at a rate of 0.1 μL/min over 10 min using a Harvard Apparatus pump (Holliston, 

MA). Injectors were left in place for an additional 5 min after injection to allow for virus to 

diffuse. Rats were given 2 mL of warmed sterile saline and 3 mg/kg ketoprofen (Ketofen; 

Patterson Veterinary, Devens, MA) for pain management at the end of the surgery. 

Sutures were removed and rats were pair-housed 1 week following surgery. A total of 4 

weeks was allowed for the rats to recover and for virus expression prior to 

experimentation. Injection sites were confirmed by visualizing EYFP in coronal slices of 

the AIC using fluorescence microscopy post-mortem. If there was unintended viral 

spread, rats were excluded. 

Chronic Intermittent Ethanol (CIE) Vapor Exposure  

Using standard procedures from our laboratory [9], rats were exposed to CIE for 7 or 10 

consecutive days. Pair-housed rats in their home cages were placed inside larger, 

custom-build Plexiglas chambers (Triad Plastics, Winston-Salem, NC). Ethanol vapor 

was pumped into the chambers beginning at 9 PM (start of the light cycle) at a constant 

rate of 16 L/min and maintained at ~25 mg/L throughout the exposure for 12 h/day. 
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Control animals were only exposed to room-air. All rats were weighed daily. Blood 

ethanol concentrations (BECs) were determined by a standard, commercially available 

alcohol dehydrogenase/NADH enzymatic assay (Carolina Liquid Chemistries, 

Greensboro, NC). Tail blood samples were collected periodically throughout the CIE 

exposure to monitor and adjust ethanol vapor levels as necessary. The standard BEC 

range that we’ve found to produce dependence in our laboratory is between 150-275 

mg/dL. Average BECs in the CIE animals were 259.40 ± 9.26 mg/dL, which is within our 

range. All behavioral experiments and electrophysiology recordings were conducted 24 

h after the last ethanol or air exposure.  

Drugs 

Ketamine HCl (KetaVed; Patterson Veterinary, Devens, MA) was diluted in saline and 

administered at 10 mg/kg, IP. Rats received either ketamine injections or saline (control) 

injections at the onset of withdrawal, 24 h before behavioral testing and 

electrophysiology recording.  

Elevated Zero Maze 

Rats were tested on the elevated zero maze (EZM; Med Associates, Fairfax, VT) 24 h 

after the last ethanol or air exposure to assess anxiety-like behavior. In experiments 

were ketamine or saline administered, injections occurred 24 h prior. The circular EZM 

consists of two open sections that are dimly lit (~40 lux) and two dark enclosed sections. 

In order to assess anxiety-like behavior and general locomotion the center point, tail 

base, and nose point of the rats were tracked throughout the 5 min test using a Basler 

ace monochrome camera (Basler AG, Germany) and EthoVision XT video tracking 

software (Noldus; Leesburg, VA). The apparatus was cleaned with warm water and mild 

soap and then thoroughly dried between animals. Data are represented as percentage 
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of time, which was calculated by dividing the total amount of time spent in both open 

areas by the entire duration of the test.  

Electrophysiology  

Slice Preparation  

Rats were deeply anesthetized with isoflurane and decapitated with a guillotine. Brains 

were quickly removed and incubated in ice-cold sucrose-modified artificial cerebral 

spinal fluid (aCSF) for 5 min. The sucrose aCSF contained (in mM): 180 Sucrose, 30 

NaCl, 4.5 KCl, 1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 10 D-glucose, 0.10 ketamine 

and was equilibrated with 95% O2 and 5% CO2. 400-micron thick coronal slices 

containing the BLA were collected using a VT1200/S vibrating blade microtome (Leica, 

Buffalo Grove, IL) and incubated at room temperature (~25°C) in oxygenated standard 

aCSF for ≥ 1h prior to recordings. The standard aCSF solution contained (in mM): 126 

NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4·7H2O, 26 NaHCO3, 10 D-glucose, and 2 

CaCl2·2H2O. Unless otherwise noted, all chemicals were obtained from Tocris (Ellisville, 

Missouri) or Sigma-Aldrich (St. Louis, MO).  

Whole-Cell Patch-Clamp Recording 

Using standard methods for whole-cell voltage-clamp electrophysiology from our 

laboratory [9], we recorded synaptic responses from BLA slices kept in a submersion-

type recording chamber that was continuously perfused with oxygenated, room 

temperature (~25°C) aCSF at a rate of 2 mL/min. Recordings electrodes were filled with 

an intracellular solution containing (in mM): 145 CsOH, 10 EGTA, 5 NaCl, 1 

MgCl2·6H2O, 10 HEPES, 4 Mg-ATP, 0.4 Na-GTP, 0.4 QX314, 1 CaCl2·2H2O. The 

osmolarity was adjusted to ~285 Osm/L using sucrose and pH was adjusted to ~7.3 

using gluconic acid. Synaptic glutamate currents were recorded at a membrane holding 
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potential of -65 mV and pharmacologically isolated using the GABAA antagonist, 

picrotoxin (100 μM). Data were acquired using a Axopatch 700B amplifier (Molecular 

Devices, Foster City, CA) and were low-pass filtered at 2 kHz. pClamp 10 software 

(Molecular Devises, Foster City, CA) was used for later analysis. BLA principal neurons 

were included based on their electrophysiological characteristics of low access 

resistance (≤ 25 MΩ) and high membrane capacitance (> 100 pF) [23]. Cells in which 

capacitance or access resistance changed ≥ 20% during the recording or that did not 

meet principal neuron criteria were excluded from analysis.  

Optogenetics  

Optogenetic responses were evoked using a 473 nm laser connected to a fiber optic 

cable (Thorlabs, Newton, NJ). The naked end of the cable was placed just above the 

external capsule on the lateral side of the BLA. Five-millisecond laser pulses were used 

to activate Channelrhodopsin found in the AIC terminals. Sweeps were recorded every 

30 sec and light stimulation intensities were submaximal and normalized to elicit 

synaptic responses with amplitudes ~100 pA. In some recordings, 1 μM tetrodotoxin 

(TTX; Tocris) and 20 mM 4-aminopyridine (4-AP; Tocris) were included for more 

stringent isolation of monosynaptic transmission [24,25].  

Paired-Pulse Ratio 

Two 5 msec light stimuli of equal intensity were delivered to the external capsule at an 

inter-stimulus interval of 50 msec. This short interval is traditionally viewed as an 

indicator of presynaptic release probability [26]. The paired-pulse ratio (PPR) was 

conservatively calculated using the evoked EPSC amplitudes as: ([Peak 2 amplitude – 

Peak 1 amplitude]/Peak 1 amplitude). The average paired-pulse ratio was determined 

from a 5-min, 11 sweep recording. 
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Strontium Substitution  

As a measure of input-specific postsynaptic function, a strontium (Sr2+) substitution 

method was used whereby extracellular calcium (2mM) was replaced by strontium (2mM) 

in the bath aCSF. This technique allows for the measurement of asynchronous 

excitatory postsynaptic potentials (aEPSCs) [27], with changes in frequency providing a 

measure of calcium-independent presynaptic function and amplitude providing a 

measure of postsynaptic efficacy. As described previously by our laboratory [10], a 

bipolar stimulating electrode or an optical fiber was placed at the external capsule where 

an electrical or light stimulation was applied every 30 sec. Semi-automated aEPSC 

analysis was conducted on responses starting 50 msec post-stimulation to include 

responses during a 400 msec window. The median inter-event interval time and 

amplitude of individual aEPSC events were extracted using the Mini Analysis Program 

(Synaptosoft, Fort Lee, NJ).   

NMDA Input – Output  

To record NMDA-mediated EPSCs, neurons were voltage-clamped at -60 mV holding 

potential in the presence of low extracellular magnesium (0.2 mM), picrotoxin (100 μM), 

and the AMPA receptor antagonist, 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 μM). 

EPSCs were electrically evoked every 30 sec by brief (0.2 msec) square-wave 

stimulations delivered to the external capsule using concentric bipolar stimulating 

electrodes (FHC, Bowdoinham, ME). Increasing stimulus intensities (10 μA to 200 μA) 

produced graded monosynaptic responses.  

Statistics 

All data are represented as mean ± SEM throughout the text and figures. Primary 

statistical analyses were conducted using Prism 5 (GraphPad, La Jolla, CA). Differences 
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between groups were analyzed using t-tests and one- or two-way ANOVA, depending on 

the experimental design. A value of p < 0.05 was considered statistically significant. 

When significant effects were obtained using ANOVA tests, Bonferroni post hoc 

comparisons between groups were performed.  

 

Results 

Neurons in the AIC make monosynaptic glutamatergic synapses onto principal 

neurons in the BLA 

Using anterograde and retrograde tracing, previous studies have shown that the 

AI sends projections to the BLA [11,14]. Microinjection of Channelrhodopsin-eYFP into 

the AIC (Fig. 1A), encompassing the dorsal and ventral agranular insular areas, resulted 

in dense eYFP fluorescence in the BLA (Fig. 1B). By recording from principal neurons in 

the BLA and optically stimulating ChR2-expressing AIC terminals (Fig. 1C), we were 

able to demonstrate that AIC – BLA synapses are monosynaptic and glutamatergic (Fig. 

1D). Specifically, we established baseline EPSCs and then washed on the sodium 

-evoked EPSC. With the addition 

of the potassium channel inhibitor 4-AP (20 mM), we were able to rescue the light-

evoked EPSCs. On average, the peak amplitude of EPSCs recorded in the presence of 

TTX and 4-AP were 81.38% ± 2.008 of the baseline peak amplitude, demonstrating the 

vast majority of light-evoked responses were monosynaptic. Importantly, addition of the 

AMPA receptor antagonist, DNQX (20 uM), completely abolished the monosynaptic 

light-evoked ESPC, suggesting the responses were glutamatergic.  
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AIC – BLA synapses do not undergo presynaptic changes during withdrawal from 

chronic ethanol exposure    

Several studies from our laboratory have reported a lack of treatment effect on 

glutamatergic inputs arriving at BLA principal neurons via the external capsule using 

electrical stimulation [9,10]. In a recent study using periadolescent rats, we report both 

pre- and post-synaptic alterations in the BLA after 7 days of CIE [9], therefore, we began 

with that exposure duration. To see if this also held true for AIC – BLA synapses, we 

exposed animals to 7 or 10 consecutive days of CIE (Fig. 2A) and recorded PPRs from 

principal neurons in the BLA 24h into withdrawal by optically stimulating AIC terminals 

arriving via the external capsule. Here, we found no difference in PPRs recorded from 

AIC – BLA synapses in AIR (PPR= -0.1936 ± 0.06297, N=15) and 7d CIE/WD (-0.1696 ± 

0.07515, N=15) animals (Fig. 2B; Unpaired t-test, t(28)= 0.2445, p= 0.8087). Next, we 

exposed animals to a longer, 10 day CIE exposure, which is commonly used exposure 

paradigm to produce dependence-like physiological and behavioral alterations 

[9,10,22,28–31]. Again, we found no difference in PPRs recorded from AIC – BLA 

synapses in AIR (PPR= -0.1875 ± 0.05153, N=15) and 10d CIE/WD (PPR= -0.1540 ± 

0.06451, N=15) animals (Fig. 2C; Unpaired t-test, t(28)= 0.4056, p= 0.6881).  

Withdrawal from 10, but not 7, days of CIE increases postsynaptic function at AIC 

– BLA synapses   

By substituting strontium for calcium in the bath aCSF, we measured the 

frequency and amplitude of light-evoked, input-specific, AMPA-mediated aEPSC at AIC 

– BLA synapses 24h into withdrawal after 7 or 10 days of CIE (or air) exposure. After 7 

days of CIE, we found no change in the aEPSC frequency (Fig. 3A1; Unpaired t-test, 

t(16)= 0.9391, p= 0.3616) between AIR (13.61 ± 0.2784msec, N=10) and 7d CIE/WD 
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animals (13.20 ± 0.3373msec, N=8). There was also no change in the aEPSC amplitude 

(Fig. 3A2; Unpaired t-test, t(16)= 1.035, p=0.3159) between AIR (8.679 ± 0.1505pA) and 

7d CIE/WD animals (8.362 ± 0.2881pA, N=8). After 10 days of CIE, we also found no 

change in the aEPSC frequency (Fig. 3B1; Unpaired t-test, t(32)= 1.008, p=0.3211) 

between AIR (13.63 ± 0.2706msec, N=17) and 10d CIE/WD animals (14.11 ± 0.3894, 

N=17). However, there was a significant difference in the aEPSC amplitudes (Fig. 3B2; 

Unpaired t-test, t(32)= 10.94, p< 0.0001) between AIR (8.064 ± 0.1787pA) and 10d 

CIE/WD animals (10.98 ± 0.1978pA) such that animals exposed to CIE had significantly 

larger aEPSC amplitudes than air-exposed control animals. 

Ketamine administration at the onset of withdrawal prevents the CIE/WD-induced 

increase in NMDAR function  

It is well established that NMDA receptors play an integral role in activity-

dependent long-term plasticity, such as LTP and LTD, expressed as changes in AMPA 

receptor-mediated transmission [32]. Also, our laboratory has previously reported that 

NMDARs in the BLA are sensitive to chronic ethanol [33] and withdrawal [28]. However, 

‘local’ stimulation (boundary between the lateral and basolateral amygdala) was used in 

our previous studies, which does not allow for input-specific interpretation. Therefore, we 

sought to examine the effects of chronic ethanol exposure and withdrawal on NMDA-

mediated currents evoked by stimulation of EC – BLA synapses. Additionally, we wanted 

to see if pharmacologically inhibiting NMDARs with ketamine at the onset of withdrawal 

would prevent ethanol withdrawal-induced changes in NMDAR function. The ketamine 

experiments were designed based upon a recent study that found ketamine 

administration at the onset of forced abstinence could prevent the development of 

negative affect and restore synaptic function in the bed nucleus of the stria terminalis 

[34]. Using increasing amounts of electrical stimulation delivered to the external capsule, 
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we recorded NMDAR-mediated EPSCs from BLA principal neurons in AIR and 10d 

CIE/WD animals that received either ketamine (10mg/kg) or saline (Fig. 4A). One-way 

ANOVAs were used to compare the amplitudes across groups for each stimulation 

intensity (Fig. 4B). Significant group differences were revealed at all stimulation 

intensities: 10μA (F(3,42)= 2.854, p= 0.0485), 50μA (F(3,43)= 5.247, p= 0.0036), 100μA 

(F(3,42)= 9.493, p< 0.0001), 150μA (F(1,37)= 15.12, p< 0.0001), 200μA (F(1,38)= 4.463, 

p= 0.0088). Bonferroni’s Multiple Comparison Test indicated the significant differences 

(p< 0.05) between groups are as follows: AIR + Saline vs CIE/WD + Saline (50μA, 

100μA, 150μA, 200μA); CIE/WD + Saline vs CIE/WD + Ketamine (50μA, 100μA, 150μA); 

AIR Ketamine vs CIE/WD + Saline (100μA, 150μA). These results demonstrate that 

NMDAR function at EC -BLA synapses is increased following 24h withdrawal from 10 

days of CIE, and that administration of ketamine at the onset of withdrawal can prevent 

this from occurring (Fig. 4C).  

Ketamine administration at the onset of withdrawal prevents the CIE/WD-induced 

increase in AMPAR function at AIC – BLA synapses  

After findings that ketamine administration could prevent the 10d CIE/WD-

induced increase in NMDAR function at EC – BLA synapses (Fig. 4), we wanted to see 

what the ketamine effects were on the increased postsynaptic AMPAR function we found 

at AIC – BLA synapses (Fig. 3). Using animals injected with ChR2 in the AIC, we 

exposed them to 10 days of CIE (or air) and injected them with saline or ketamine at the 

onset of withdrawal and recorded light-evoked, input-specific aEPSCs from BLA 

principal neurons 24h later (Fig 5A). A two-way ANOVA on median aEPSC frequency 

(Fig. 5A1) revealed no main effect of exposure (AIR vs CIE/WD; F(1,43)= 2.857, p= 

0.0982), no main effect of treatment (Saline vs Ketamine; F(1,43)= 0.2152, p= 0.645), 

and no interaction (F(1,43)= 0.5556, p=0.4601). Interestingly, a two-way ANOVA on 
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median aEPSC amplitude (Fig. 5A2) revealed a significant effect of exposure (F(1,43)= 

33.59, p< 0.0001), a significant main effect of treatment (F(1,43)= 28.19, p< 0.0001), 

and a significant interaction (F(1,43)= 22.53, p<0.0001) for light-evoked aEPSCs. 

Bonferroni posttests indicated a significant (p < 0.001) increase in aEPSC amplitude in 

saline injected CIE/WD animals (12.39 ± 0.6104pA, N=13) as compared to saline 

injected AIR-exposed controls (8.045 ± 0.2845pA, N=10) and a significant difference 

between CIE/WD animals injected with saline and those treated with ketamine (8.245 ± 

0.3132pA, N=12), demonstrating that ketamine prevents the increase in AMPA-mediated 

aEPSC amplitude at AIC – BLA synapses.  

Next, we wanted to determine if our findings with optogenetic stimulation of AIC – 

BLA synapses were generalizable to all EC – BLA inputs by using electrical stimulation. 

A two-way ANOVA on median frequency (Fig. 5B1) revealed no main effect of exposure 

(AIR vs CIE/WD; F(1,49)= 3.091, p= 0.085), no main effect of treatment (Saline vs 

Ketamine; F(1,49)= 0.1321, p= 0.7178), and no interaction (F(1,49)= 0.009626, p= 

0.9222). Similarly to our optical stimulation findings, a two-way ANOVA on median 

amplitude (Fig. 5B2) revealed a main effect of exposure (F(1,49)= 5.008, p= 0.0298), a 

main effect of treatment (F(1,49)= 15.42, p= 0.0003), and a significant interaction 

(F(1,49)= 10.90, p= 0.0018). Bonferroni posttests indicated a significant (p < 0.001) 

increase in the aEPSC amplitude of saline injected CIE/WD animals (11.70 ± 0.6162pA, 

N=12) compared to saline injected AIR-exposed controls (9.033 ± 0.6162pA, N=12) and 

a significant (p < 0.001) difference in median aEPSC amplitude in CIE/WD animals 

injected with ketamine (8.221 ± 0.2875pA, N=16) vs CIE/WD animals injected with saline, 

suggesting that the effect is generalizable as ketamine prevents the increase in aEPSC 

amplitude at EC – BLA synapses as well.  
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Ketamine administration at the onset of withdrawal attenuates withdrawal-induced 

anxiety-like behavior  

The reversal of CIE/WD-dependent postsynaptic facilitation of NMDA and AMPA 

receptor function suggested that ketamine may also have striking effects on withdrawal-

related behaviors.  To examine this, we assessed the effects of ketamine administration 

on anxiety-like behavior on the elevated zero maze 24h into withdrawal following 10 

days of CIE (Fig. 6). A two-way ANOVA of percent time spent in open areas on the EZM 

(Fig. 6A) found no main effect of exposure (AIR vs CIE/WD; F(1,31)= 2.846, p= 0.1016), 

no main effect of treatment (Saline vs Ketamine; F(1,31)= 0.3875, p= 0.5381), but there 

was a significant interaction (Exposure X Treatment; F(1,31)= 16.28, p= 0.0003). 

Bonferroni posttests indicated that CIE/WD animals that received saline (9.556 ± 2.298%) 

spent significantly (p < 0.001) less time in the open areas of the EZM as compared to 

saline injected AIR-exposed control animals (35.91 ± 6.978%). CIE/WD animals injected 

with ketamine (25.27 ± 4.570%) spent significantly (p < 0.05) more time in the open 

areas than CIE/WD animals injected with saline. Surprisingly, AIR animals injected with 

ketamine (14.46 ± 2.496%) spent significantly (p < 0.01) less time in the open areas than 

AIR animals injected with saline. A two-way ANOVA of total distance moved (Fig. 6B) 

found no main effect of exposure (F(1,31)= 1.322, p= 0.2591), no main effect of 

treatment (F(1.31)= 0.09139, p= 0.7644), and no interaction (F(1,31)= 1.569, p= 0.2198), 

indicating that ketamine did not have any significant effects on locomotion. 

 

Discussion  

In this study we examined the effects of chronic ethanol exposure and withdrawal 

on glutamate transmission in the AIC – BLA circuit. Using a combination of optogenetics 
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and electrophysiology, we demonstrate that neurons in the AIC make monosynaptic 

glutamatergic synapses with principal neurons in the BLA (Fig. 1). Following withdrawal 

from 10 days of CIE, AIC – BLA synapses show increased postsynaptic function 

demonstrated by an increase in the amplitude of AMAPR-mediated aEPSCs recorded 

using strontium substitution (Fig. 3). Importantly, a subanesthetic dose of ketamine at 

the onset of withdrawal prevented these changes from occurring in AIC – BLA synapses; 

and this protective effect was generalizable to population data recorded using electrical 

stimulation of EC – BLA projections (Fig. 5). We also found that ketamine prevented 

ethanol-induced changes in NMDA receptor function by using electrical stimulation to 

record an NMDAR-mediated input-output curve for EC – BLA synapses (Fig. 4). Next, 

we examined withdrawal-associated anxiety-like behavior using the EZM and found that 

ketamine prevents the development of this type of negative-affect in CIE/WD animals 

(Fig. 6). Surprisingly, ketamine produced an opposite effect in air-exposed control 

animals, causing an increase in anxiety-like behavior. Neither 7 or 10 days of CIE 

produced presynaptic changes in glutamate release probability from AIC – BLA 

synapses (Fig. 2), and 7 days of CIE was not long enough to produce changes in 

postsynaptic function at these inputs (Fig. 3). Together, these results indicate that the 

AIC – BLA pathway is sensitive to chronic ethanol exposure and demonstrate that 

ketamine is an effective modulator of both glutamate plasticity in the BLA and anxiety-

like behavior.  

The effects of chronic ethanol on the AIC – BLA pathway had not been examined 

prior to this study. However, previous studies demonstrate that both the AIC and the 

BLA are affected by chronic ethanol exposure. For example, chronic ethanol self-

administration in monkeys resulted in greater glutamatergic EPSCs within the AIC as 

compared to the ethanol-naïve group [35]. In the BLA, our laboratory has reported that 
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chronic ethanol exposure produces presynaptic changes at medial stria terminalis inputs 

including an increase in glutamate release probability, synaptic glutamate concentrations 

and glutamate vesicular protein levels as well as a decrease in synaptic glutamate 

failures [31]. Additionally, we’ve reported that chronic ethanol produces postsynaptic 

changes including an increase in ‘local’ NMDAR function [28], and changes at lateral EC 

– BLA inputs including increases in kainate-type glutamate receptors [29] and AMAPAR 

function and trafficking [10]. Our current findings demonstrating that AIC – BLA 

synapses express post- but not presynaptic plasticity are in line with our previously 

published findings that suggest ethanol-induced changes in glutamate plasticity are 

input-dependent. Interestingly, we’ve previously published that postsynaptic changes 

occur following 7 days of CIE exposure, but in the present study we didn’t see an 

increase in postsynaptic function in AIC – BLA synapses until after 10 days of CIE. A 

possible explanation for these findings is that our previous findings were in 

periadolescent animals (P~35) whereas our current recordings were conducted in adult 

animals (P~80). Indeed, others have also reported that adolescent animals are more 

vulnerable to ethanol (reviewed in [36]), highlighting an interesting age-depend change 

in synaptic plasticity. Importantly, some of the chronic ethanol-induced changes 

described in animal models of AUD have been reported in alcohol dependence humans. 

For instance, alcohol dependence leads to electrophysiological, anatomical, radiological, 

and blood flow changes in the brain. Specifically, the insular cortex in alcohol dependent 

subjects had significantly higher atrophy than the control group and cognitive functioning 

was found to be significantly impaired, suggesting alcohol dependence leads to both 

structural and functional changes in the insular cortex [37]. In the amygdala, alcohol 

dependence affects a broad range of genes and many systems including synaptic 

transmission, neurotransmitter transport, structural plasticity, metabolism, energy 

production, transcription and RNA processing, and the circadian cycle [38]. Importantly, 
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there is also increased amygdala and insula reactivity to certain types of emotional 

processing [39], suggesting these regions are important for brain emotion-processing 

and are affected in humans with AUD.   

NMDA receptor-dependent synaptic plasticity, such as long-term potentiation 

(LTP) and long-term depression (LTD), has received much attention given its role in 

learning and memory. The initial expression of this type of plasticity is mediated by a 

redistribution of AMPA-type glutamate receptors and with time, structural changes 

appear which requires the synthesis of new proteins. Strong evidence suggests that 

postsynaptic potentiation is a result of increases in calcium influx via the opening of 

NMDARs, which can activate calcium/calmodulin-dependent kinase II (CamKII). This 

leads to phosphorylation of a number of proteins including AMPARs, which can cause 

an increase in the conductance of the AMPAR channel and the insertion of AMPARs into 

the postsynaptic membrane [40]. In line with this, we have reported that chronic ethanol 

exposure increases CamKII activation and phosphorylation [10], which may explain the 

increases in AMAPR receptor function and expression and suggests that ethanol-

induced plasticity may occur through a similar mechanisms as NMDAR-dependent LTP. 

In the present study, we tested this hypothesis by injecting animals with a subanesthetic 

dose of ketamine at the onset of withdrawal to see if blocking NMDARs at a critical 

timepoint would alter glutamate plasticity in withdrawal. We saw profound effects of 

ketamine on both NMDAR and AMPAR function. Specifically, ketamine blocked the 

ethanol-induced increase in NMDAR function (Fig. 4), which we hypothesize may be 

responsible for the attenuation of the ethanol-induced increase in AMPAR function (Fig. 

5). Additionally, we found that ketamine was able to prevent ethanol withdrawal-induced 

increase in anxiety-like behavior. Our findings parallel those of a recent study that found 

ketamine administered at the onset of forced abstinence from chronic two-bottle choice 
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ethanol drinking prevented abstinence-dependent anxiety on the elevated plus maze 

and restored the capacity for LTP within the bed nucleus of the stria terminalis (BNST) 

which is normally blunted by chronic ethanol [34]. Interestingly, Vranjkovic and 

colleagues report that ketamine administered either two- or 6-days post-abstinence 

failed to prevent these abstinence-induced changes, suggesting the timing of 

administration is critical. This appears consistent with our own findings that increased 

AMPA receptor synaptic function at EC synapses occurs within the first 24h of 

withdrawal from CIE [10]. Notably, ketamine administration in air-exposed control 

animals resulted in a significant increase in anxiety-like behavior (Fig. 6) without altering 

glutamate function in the AIC – BLA or EC – BLA pathway (Fig. 5). This suggests to us 

that the anxiogenic effect of ketamine in control animals is not mediated by changes in 

BLA glutamate transmission. Interestingly, others have also reported anxiogenic effects 

of ketamine [41–43], although these effects are usually at slightly higher doses than 

what we used and sometimes after repeated administration. However, one of these 

studies found that atypical antipsychotic drugs such as clozapine and risperidone 

counteract ketamine-induced alterations in a variety of anxiety-related behaviors [43], 

suggesting that our findings could potentially be explained by ketamine acting on 

serotonin and dopamine systems. Overall, these findings suggest that ketamine may be 

protective against ethanol-induced changes in glutamate synaptic plasticity and negative 

affective disturbances.   

Both clinical and preclinical studies suggest that a subanesthetic-dose of 

ketamine serves as a fast-acting antidepressant (reviewed in [44]). And, the U.S. Food 

and Drug Administration recently approved esketamine, the s-enantiomer of ketamine, 

nasal spray for treatment-resistant depression [45]. However, the efficacy of ketamine in 

the treatment of substance use disorders, including AUD, is less characterized. A recent 
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systematic review of clinical studies found two completed studies focused on AUD, 

which reported improvements in abstinence rates for up to two years following a single 

infusion of ketamine [46]. There are also two ongoing clinical trials evaluating the use of 

ketamine in the treatment of AUD, one looking at ketamine alone and in combination 

with naltrexone for the rapid treatment of MDD and AUD (NCT02461927) and another 

examining ketamine for reduction of alcoholic relapse (NCT02649231). Collectively, 

these studies suggest that ketamine may improve the ability to establish and maintain 

abstinence in AUD.  

In sum, we demonstrate that AIC – BLA synapses express increases in 

postsynaptic AMPA receptor function following withdrawal from 10 days of CIE. We 

hypothesized that this may be a result of increased NMDA receptor function at EC – BLA 

synapses, both of which are blocked by a subanesthetic dose of ketamine administration 

at the onset of ethanol withdrawal. In addition to preventing the ethanol withdrawal-

induced changes in glutamate synaptic plasticity, ketamine was also able to attenuate 

withdrawal-induced anxiety-like behavior. Future studies will focus on established a role 

of AIC – BLA circuit in anxiety-like behavior as well as trying to further elucidate the 

mechanisms by which ketamine produces its effects.  
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Figure 1. The agranular insular cortex sends monosynaptic glutamatergic 

projections to basolateral amygdala principal neurons.  

A, Representative fluorescent image of the agranular insular cortex (AI) injection site 

and B, resulting terminals in the basolateral amygdala (BLA) 4 weeks after injection of 

Channelrhodopsin into the AI. C, Schematic depicting the typical placement of the 

optical fiber and patch electrode for electrophysiology recordings. The optical fiber used 

to deliver 470 nm blue light was placed just outside of the BLA above the lateral external 

capsule (EC) to activate the Channelrhodopsin-expressing terminals entering the BLA 

from the AI. BLA principal neurons were patched with recording electrodes that were 

placed near the stimulating fiber where the YFP-expressing terminals were most dense. 

D, Representative traces of optogenetically-evoked EPSCs recorded from AI – BLA 

synapses at baseline (with picrotoxin, 100μM) and in the presence of tetrodotoxin (TTX, 

1μM), 4-aminopyradine (4-AP, 20mM), and 6,7-dinitroquinoxaline-2,3-dione (DNQX, 

20μM). Blue dashes represent optogenetic stimulation (5msec) with blue light. Scale 

bars= 25pA X 50msec. Acb= nucleus accumbens, AI= agranular insular cortex, BLA= 

basolateral amygdala, CeA= central nucleus of the amygdala, EC= external capsule, 

fmi= anterior forceps of corpus callosum.   
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Figure 2. Withdrawal from chronic ethanol exposure does not alter presynaptic 

glutamate release from insular terminals in the basolateral amygdala.  

A, Experimental timeline depicting the 7- or 10- day chronic intermittent ethanol (CIE) 

exposures. Each day, rats were exposed to 12-hours of ethanol (EtOH) and 12-hours of 

air. All electrophysiology recordings were conducted 24-hours after the last ethanol 

exposure. Control animals were only exposed to air. B1, Optogenetically-evoked 

glutamate paired-pulse ratios (PPRs, 50msec) recorded from AI – BLA synapses after 7 

days of CIE were not different between AIR (N= 15) and CIE/WD (N= 15) animals. C1, 

PPRs recorded from AI – BLA synapses after 10 days of CIE were not different between 

AIR (N= 17) and CIE/WD (N= 17) animals. B2, Representative traces of PPRs recorded 

from AIR (left) and CIE/WD (right) after 7- and C2, 10-days of CIE. Scale bars= 20pA X 

50msec. Unpaired t-test, p > 0.05.   
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Figure 3. Withdrawal from 10, but not 7, days of chronic exposure enhances 

postsynaptic function at agranular insular synapses in the basolateral amygdala.  

A1, The frequency of optogenetically-evoked asynchronous excitatory postsynaptic 

currents (aEPSCs) were similar in AIR (N= 10) and 7d CIE/WD (N= 8) recordings from 

AI – BLA synapses. A2, The amplitude of aEPSC were not different between AIR and 7d 

CIE/WD animals. B1, No change in the frequency of aEPSC recorded from AIR (N= 17) 

and 10d CIE/WD (N= 17) animals. B2, The aEPSC amplitudes were significantly larger in 

10d CIE/WD animals as compared to AIR. A3, Representative aEPSC traces from 7- and 

B3, 10-day CIE animals. + symbol is used to mark example aEPSCs analyzed. Scale 

bars= 30pA X 50msec. Unpaired t-test, ***p < 0.0001.      
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Figure 4. Ketamine administration at the onset of withdrawal prevents ethanol-

induced increase in NMDA receptor function.  

A, Experimental timeline depicting the 10-day CIE exposure and ketamine injection at 

the onset of withdrawal, 24-hours before electrophysiology recordings. B, Significant 

increase in NMDAR function in CIE/WD + Saline (N= 18) group as compared to AIR + 

SAL (N= 14) group across multiple stimulation intensities, which is prevented by 

ketamine administration in the CIE/WD + Ketamine (N= 9) group. No significant effect of 

ketamine on NMDAR function in AIR + Ketamine group (N= 10). C, Representative 

traces of NMDAR-mediated EPSCs recorded from CIE/WD + Saline (left) and CIE/WD + 

Ketmaine (right) EC – BLA synapses using increasing electrical stimulation in the 

presence of low Mg2+. Scale bars= 50pA X 100msec. One-way ANOVA with Bonferroni’s 

Multiple Comparison Test, p < 0.05. *, AIR + Saline vs CIE/WD + Saline; #, CIE/WD + 

Saline vs CIE/WD + Ketamine; &, AIR Ketamine vs CIE/WD + Saline.  
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Figure 5. Ketamine administration at the onset of withdrawal prevents ethanol-

induced increases in AMPA receptor function of optically-stimulated AI – BLA 

synapses and electrically-stimulated EC – BLA synapses.  

A1, No changes in the frequency of asynchronous excitatory postsynaptic currents 

(aEPSCs) recorded 24 hours after a 10-day CIE exposure in the presence of strontium 

from EC – BLA synapses or B1, AI – BLA synapses. A2, Significant increase in the 

aEPSC amplitude in the CIE/WD + Saline (N= 12) group as compared to AIR + Saline 

group (N= 12). This increase is prevented by ketamine administration (10mg/kg, IP) in 

CIE/WD + Ketmaine (N= 16) group. No change in the AIR + Ketamine group (N= 13) for 

responses recorded from EC – BLA synapses and findings are the same for B2, AI – 

BLA synapses. AIR + Saline (N= 10), AIR + Ketamine (N= 12), CIE/WD + Saline (N= 13), 

CIE/WD + Ketamine (N= 12). B3, Representative traces of optogenetically-evoked 

responses from AI – BLA synapses. Scale bars= 30pA X 50msec. Examples of aEPSCs 

analyzed are marked (+). Two-way ANOVA with Bonferroni posttests. ***p < 0.001.     
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Figure 6. Ketamine administration at the onset of withdrawal prevents ethanol 

withdrawal-associated increases in anxiety-like behavior.  

A., Percent time spent in the open areas of the EZM measured 24 hours after 10-days of 

CIE and ketamine administration (10mg/kg, IP). Animals in the CIE/WD + Saline group 

(N= 9) spent significantly less time in the open areas than those in the AIR + Saline 

group (N= 9). Ketamine significantly increased the amount of time animals in the 

CIE/WD + Ketamine group (N= 9) spent in the open areas, but significantly decreased 

the amount of time AIR + Ketamine animals (N= 8) spent in the open areas. B, No 

significant effects of CIE exposure or ketamine treatment on total distance moved. C, 

EZM heat plots representing group data. Two way-ANOVA with Bonferroni posttests. *p 

< 0.05, **p < 0.01, ***p < 0.001. 
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Summary of Findings  

Chronic alcohol-induced alterations in key neural circuits involved in reward, 

emotion, and decision making are hallmarks of alcohol use disorder (AUD) (Koob & 

Volkow, 2010). Structural and functional neuroadaptations in the cortico-striatal-limbic 

circuit can lead to negative affect during alcohol withdrawal, which can promote relapse 

and perpetuate the addiction cycle (Seo & Sinha, 2015). Therefore, it is imperative to 

understand the specific neural circuitry that is altered by chronic alcohol exposure and 

plays a role in withdrawal-related behaviors. The hope is that with a better understanding 

of these maladaptive changes, more effective treatments will emerge, and ultimately, 

relapse will be preventable in patients with AUD.  

The lateral/basolateral amygdala (BLA) has long been identified as a central hub 

for sensory information flow, receiving information about the external environment 

through reciprocal connectivity with regions such as the medial prefrontal cortex (mPFC) 

and agranular insular cortex (AIC), processing it in local amygdalar microcircuits, and 

then transmitting the information to downstream regions in order to produce to 

appropriate behavioral response (Pessoa & Adolphs, 2010). Through these amygdalar 

circuits, the BLA is able to control a wide variety of behaviors including freezing, anxiety, 

feeding, social, reinstatement, and reinforcement (Janak & Tye, 2015). The BLA’s pivotal 

role in these behaviors and the knowledge that many of these are disrupted in AUD, 

suggests that the BLA is a prime candidate for alcohol-induced changes in neural 

plasticity (McCool, Christian, Diaz, & Läck, 2010). For these reasons, the overall goal of 

this thesis project was to understand whether the mPFC and AIC inputs into the BLA 

undergo similar or unique synaptic alterations following withdrawal from chronic ethanol 

exposure and whether they are necessary for the expression of withdrawal-induced 

anxiety-like behavior. Based on our historical laboratory data demonstrating that 
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synaptic changes are input- and duration-specific (Christian, Alexander, Diaz, & Mccool, 

2013; Christian, Alexander, Diaz, Robinson, & McCool, 2012; Morales, McGinnis, 

Robinson, Chappell, & McCool, 2018), we hypothesized that projections from the mPFC 

to the BLA via the stria terminialis (ST) would undergo presynaptic changes first, 

followed by postsynaptic changes at synapses formed by AIC projections to the BLA via 

the external capsule (EC) second, following withdrawal from chronic ethanol exposure.  

 In Chapter 2, we targeted the dorsomedial PFC (dmPFC) and ventromedial PFC 

(vmPFC) using channelrhodopsin (ChR2). This allowed us to stimulate dmPFC – BLA 

and vmPFC – BLA axons using blue light and record optogenetically-evoked glutamate 

and GABA responses from principal neurons in the BLA using whole-cell patch-clamp 

electrophysiology. First, we demonstrated that we were able to get monosynaptic 

glutamatergic excitatory postsynaptic currents (EPSCs) using this method. Next, we 

exposed animals to either 3 or 7 days of chronic intermittent ethanol (CIE) exposure and 

recorded paired-pulse ratios 24 hours into withdrawal. In air-exposed control animals, 

the glutamate release probabilities between dmPFC – BLA and vmPFC – BLA synapses 

were significantly different, such that vmPFC – BLA synapses had a significantly higher 

release probability than dmPFC – BLA synapses. By lowering extracellular calcium 

levels in recordings from air-exposed control animals, we were able to reduce the 

release probability at vmPFC – BLA synapses to levels comparable to what we recorded 

from dmPFC – BLA synapses, without disrupting the release probability of dmPFC – 

BLA synapses, suggesting that the high glutamate release probability of vmPFC 

terminals in the BLA is calcium-dependent. Next, we exposed animals to CIE. We did 

not observe any changes in release probabilities from dmPFC – BLA or vmPFC – BLA 

synapses after 3 days of CIE. However, withdrawal from 7 days of CIE exposure 

significantly changes the glutamate release probabilities at both inputs. Specifically, 
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there was an increase in the glutamate release probability at dmPFC – BLA synapses 

and a decrease in glutamate in release probability at vmPFC – BLA synapses. We have 

previously shown that glutamate transmission in the BLA can regulate withdrawal-

associated anxiety-like behavior (Läck, Diaz, Chappell, DuBois, & Mccool, 2007). 

Therefore, we wanted to see if reducing the glutamate release from dmPFC – BLA 

projections during withdrawal would alter anxiety-like behavior measured on the elevated 

zero maze (EZM). We used inhibitory Gi-coupled Designer Receptor Exclusively 

Activated by Designer Drug (DREADDs) to decrease glutamate release. Before using 

this technique to alter behavior, we wanted to confirm that activation of the Gi-DREADDs 

would reduce glutamate release from dmPFC – BLA synapses. In slices from both air- 

and CIE-exposed animals, bath application of clozapine-N-oxide (CNO), the DREADD 

ligand (Roth, 2016), similarly decreased the glutamate release probability and the 

amplitude of light-evoked EPSCs. Importantly, CNO had no effect on glutamate release 

in animals lacking the Gi-DREADD construct. In order to test if inhibiting the dmPFC – 

BLA projection could alter anxiety-like behavior, we injected Gi-DREADDs into the 

dmPFC and cannulated the BLA to allow for microinjection of CNO. We replicated 

previous findings from our laboratory demonstrating that withdrawal from 7 days of CIE 

increases anxiety-like behavior (Morales et al., 2018), and extended the literature by 

showing that inhibition of glutamate release from dmPFC – BLA projections attenuates 

the increased anxiety-like behavior observed during withdrawal. Importantly, 

microinjection of CNO did not alter anxiety-like behavior in animals lacking the Gi-

DREADD construct. Interestingly, we noticed a trend, although not significant, for CNO 

to increase anxiety-like behavior in air-exposed control animals. In order to examine the 

underlying mechanism that may be responsible for mediating this effect, we recorded 

EPSCs and inhibitory postsynaptic currents (IPSCs) to characterize the EPSC/IPSC (E/I) 

ratio of dmPFC – BLA and vmPFC – BLA synapses. Withdrawal from 7 days of CIE 
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significantly increased the E/I ratio of dmPFC – BLA synapses but significantly 

decreased the E/I ratio of vmPFC – BLA synapses. Further examination revealed that 

the change in E/I ratio of dmPFC – BLA synapses were driven by a reduction in the 

amount of GABA released for a given EPSC. In contrast, the change in E/I ratio of 

vmPFC – BLA synapses was the result of an increase in GABA release. Overall, these 

data highlight that the dmPFC – BLA and vmPFC – BLA circuits are vulnerable to 

ethanol-induced changes in synaptic plasticity and we have identified the dmPFC – BLA 

circuit as an important regulator of anxiety-like behavior.  

 In Chapter 3, we characterized the presynaptic and postsynaptic changes that 

occur at AIC – BLA synapses following withdrawal from 7 or 10 days of CIE, durations 

that were chosen based on previous lab data (Morales et al., 2018). First, we injected 

ChR2 into the anterior AIC and recorded light-evoked EPSCs in BLA principal neurons. 

We were able to evoke monosynaptic glutamatergic EPSCs from AIC – BLA synapses. 

Next, we exposed animals to air or CIE. There were no changes in presynaptic 

glutamate release probability at AIC – BLA synapses following 7 or 10 days of CIE 

exposure, which is consistent with previous findings from our lab that also describe a 

lack of presynaptic effect at EC – BLA synapses (Christian et al., 2012; Morales et al., 

2018). Using strontium substitution, we found no change in the frequency or amplitude of 

asynchronous EPSCs after 7 days of CIE, suggesting a lack of treatment effect at AIC – 

BLA synapses. However, withdrawal from 10 days of CIE exposure significantly 

increased the amplitude, but not frequency, of aEPSCs, suggesting an increase in 

postsynaptic function at AIC – BLA synapses. Since NMDA receptor can mediate 

synaptic plasticity (Lüscher & Malenka, 2012) and local NMDA currents are increased 

following chronic ethanol exposure (Läck et al., 2007), we sought to examine the effects 

of withdrawal from 10 days of CIE on EC – BLA NMDA input-output relationship. We 
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found a significant increase in NMDA-mediated EPSCs during withdrawal from chronic 

ethanol exposure, which was blocked by an injection of ketamine, an NMDA receptor 

antagonist, 24 hours prior. Ketamine injection at the administration of onset also 

prevented the increase in postsynaptic function observed at AIC – BLA synapses 

following withdrawal from 10 days of CIE exposure. Importantly, we found that this effect 

was generalizable to all EC – BLA synapses. A recent study found that a subanesthetic 

dose of ketamine at the onset of forced abstinence from a two-bottle choice paradigm 

could prevent the development of negative affective disturbances during withdrawal 

(Vranjkovic, Winkler, & Winder, 2018). In line with these findings, we found that a single 

subanesthetic dose of ketamine at the onset of withdrawal prevented the increased 

anxiety-like behavior usually expressed during withdrawal from 10 days of CIE. 

Surprisingly, ketamine administration produced an increase in anxiety-like behavior in 

air-exposed control animals. Although we hypothesize these effects are not due to direct 

action on the glutamate system in the BLA since we didn’t observe any synaptic 

changes in AIC – BLA or EC – BLA synapses in air animals that received ketamine. 

Together, these data identified the AIC – BLA projection as a target for ethanol-induced 

changes in synaptic plasticity and suggest that ketamine, possibly through its actions on 

glutamate signaling in the BLA, is effective at preventing the development of anxiety-like 

behavior during ethanol withdrawal.   

 The work presented in this thesis makes significant contributions to the current 

literature. Specifically, we have identified three circuits that are regulated by chronic 

ethanol exposure and withdrawal: dmPFC – BLA, vmPFC – BLA, and AIC – BLA. We 

have also found that the dmPFC – BLA circuit is an important mediator of anxiety-like 

behavior. The original goal of the project was met as we found that dmPFC – BLA 

synapses are strengthened presynaptically, vmPFC – BLA synapses are weakened 
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presynaptically, and AIC – BLA synapses are facilitated postsynaptically by chronic 

ethanol exposure and withdrawal. The significance and implications of these findings are 

discussed below.  

 

Input-Specific and Duration-Dependent Adaptations  

Tract-tracing studies show that afferents enter the BLA through two primary 

pathways: medially through the internal capsule/stria terminalis (ST) from regions such 

as medial PFC, anterior cingulate cortex, hippocampus, thalamus, and somatosensory 

cortex; or laterally through the external capsule (EC) from regions including the insular 

cortex, temporal cortex, occipital cortex, piriform cortex, and entorhinal cortex (LeDoux, 

Farb, & Ruggiero, 1990; Romanski & LeDoux, 1993). Our work (Christian et al., 2013), 

and that of others (Tsvetkov, Shin, & Bolshakov, 2004), have demonstrated that these 

two glutamatergic BLA afferent pathways are anatomically distinct. Given this 

information, our laboratory has focused on identifying the synaptic adaptations that occur 

in the BLA at each of these inputs as a result of chronic ethanol exposure and 

withdrawal. In our first input-specific study, we exposed animals to 10 days of CIE and 

24 hours into withdrawal, we delivered electrical stimulation to the EC – BLA input and 

recorded paired-pulse ratios with 25, 50, and 100 msec interstimulus intervals (Christian 

et al., 2012). We found no effect of chronic intermittent ethanol or withdrawal and 

glutamate release at these synapses. Using strontium substitution, we found an increase 

in the amplitude of aEPSCs at EC – BLA synapses, indicating an increase in 

postsynaptic function. Importantly, there was no change in the aEPSC frequency, again 

demonstrating a lack of presynaptic effect at these synapses. Next, we delivered 

electrical stimulation to the ST – BLA input and recorded paired-pulse ratios (Christian et 
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al., 2013). We found that withdrawal from chronic ethanol exposure significantly 

increased the glutamate release probability at these at ST – BLA synapses, indicating a 

presynaptic change. Together, these studies show that chronic ethanol exposure and 

withdrawal modulate glutamatergic synaptic transmission onto BLA projection neurons in 

an input-dependent manner. Specifically, EC – BLA inputs express an increase in 

postsynaptic function and ST – BLA inputs express an increase in presynaptic function 

following withdrawal from 10 days of CIE exposure (Christian et al., 2013, 2012). 

However, the time-course of these neurophysiological adaptations was unknown. 

Therefore, when I joined the laboratory, we designed a series of experiments to examine 

the time course of ethanol adaptations that occur presynaptically from ST – BLA 

synapses and postsynaptically from EC – BLA synapses by electrically stimulating the 

two afferent pathways and recording from BLA principal neurons 24 hours after 3, 7, or 

10 days of CIE exposure (Morales et al., 2018). Glutamate release probability was 

increased at ST – BLA synapses following withdrawal from all exposure durations, 

indicating that presynaptic changes occur as early as 3 days. Postsynaptic function was 

increased at EC – BLA synapses following withdrawal from 7 and 10 days of CIE, but 

not after 3 days. These findings suggest that postsynaptic changes at EC – BLA 

synapses take longer to develop than presynaptic changes at ST – BLA synapses 

(Morales et al., 2018), indicating that chronic ethanol exposure and withdrawal modulate 

glutamatergic synaptic transmission onto BLA projection neurons in a duration-

dependent manner.   

    The experiments presented in this thesis were based upon our findings that 

ethanol-induced alterations in synaptic function are input-specific and duration-

dependent. Since all our previous data was collected using electrical stimulation, we 

sought to answer the question: “are all synapses created equal?”. Here, we report that 
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dmPFC – BLA and vmPFC – BLA projections, which arrive in the BLA via the ST, 

undergo presynaptic changes and that AIC – BLA projections, which arrive in the BLA 

via the EC, undergo postsynaptic changes. These findings fit with the “input-specific” 

aspect of our previous data. However, the fact that chronic ethanol exposure reduces 

glutamate release from vmPFC – BLA synapses was an unexpected finding as we had 

previously only found increases in presynaptic function at afferents arriving in the BLA 

via the ST. Given the high basal release probability of vmPFC – BLA synapses in air-

exposed control animals and the role of vmPFC – BLA synapses in promoting fear 

extinction (Bloodgood, Sugam, Holmes, & Kash, 2018), the ethanol-induced weakening 

of these inputs into the BLA coupled with the strengthening of the dmPFC – BLA 

pathway, which promotes the acquisition and expression of learned fear (Arruda-

Carvalho & Clem, 2014), may create a permissive environment for the facilitation of 

fear/anxiety during withdrawal. This notion is supported by our behavioral data in 

Chapter 2 demonstrating that inhibition of dmPFC – BLA pathway attenuates anxiety-like 

behavior during withdrawal. Notably, we have also found that projections from the caudal 

extension of the posterior thalamic group (cPO), which arrive in the BLA via the ST 

carrying polymodal sensory information, express presynaptic facilitation following 

withdrawal from chronic ethanol exposure (Morales et al., unpublished data). We also 

found that inhibition of cPO – BLA terminals attenuates anxiety-like behavior during 

withdrawal, which parallels our dmPFC – BLA findings. Still, all three of these afferent 

fibers traveling in the ST undergo presynaptic changes. On the other hand, projections 

from the AIC – BLA express increased postsynaptic function following withdrawal from 

chronic ethanol exposure, which is consistent with our previous findings that afferents 

arriving in the BLA via the EC undergo postsynaptic changes. 
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Another aspect where the present findings in this thesis differ from the previous 

literature is with the “duration-dependent” adaptations. Our previous studies report that 

ST – BLA synapses underwent presynaptic changes following withdrawal from 3, 7 and 

10 days of CIE exposure. However, presynaptic changes in dmPFC – BLA, vmPFC – 

BLA, and cPO – BLA synapses did not occur until 7 days of CIE. Additionally, our 

previous studies found that EC – BLA synapses underwent postsynaptic changes 

following 7 and 10 days of CIE exposure. However, postsynaptic changes in AIC – BLA 

synapses did not occur until 10 days of CIE. The same pre- then postsynaptic change is 

evident but delayed. Since the delayed onset of presynaptic and postsynaptic changes 

are consistent across brain region, one possible explanation for the discrepancy has to 

do with the age of the animals. Most of our previous data were recorded from animals 

that were adolescent (postnatal day 35) whereas the viral injected animals are adults 

(postnatal day 70+). This suggests that the adolescent brain may be uniquely sensitive 

to the neuroadaptations produced by chronic ethanol exposure (Spear, 2000). The 

World Health Organization (WHO) defines an ‘adolescent’ as any person between ages 

10 and 19, and ‘young people’ are between the ages of 10 and 24. In rats, adolescence 

begins around P28 and can last until P55, which is largely based upon sexual maturation 

and age-specific behavior and physiological changes (Spear & Brake, 1983). 

Adolescence is a critical period of brain development and many studies have found that 

a reorganization of the brain occurs during adolescence relating to synapse formation, 

white matter volume, and changes in neurotransmitter systems (Konrad, Firk, & Uhlhaas, 

2013), highlighting the anatomical and physical maturation processes that take place 

during adolescence. This brain development during adolescence makes them 

particularly vulnerable to plasticity changes induced by environmental influences such as 

alcohol use. Results from a cross-sectional survey of 10,123 adolescents ages 13 to 18 

years revealed that by late adolescence, 78.2% of US adolescents had consumed 
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alcohol with 47.1% reaching regular drinking levels (Burstein et al., 2012). This early 

alcohol use has long-lasting consequences. For example, related to those who began 

drinking at 21 years or older, those who began drinking before age 14 years were more 

likely to experience alcohol dependence ever and within 10 years of first drinking, 

demonstrating that early-onset alcohol use is one of the strongest predictors of later 

alcohol dependence (Grant, 1998; Hingson, Heeren, & Winter, 2006). Indeed, there is 

preclinical evidence of lasting behavioral, cognitive, affective, and neural alterations after 

adolescent ethanol exposure (reviewed in (Spear, 2016)). These findings, along with our 

data, demonstrate that there is a time-dependent effect of chronic ethanol exposure that 

is related to age and duration of exposure.   

 

Relationship to Fear Conditioning and Heterosynaptic Plasticity   

In both humans and rodents, learning the relationship between aversive events 

and stimuli in the environment that predict such events is an essential aspect of survival. 

An example of this type of learning is Pavlovian fear conditioning, which is a behavioral 

paradigm in which a neutral cue (the conditioned stimulus, CS), such as a tone or light, 

is paired with an aversive stimulus (the unconditioned stimulus, US), such as a foot 

shock, that elicits an unconditioned fear response (UR), such as freezing. The pairing of 

the CS and US leads the subjects to form an associative memory between the two such 

that when the CS is presented alone, the subject will exhibit a conditioned fear response 

(CR) (Anagnostaras, Sage, & Carmack, 2014). The underlying mechanisms related to 

learning and memory and this conditioning paradigm has been extensively studied with 

the goal of understanding the anatomical, cellular, and molecular bases of fear memory 

formation in the brain. Importantly, neurobiological analysis of fear conditioning provides 
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strong evidence that fear conditioning is dependent upon long-term potentiation (LTP) in 

the amygdala, and the lateral amygdala (LA) in particular (Maren, 2001). Evidence from 

lesion-inactivation, stimulation and recording, pharmacological, synaptic plasticity, and 

human studies all implicate the amygdala as the locus of both the acquisition and 

expression of Pavlovian conditioned fear (reviewed in (J. J. Kim & Jung, 2006)). During 

fear conditioning, information about the CS and US are relayed to the LA from thalamic 

and cortical regions of the auditory and somatosensory systems. Specifically, the CS 

(tone or light) reaches the LA through the medial ST whereas the US (foot shock) is 

relayed to the LA through the lateral EC (Medina, Christopher Repa, Mauk, & LeDoux, 

2002). The convergence of the CS and US pathways in the LA leads to conditioning 

induced plasticity. Namely, neurons in the LA become more responsive to the CS after 

pairings with the US, which has been identified by recordings in awake, behaving 

animals, as well as with in vitro electrophysiological studies (Maren, 2000; Rogan, 

Stäubli, & LeDoux, 1997). The repeated activation of the CS and US pathways during 

fear conditioning is thought to increase the efficacy of the synaptic connection in the 

form of LTP in the LA as this fear learning is rapidly acquired and long-lasting (Sah, 

Westbrook, & Lüthi, 2008). This includes both presynaptic LTP as well as typical 

postsynaptic LTP. With presynaptic LTP, both the induction and maintenance of synaptic 

plasticity are presynaptic. This has best been described in the hippocampus where 

presynaptic LTP at mossy fiber terminals requires a calcium-dependent rise in 

presynaptic cAMP levels leading to activation in PKA and ultimately increased 

neurotransmitter release (Nicoll & Schmitz, 2005). On the other hand, postsynaptic LTP 

is usually NMDAR-dependent and leads to a rise in postsynaptic CamKII, which 

phosphorylates AMPA receptors leading to an increase in conductance and expression 

of AMPAR-mediated synaptic transmission (Malenka & Bear, 2004). The original 

evidence for the hypothesis that LTP in the LA underlies fear conditioning comes from 
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studies demonstrating that NMDAR antagonists block fear conditioning and prevent LTP 

in the amygdala (Maren, 1999). The LTP induced by fear conditioning in the CS pathway 

(ST – BLA) is presynaptic and demonstrated originally by a decrease in paired-pulse 

facilitation (i.e., an increase in presynaptic glutamate release) in fear-conditioned 

animals (McKernan & Shinnick-Gallagher, 1997). On the other hand, the LTP in the US 

pathway (EC – BLA) is postsynaptic and dependent upon postsynaptic depolarization, 

calcium influx, and activation of the NMDA receptor (Huang & Kandel, 1998). 

Interestingly, single-neuron recordings have found that the EC – BLA pathway conditions 

more slowly over trials than the ST – BLA pathway, suggesting that plasticity in the LA 

occurs initially though the ST – BLA pathway (Quirk, Armony, & LeDoux, 1997; Quirk, 

Repa, & LeDoux, 1995).  

A classical hypothesis for explaining how a memory of the CS – US association 

is formed at the cellular level is Hebbian synaptic plasticity. Hebbian plasticity is the idea 

that an increase in synaptic efficacy arises from coincident presynaptic and postsynaptic 

activity (Hebb, 1949). In the context of fear conditioning, the specific hypothesis is as 

follows: presentation of the CS (tone) causes glutamate release from ST – BLA 

synapses onto LA neurons, which binds to AMPARs and NMDARs and creates an 

EPSP. The calcium entry through NMDARs is thought to induce short-term LTP at the 

synapse but for the LTP to be maintained over time, the LA neuron also needs to be 

strongly depolarized by the US through the EC – BLA synapse onto the same LA neuron 

at the same time resulting in activation by both the CS and US (Blair, Schafe, Bauer, 

Rodrigues, & LeDoux, 2001). An alternate hypothesis that has been explored more 

recently is referred to as heterosynaptic plasticity, which relies on activity-independent, 

non-associate processes such that the afferent pathways that are not specifically 

stimulated undergo synaptic changes in addition to those that are specifically stimulated 
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(Humeau, Shaban, Bissière, & Lüthi, 2003). Importantly, it’s been shown that induction 

of LTP in the CS (ST – BLA) and US (EC – BLA) pathways are input specific. In 

particular, the two inputs do not overlap, function independently, and can be reliably 

separated (Tsvetkov et al., 2004). These findings suggest that an enhancement of 

synaptic responses in the unstimulated input is a result of heterosynaptic plasticity. 

Additional studies have examined this phenomenon and have found cooperativity 

between CS and US inputs such that activation of ST – BLA inputs led to persistent 

synaptic potentiation at EC – BLA inputs, even when the delay between activation of the 

two inputs was as long as 30 minutes (Cho et al., 2011; Fonseca, 2013). Together these 

findings provide strong evidence that presynaptic activity patterns of ST – BLA synapses 

contribute to and reinforce synaptic potentiation at EC – BLA synapses, and that this 

integration in the amygdala can occur within large time windows. Notably, much of the 

discussion here has revolved around the LA and auditory fear conditioning, but it’s 

important to note that the BLA is also involved in fear conditioning. For example, 

pretraining inactivation of the BLA impairs conditioning to context, demonstrating its 

importance to the context-US association (Calandreau, Desmedt, Decorte, & Jaffard, 

2005). 

Similar to how changes in long-term synaptic plasticity underlie fear conditioning, 

long-term changes in synaptic function underlie alcohol dependence (McCool et al., 

2010). Ethanol-induced changes in synaptic function are thought to underlie many of 

chronic alcohol’s maladaptive effects including excessive drinking, emotional 

dysregulation, and relapse (Lovinger & Roberto, 2013). Several similarities exist 

between our findings of ethanol-induced changes in plasticity in the BLA and those 

associated with fear learning. First, we find both presynaptic facilitation (dmPFC – BLA, 

cPO – BLA) and postsynaptic potentiation (AIC – BLA) following chronic ethanol 
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exposure and withdrawal which is similar to the pre- and postsynaptic LTP produced in 

the amygdala during fear conditioning. Additionally, the mechanisms related to the 

synaptic changes we report are similar to those in fear conditioning. For example, we 

find that ethanol-induced presynaptic plasticity is regulated by calcium (vmPFC – BLA) 

and the postsynaptic effects involved AMPA/NMDA receptors (AIC – BLA). Also, the 

ethanol-induced synaptic changes also demonstrate input-specificity. Specifically, 

projections arriving via the ST undergo presynaptic changes (mPFC – BLA, cPO – BLA) 

and projection arriving via the EC undergo postsynaptic changes and do not express 

alterations in presynaptic function (AIC – BLA). Lastly, we find a timing-dependent 

change in ethanol-induced plasticity such that presynaptic changes at ST inputs (mPFC 

– BLA, cPO – BLA) undergo presynaptic changes earlier in an exposure (after 7 days of 

CIE), whereas we did not observe postsynaptic changes at EC inputs (AIC – BLA) until 

after 10 days of CIE. This relates to the heterosynaptic plasticity of fear conditioning LTP 

where increased synaptic efficacy of CS/ST – BLA inputs occurred before and 

contributed to the development of LTP at US/EC – BLA inputs. These data suggest that 

BLA principal neurons are activated by chronic ethanol exposure and withdrawal in a 

manner that is similar to fear conditioning. Based on the similarities between fear 

conditioning LTP and ethanol-induced changes in plasticity, it seems reasonable to 

hypothesize that increases in presynaptic function of ST – BLA synapses may, in fact, 

lead to, and be necessary for, the formation of postsynaptic potentiation at EC – BLA 

synapses following chronic ethanol exposure and withdrawal.   

Indeed, ethanol-induced changes in synaptic plasticity occurs in many other brain 

regions that are relevant for dependence related behaviors including the hippocampus, 

BNST, striatum, VTA, NAc, and mPFC (reviewed in (Lovinger & Kash, 2015; Lüscher & 

Malenka, 2011; McCool, 2011; Vengeliene, Bilbao, Molander, & Spanagel, 2009). 
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Additionally, changes in synaptic plasticity are seen in response to other drugs of abuse 

such as cocaine’s effects on the dopamine system (reviewed in (Kauer & Malenka, 

2007)). In all cases, the neuroadaptations produced by single or repetitive exposures 

affect neural circuits long after the substance is out of the brain and contribute to the 

maintenance of the pathological condition.  

 

Implications for Posttraumatic Stress Disorder  

Posttraumatic stress disorder (PTSD) is an anxiety disorder that some people 

develop after experience or witnessing a life-threatening event such as combat, a natural 

disaster, a car accident, or an assault. In the DSM-5, PTSD is included in a new 

category of “Trauma- and Stressor-Related Disorders”. The criteria that are required for 

the diagnosis of PTSD include exposure to a stressor, intrusion symptoms (i.e., 

persistently re-experiencing traumatic event in nightmares or flashbacks), avoidance of 

trauma-related stimuli, negative thoughts or feelings, and alterations in arousal and 

reactivity that last for more than 1 month and create distress or functional impairments 

(American Psychiatric Association, 2013). There is a significant relationship between at-

risk/heavy drinking and traumatic events including life-threatening accidents, witnessing 

severe injury, rape, and being the victim of serious physical assault (McFarlane, 1998). 

The comorbidity between AUD and PTSD is high, with rates ranging from 30% to 59% of 

adults with AUD meeting the current criteria for PTSD (Blanco et al., 2013; Neupane, 

Bramness, & Lien, 2017). Due to this high comorbidity and the difficulty in treating these 

patients (Petrakis & Simpson, 2017), the NIAAA and Cohen Veterans Bioscience 

announced a request for funding in 2017 relating to alcohol-PTSD comorbidity and 

preclinical studies of models and mechanisms. 
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Patients with PTSD show reduced activation of the vmPFC and anterior cingulate 

cortex and a hyperresponsive amygdala and insula in response to fearful stimuli (Etkin & 

Wager, 2007). All these regions are part of the neural circuitry that regulates emotion 

including anxiety and fear and alterations in their function can lead to maladaptive 

behavior (Heimer & Van Hoesen, 2006). There is strong evidence that patients with 

PTSD demonstrate greater fear potentiation and have deficits in the extinction of learned 

responses (Blechert, Michael, Vriends, Margraf, & Wilhelm, 2007; Jovanovic et al., 2009; 

Milad et al., 2008; Wessa & Flor, 2007). Preclinically, Pavlovian fear conditioning is often 

used as a model for understanding the underlying mechanisms of pathological fear 

responses, such as those that occur with PTSD (Mahan & Ressler, 2012). Findings from 

both animal models and human neuroimaging studies suggest that maladaptive 

alterations in synaptic plasticity are one of the underlying mechanisms of PTSD (Lanius, 

Bluhm, Lanius, & Pain, 2006; Pape & Pare, 2010). Specifically, fear conditioning reduces 

GABAergic signaling in the BLA (Rea, Lang, & Finn, 2009), similar to the decrease we 

see in the BLA following chronic ethanol exposure and withdrawal (Diaz, Christian, 

Anderson, & Mccool, 2011). Additionally, CIE impairs fear extinction possibly by 

remodeling mPFC neurons and disrupting NMDAR-mediated fear extinction encoding 

(Holmes et al., 2012). Our findings provide a possible explanation for this as we report 

that withdrawal from CIE reduces glutamate release from vmPFC – BLA synapses, and 

this pathway is necessary for fear extinction learning (Bloodgood et al., 2018). 

Additionally, withdrawal from CIE increases glutamate release from dmPFC – BLA 

synapses. Together, these are significant findings when view in the context of fear 

conditioning and PTSD because dmPFC – BLA inputs are involved in the acquisition and 

expression of conditioned fear (Arruda-Carvalho & Clem, 2014; Do-Monte, Quiñones-

Laracuente, & Quirk, 2015) and vmPFC – BLA inputs are required for fear extinction 

(Bloodgood et al., 2018; Do-Monte, Manzano-Nieves, Quiñones-Laracuente, Ramos-



145 

 

Medina, & Quirk, 2015). This means that chronic ethanol exposure and withdrawal is 

strengthening the neural circuit involved in promoting fear and weakening the neural 

circuit involved in inhibiting fear. Additionally, a recent study found that the insular cortex 

is involved in fear modulation (Kamada & Hata, 2018), suggesting that the ethanol-

induced increase in postsynaptic function we see at AIC – BLA synapses may also play 

a role in fear conditioning and/or PTSD. Together, these findings suggest that ethanol-

induced long-term changes synaptic plasticity in the BLA may contribute to PTSD, in 

addition to withdrawal-induced anxiety-like behavior, which we have already 

demonstrated is regulated by glutamate release in the dmPFC – BLA circuit.   

 

Role of These Circuits in Other Dependence-Related Behaviors  

We’ve previously reported that withdrawal from all exposure durations (3, 7, and 

10 days) of CIE increase anxiety-like behavior (Morales et al., 2018). In the present 

study, we demonstrate that the dmPFC – BLA circuit is involved in anxiety-like behavior. 

Specifically, inhibition of glutamate release during withdrawal attenuated the increased 

anxiety-like behavior we usually see during withdrawal from chronic ethanol exposure. 

However, due to technical limitations, we did not get to directly examine the role of 

vmPFC – BLA or AIC – BLA circuits in mediating withdrawal-induced anxiety. In humans, 

the vmPFC is critical for the regulation of the amygdala (Motzkin, Philippi, Wolf, Baskaya, 

& Koenigs, 2015), and patients with generalized anxiety disorder have reduced vmPFC 

activation (Via et al., 2018). In rodent models, inhibition of vmPFC – BLA prevents fear 

extinction (Bloodgood, Sugam, Holmes, & Kash, 2017; Do-Monte, Manzano-Nieves, et 

al., 2015). We report that withdrawal from CIE reduces glutamate release at vmPFC – 

BLA synapses, therefore I hypothesize that activation and restoration of vmPFC – BLA 
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glutamate transmission would reduce withdrawal-induced anxiety-like behavior. 

Moreover, increased amygdala and insula activation are seen during emotional 

processing in anxiety-prone subjects (Stein et al., 2007) and pharmacological 

inactivation of the insula induced anxiolytic effects in rats (Méndez-Ruette et al., 2019). 

Although we don’t see an increase in presynaptic activity, we do see facilitation of 

postsynaptic function at AIC – BLA synapses so I would hypothesize that decrease 

glutamate release onto those BLA neurons would reduce withdrawal-induced anxiety-

like behavior. 

       Another psychiatric disorder that is prevalent in AUD is depression, with 

20.5% of individuals with AUD also having a diagnosis for major depressive disorder 

(MDD) (Tseng, Ganz, Mitton, & Tsuang, 2017). In the BLA of postmortem tissue, 

patients with MDD had larger LA and a greater number of total BLA neurovascular cells 

(e.g., pericyte and endothelial) than controls (Rubinow et al., 2016). It’s possible that a 

greater number of neurovascular cells in depressed subjects may be related to 

increased amygdala activity in depression. Also, CIE exposure results in depressive-like 

behaviors in rodents (Varlinskaya, Kim, & Spear, 2017; Walker et al., 2010). Recently, 

deep brain stimulation (DBS) of the vmPFC has been used as a treatment for 

depression and it’s been shown to reverse depression-induced cortical functional deficits 

and alleviates symptoms in treatment-resistant depressed patients (Mayberg et al., 

2005). The direct role of dmPFC – BLA and vmPFC – BLA in depression have not been 

measured but there is evidence in rodent studies that optogenetic stimulation of the 

vmPFC exerts potent antidepressant-like effects (Covington et al., 2010). Therefore, I 

would hypothesize that similar to anxiety, activation of vmPFC – BLA projections would 

have antidepressant-like effects. Based on the role of dmPFC – BLA in withdrawal 

anxiety and promotion of fear behaviors (Arruda-Carvalho & Clem, 2014; Do-Monte, 
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Manzano-Nieves, et al., 2015), I would hypothesize that dmPFC – BLA projections 

promote depressive-like behaviors as well. Additionally, the insula shows greater activity 

in patients with major depressive disorder, and regulating insular activity by decreasing 

its activation has shown positive results (Sliz & Hayley, 2012). Based on these findings, I 

believe that inhibition of the AIC – BLA projection would decrease depressive-like 

behaviors in rats during withdrawal.        

 Lastly, AUD is characterized by compulsive alcohol use and loss of control over 

intake. We’ve shown that withdrawal from CIE increases ethanol-intake (Morales, 

McGinnis, & McCool, 2015) and others have found that inactivation of the BLA 

attenuates alcohol-seeking (Chaudhri, Woods, Sahuque, Gill, & Janak, 2013). Also, a 

recent study demonstrated that chemogenetic inhibition of neuropeptide Y neurons in 

the dmPFC – BLA projection blunts binge-like ethanol drinking (Robinson et al., 2019). 

Similarly, photoinhibition of dmPFC – NAc projection reduced alcohol intake (Seif et al., 

2013). Based on this, it’s likely that chemogenetic inhibition of glutamate projections 

from dmPFC – BLA would also decrease ethanol drinking during withdrawal. Based on 

the established dichotomy between dmPFC and vmPFC, it’s reasonable to hypothesize 

that vmPFC – BLA projections would negatively regulate ethanol-drinking behaviors. 

Furthermore, disrupting perineuronal nets in the insula make mice more sensitive to 

quinine-adulterated alcohol, suggesting the insula regulates aversion-resistant alcohol 

drinking (Chen & Lasek, 2018). And, chemogenetic silencing of projections from the 

insular cortex to the NAc decreased alcohol self-administration (Jaramillo, Van Voorhies, 

Randall, & Besheer, 2018). These findings highlight the role of the AIC in ethanol 

drinking and make a case for the projection from AIC – BLA to potential meditate ethanol 

drinking as well, especially after a dependence-inducing CIE exposure.     
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Ketamine’s Effect on Ethanol-Induced Synaptic Plasticity  

 Ketamine acts as a non-competitive NMDAR antagonist, binding to an allosteric 

site distinct from the glutamate-binding site near the channel pore (Ebert, Mikkelsen, 

Thorkildsen, & Borgbjerg, 1997). Ketamine is a racemic mixture of two enantiomers: S-

(+)-ketamine and R-(-)-ketamine; and the S-enantiomer binds to the NDMAR with ~5-8 

times the affinity of the R-enantiomer (Ebert et al., 1997). Interestingly, preclinical 

studies find that R-ketamine is a more potent antidepressant, suggesting that ketamine’s 

action as a rapid antidepressant may not be fully explained by its action at NMDA 

receptors (Chaki, 2018). Depression is often viewed as a disruption of synapse number 

and function. Postmortem studies have found a reduced number of synapses in the PFC 

of patients with MDD (Kang et al., 2012) and preclinical studies note that depression is 

associated with reduced size of brain regions including the PFC and hippocampus, and 

a decrease in spine synaptic number and function (Duman & Aghajanian, 2012; Liu & 

Aghajanian, 2008). Ketamine is referred to as a “rapid antidepressant” because within 

hours of administration, ketamine produces rapid and sustained antidepressant actions 

in patients with treatment-resistant depression (Zanos et al., 2016) by reversing synaptic 

deficits (Li et al., 2011). Typically ketamine doses < 50 mg/kg, IP are considered 

“subanesthetic” and smaller ketamine doses < 30 mg/kg, IP are what’s more commonly 

used in animal models as they are not neurotoxic (Olney, Newcomer, & Farber, 1999). 

Interestingly, the mechanism(s) underlying ketamine’s antidepressant effects remain 

unclear. A prevailing hypothesis of ketamine’s unique antidepressant effects is that 

ketamine binds to and inhibits NMDA receptors on GABAergic interneurons. Through 

disinhibition, this causes a burst of glutamate that leads to stimulation of AMPA 

receptors, depolarization, and activation of voltage-dependent calcium channels. 

Calcium signaling can then lead to the release of BDNF and stimulation of TrkB and Akt, 
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which activates mTORC1 signaling and ultimately increase synthesis of proteins that are 

important for synapse maturation and formation (Duman, Aghajanian, Sanacora, & 

Krystal, 2016). However, this NMDA hypothesis is only one possible mechanism of 

action and does not account for all of ketamine’s effects. For instance, MK-801, which is 

also a non-selective NMDA antagonist, failed to produce sustained antidepressant 

effects (Maeng et al., 2008), suggesting an NMDAR-independent mechanism. Ketamine 

has a variety of other neuropharmacological actions that could contribute to its 

antidepressant effects including channel effects (HCN1, nACh, L-type Ca), 

neuromodulation effects (glutamate, noradrenaline, dopamine, Ach), gene expression 

(immediate early genes, GFAP, RGS4), and cellular effects (synaptic homeostasis, 

apoptosis) (for more details see (Sleigh, Harvey, Voss, & Denny, 2014)). Additionally, 

recent evidence suggests that ketamine’s metabolites, norketamine, 

dehydronorketamine, hydroxyketamine, and hydroxynorketamine (HNK), may have 

antidepressant efficacy of their own (Zanos et al., 2018).   

 In our experiments, a single subanesthetic dose of ketamine at the onset of 

withdrawal prevented ethanol-induced increases in both NMDAR- and AMPAR-mediated 

synaptic currents with electrical stimulation of EC – BLA inputs and AMPAR-mediated 

synaptic currents with optogenetic stimulation of AIC – BLA inputs. Additionally, 

ketamine prevented withdrawal-induced anxiety-like behavior. Our findings parallel a 

recent study that reported ketamine prevents the development of ethanol dependent 

affective disturbances, possibly by restoring plasticity within the BNST, but only when 

ketamine administration occurred at the onset of abstinence (Vranjkovic et al., 2018). 

Initially, our findings may seem to contradict those reported in the literature which state 

that ketamine alters synaptic plasticity, leading to sustained strengthening of excitatory 

synapses (Zanos & Gould, 2018). In our experiments, ketamine also alters synaptic 
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plasticity, but in a way that leads to sustained weakening of excitatory synapses. In both 

cases, ketamine is altering synapses plasticity in a way that returns the system to 

homeostasis. For example, chronic stress and depression decrease synaptogenesis, 

while ketamine administration increases synaptogenesis (Gerhard, Wohleb, & Duman, 

2016). Similarly, withdrawal from chronic ethanol exposure produces a hyperexcitable 

state (Rao, Bell, Engleman, & Sari, 2015), and we demonstrate that ketamine reverses 

that. Therefore, instead of viewing ketamine’s actions as a decrease or increase in 

synaptic efficacy, ketamine’s actions can be viewed as restoring homeostatic synaptic 

plasticity. In support of this, ketamine administration has been shown to produce dose-

dependent and brain-region specific effects on proteins involved in neuroplasticity in 

brain regions such as the mPFC, hippocampus, amygdala (M. Zhang et al., 2019). In 

humans, low-dose ketamine in MDD results in increased blood flow and glucose 

metabolism in the PFC, but a decreased BOLD signal in the amygdala (Murrough, 2012). 

Consist with these findings, a meta-analytic study of changes in brain activation in 

depression found that the frontal and temporal cortices, as well as the insula and 

cerebellum, were hypoactive in depressed subjects but opposite changes were found in 

subcortical and limbic regions such as the amygdala, which showed increased activation 

(Fitzgerald, Laird, Maller, & Daskalakis, 2008). Together, these studies suggest that 

depression results in decreased activation and synaptic function in cortical regions, but 

increased activation and synaptic function in subcortical/limbic regions in patients with 

MDD. This supports the idea that the antidepressant effects of subanesthetic ketamine 

are produced by LTP in cortical regions and LTD in subcortical regions such as the 

amygdala and hippocampus, resorting overall homeostasis.   

 Our findings are in line with this as we report that a subanesthetic dose of 

ketamine prevents ethanol-induced “chemical LTP” in the BLA. Although the exact 
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mechanisms by which ketamine exerts these effects are unknown, some studies have 

provided possible explanations. For example, a subanesthetic dose of ketamine induced 

synaptic depression at hippocampal synapses, which was blocked by systemic injection 

of the AMPAR endocytosis interfering peptide, Tat-GluR23γ, 1 hour before ketamine 

(Duan et al., 2013). This suggests that ketamine-induced synaptic depression requires 

endocytosis of postsynaptic AMPARs. Additionally, LTP in the NAc is impaired 1 day 

after injection of ketamine, or its metabolite HNK, an effect that was found to last at least 

7 days (Yao, Skiteva, Zhang, Svenningsson, & Chergui, 2018). They also found that 

ketamine blunted the increase in the phosphorylation of the GluA1 subunit of the 

AMPAR at the Ser831 site induced by an LTP induction protocol. These findings 

demonstrate that a single injection of ketamine induces enduring alterations in the 

function of AMPARs and synaptic plasticity. Interestingly, we’ve previously reported that 

chronic ethanol increases AMPAR surface expression and phosphorylation of the GluA1 

Ser831 site (Christian et al., 2012). Together, these findings suggest that ketamine may 

be preventing ethanol-induced increases in AMPAR-mediated synaptic transmission by 

preventing phosphorylation of AMPARs and promoting AMPAR endocytosis. Although 

AMPARs have been shown to rapidly internalize, NMDA receptors are reported to be 

more static. Interestingly, we found that ketamine administration prevents ethanol-

induced increase in NMDAR-mediated function. Indeed, others have also reported 

ketamine-inhibition of NMDAR-mediated transmission, and in one study, the inhibition of 

NMDA EPSCs was still evident 6 hours after ketamine had been washed out (Jin et al., 

2013), demonstrating that ketamine can produce long lasting blocking effects on 

NMDARs. One potential explanation for ketamine’s inhibition of both NMDAR and 

AMPAR function is glycogen synthase kinase 3 (GSK-3). GSK-3 is a serine/threonine 

protein kinase that has been shown to regulate AMPA and NMDA receptor 

internalization. Specifically, low levels of GSK-3 facilitates internalization of AMPA and 
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NMDA receptors through clathrin-mediated endocytosis (Wildburger & Laezza, 2012). 

Interestingly, a subanesthetic dose of ketamine rapidly inhibits GSK-3 and this inhibition 

reduced depression-like behavior in a learned helplessness model (Beurel, Song, & 

Jope, 2011). These findings suggest that ketamine administration may promote NMDA 

and AMPA receptor endocytosis in the by inhibiting GSK-3, a potential explanation for 

our findings.      

These proposed mechanisms of ketamine are further supported by the timing 

dependent effects of our previous findings, which the present studies were based upon. 

Specifically, NMDAR-mediated currents evoked locally in the BLA are increased both 

during CIE exposure (intoxicated animals) and during withdrawal (Läck et al., 2007). 

AMPAR-mediated currents are not increased during CIE but are increased 24 hours into 

withdrawal (Christian et al., 2012). This suggests that the persistent increase in NMDAR 

function during CIE and withdrawal may lead to the increase in AMPAR function during 

withdrawal, based on principals of NMDAR-dependent synaptic plasticity (Lüscher & 

Malenka, 2012). For this reason, we chose to administer ketamine at the onset of 

withdrawal, before we see an increase in AMPAR function, which successfully prevented 

the ethanol withdrawal-induced increase in AMAPR-mediated current. Future research is 

needed to uncover the molecular mechanisms underlying the therapeutic effects of 

ketamine.      

 

Anatomical Distribution of Neurons in the BLA 

The BLA contributes to both reward and aversion related behaviors and there 

has been much debate about the way that positive and negative valence is encoded by 

individual neurons in this region. In general, there are two theories- aversive and 
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appetitive information is processed in parallel BLA circuits, or individual BLA neurons are 

involved in the regulation of both types of behaviors (Correia & Goosens, 2016). 

Additionally, there is controversy about the anatomical organization of these 

neurons/circuits within the BLA and whether they are intermingled throughout the BLA or 

show anatomical segregation. The most common ways that studies trying to answer 

these questions define subpopulations of neurons in the BLA are based on function 

(activity-tagged), genetic, and anatomical (projection target) criteria (Namburi, Al-Hasani, 

Calhoon, Bruchas, & Tye, 2016). For example, two genetically defined populations of 

BLA neurons were found to be topographically segregated populations of BLA neurons 

that mediate valence (Kim, Pignatelli, Xu, Itohara, & Tonegawa, 2016). Specifically, they 

report that Rspo2+ BLA neurons located anteriorly are activated by stimuli that elicit 

negative behaviors, and Ppp1r1b+ BLA neurons located posteriorly are activated by 

stimuli that elicit positive behaviors. These findings are not necessarily surprising as the 

anterior (BLa) and posterior (BLp) parts of the BLA have unique connectivity and 

function. For example, both the BLa and BLp send monosynaptic glutamatergic inputs to 

the hippocampus, but BLa inputs induce anxiety and social deficits whereas BLp inputs 

mediate spatial memory (Yang & Wang, 2017). Conversely, two populations of 

amygdala neurons have been identified using electrophysiology as either positive value-

encoding or negative value-encoding (W. Zhang et al., 2013). Although these neural 

populations were distinct based on function, they were found to be intermingled 

throughout the amygdala. In support of this, examination of projection-defined BLA 

neurons projecting to the NAc, CeA, or vHPC and positive and negative valence-

encoding BLA neurons were found to be intermingled throughout the BLA, although 

topographical gradients were reported (Beyeler et al., 2018). Based on the available 

evidence, it’s reasonable to hypothesize that the encoding of positive or negative 

valence by BLA neurons is determined by the wiring of each neuron (Correia & Goosens, 
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2016; Tye, 2018). For instance, a higher proportion of BLA – NAc neurons were excited 

by reward, and a higher proportion of BLA – CeA neurons excited by aversion than what 

was found within the entire BLA (Beyeler et al., 2016). This makes sense as the NAc in 

an essential part of the reward circuit whereas the CeA plays a role in pain and fear. 

This type of organization is true not only for BLA outputs but also for inputs to the BLA. 

For example, PFC inputs to the BLA are much stronger at PFC and vHPC projecting 

BLA neurons than that NAc projection BLA neurons (McGarry & Carter, 2017). 

Specifically, the differential synaptic strength was found to reflect the number of 

connections, with fewer connections onto amygdala striatal neurons. The selective 

activation of these BLA circuits can guide different types of behaviors. This is true for 

insular inputs to the amygdala as well. Specifically, insular cortex projections to the BLA 

are involved in the processing of sweet tastants, whereas insular cortex projections to 

the CeA regulate bitter tastants, demonstrating separable anatomical connectivity based 

on dissociable function (Wang et al., 2018).  

These types of questions are relevant to our studies because we are examining 

alterations in synaptic plasticity in neurons that receive defined projections from the 

mPFC and AIC. It’s a particularly interesting question because across all our 

experiments with electrical and optogenetic recordings, we see similar ethanol-induced 

alterations suggesting that chronic ethanol exposure and withdrawal may produce the 

same effect regardless of anatomical location or function of individual neurons. Certainly, 

each brain region has its own defined pattern of termination in the BLA. Evidence from 

our immunohistochemical analysis of fluorescence demonstrated that the dmPFC and 

vmPFC terminals project exclusively to the anterior part of the BLA, with almost no 

terminals in the LA or BLp, and this was true across the rostral-caudal axis of the 

amygdala. The AIC tends to project to both the LA and BLA, but the projections to the 
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BLA are denser and tend to terminate preferentially in rostral levels of the amygdala. 

When doing our recordings, we noted the level of the BLA along the rostral-caudal axis. 

Post hoc evaluation of our electrophysiology recordings did not reveal any differences in 

the ethanol-induced changes in pre- or postsynaptic function across the rostral-caudal 

axis. Although these findings were preliminary and only consisted of a coupled of cells in 

each group, it suggests that ethanol-induced changes in synaptic plasticity are likely 

consistent for each afferent.     

 

Limitations and Future Directions   

 In the present studies, only male rats were used. This could be considered a 

weakness since we did not include sex as a biological variable in our research. Of the 14 

million Americans with AUD in 2017, 9 million of them were male and 5 million of them 

were female (SAMHSA, 2018), demonstrating that roughly 35% of those with AUD are 

women. Also, women’s drinking patterns are different from men’s, and women typically 

start to have alcohol-related problems at lower drinking levels than men. In previous 

studies, we have included both males and females and we found differences in drinking 

behavior such that females drank more ethanol than males at baseline, but only males 

increased their consumption after CIE exposure (Morales et al., 2015). We also report 

that although both males and females ultimately display the same ethanol-induced 

changes in synaptic plasticity, females require longer ethanol exposures compared to 

males (Morales et al., 2018). However, increased anxiety-like behavior is present in both 

males and females after all durations of CIE (Morales et al., 2015, 2018). These studies 

establish that males and females differ in some ethanol-related behaviors and synaptic 

physiology and indicates that sex should be considered an independent factor in our 
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studies. Future studies should use females to examine the effects of chronic ethanol 

exposure and withdrawal on dmPFC – BLA, vmPFC – BLA, and AIC – BLA synapses, 

the ability of dmPFC – BLA to regulate withdrawal anxiety, and the effects of a 

subanesthetic dose of ketamine so that we could compare to our current findings in 

males.  

 The fact that it takes ~4 weeks for the virus to express is a limitation of the 

current experiments because it does not allow us to study animals at different stages of 

development (e.g., periadolescent). Even if we ordered animals in right after weaning, 

they would still be nearing adulthood by the time the virus expressed and they went 

through the exposure paradigm. A common finding in our current studies was that both 

the pre- and postsynaptic ethanol-induced alterations were delayed. In our previously 

published studies, we reported presynaptic changes at ST – BLA inputs after 3 days of 

CIE and postsynaptic changes at EC – BLA inputs after 7 days (Morales et al., 2018). 

However, the present findings don’t show presynaptic changes at mPFC – BLA inputs 

until 7 days of CIE and it takes 10 days of CIE to see postsynaptic changes at AIC – 

BLA inputs. Since the eventual synaptic changes are consistent with input-specificity, it 

led us to hypothesize that it might have to do with the age of the animals. Indeed, others 

have also shown that adolescents are specifically vulnerable to the effects of chronic 

ethanol (Saalfield & Spear, 2015). Therefore, it would be an interesting future direction to 

be able to examine inputs from mPFC and AIC to BLA during different development 

phases, but based on time constraints, it is not possible. One study that used 

optogenetics to examine the development of prefrontal-amygdala synapses used AAV 

serotype 1 and they report terminal expression in the BLA only 7 days after mPFC 

injection (Arruda-Carvalho et al., 2017). This could be a potential mechanism for future 

studies.  
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 We identified the dmPFC – BLA pathway as an important regular of anxiety-like 

behavior during withdrawal. However, due to unexpected effects of the Gq-coupled 

DREADD (decreased rather than increased glutamate release), we were not able to 

examine the role of the vmPFC – BLA pathway in anxiety-like behavior. One of the 

possible explanations for this effect has to do with the high baseline release probability 

at vmPFC – BLA synapses. Since Gq signaling is thought to activate neurons by 

increasing intracellular calcium (Thompson et al., 2018) and we demonstrated that 

glutamate release from vmPFC – BLA synapses is dependent on calcium, release could 

have been inhibited by feedback mechanisms such as metabotropic glutamate receptors 

when calcium levels were further stimulated by Gq-DREADD activation (Millán, Luján, 

Shigemoto, & Sánchez-Prieto, 2002). A possible next step would be to try the Gs-

coupled DREADD construct, which is thought to activate neurons by increasing cAMP. 

Unfortunately, the Gs-DREADD construct is only commercially available with a GFAP 

promoter currently, which is astrocyte-specific. An alternate approach would be to use in 

vivo optogenetics, an approach that is commonly used to probe neural circuits in awake, 

freely-moving animals (Sidor et al., 2015). Using the excitatory opsin Channelrhodopsin 

to activate vmPFC – BLA synapses we could examine the role of this circuit in regulating 

anxiety-like behavior during withdrawal. In addition to anxiety-like behavior, it would be 

interesting to assess the role of these circuits in drinking behaviors. Specifically, I think it 

would be interesting for future studies to use ethanol vapor self-administration. A 

common constraint of ethanol self-administration in rodents is that they often will not 

voluntarily consume enough ethanol to become dependent. However, a newly 

developed apparatus that allows self-administration of ethanol vapor has demonstrated 

that rats voluntarily reach blood ethanol levels of 200 mg% and exhibit signs of 

withdrawal including anxiety-like behavior, hyperalgesia, and higher responding on a 

progressive ratio schedule of reinforcement (de Guglielmo, Kallupi, Cole, & George, 
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2017). This could be used to assess the role of dmPFC and vmPFC projections to the 

BLA in drinking behavior that could lead to the voluntary induction of dependence. This 

type of ethanol exposure is translatable as vaporized cocktail bars are popping up in 

major cities across the US.  

 As is the case with most techniques, there are limitations relating to the use of 

optogenetics and chemogenetics to study neural circuits. The relatively slow kinetics of 

Channelrhodopsin (ChR2), which has off-kinetics time constant of 9.2 msec, is often 

cited as a limiting factor. Variants of ChR2 with faster off-kinetics (5.2 msec) have been 

engineered and they can facilitate high frequency and more temporally precise 

stimulation (Gunaydin et al., 2010). However, even in our recordings that used 

paired-stimulations, we had an inter-stimulus interval of 50 msec, meaning our 

responses would not have been impacted by the slower kinetics of ChR2. Additionally, a 

recent study found that exposing neurons to blue light, which is used to activate ChR2, 

results in the induction of neuronal-activity-regulated genes in the absence of ChR2 

(Tyssowski & Gray, 2019). However, the shortest duration of exposure they examined 

was 1 hour of 10Hz, 2 msec pulses. Again, these findings should not impact our results 

as most of our recordings utilized single or paired 5 msec pulses for stimulation and our 

recordings were only 5-10 minutes long. 

The use of DREADDs and CNO also have their limitations. A main topic of 

discussion surrounds the use of CNO, which is a major metabolite of the antipsychotic 

drug clozapine. Several studies have reported that CNO is reverse-metabolized to 

clozapine in both rats and mice at frequently administered doses and that it produces 

effects unrelated to DREADD activity (Gomez et al., 2017; Manvich et al., 2018). 

However, these studies administered CNO systemically whereas CNO was site-

specifically microinjected in our studies, which fails to produce effects when DREADDs 
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are either not expressed or when DREADDs are expressed in regions other than the site 

of microinjection (Lichtenberg et al., 2017; Mahler et al., 2014). Also, there has been 

some concern about the fact that opsins and DREADDs become integrated into the 

neuronal membrane and may disrupt the expression or function of endogenous 

receptors (Saloman et al., 2016). Although we did see evidence of constitutive activity 

with the Gq-DREADD, we found no evidence of constitutive activity with the expression 

of the Gi-DREADD. Really, these limitations just emphasize the necessity for well-

controlled experiments when utilizing optogenetic and chemogenetic techniques and do 

not discount the fact that these technologies are major advances forward in 

neuroscience research.        

 In Chapter 3, we demonstrate profound effects of ketamine on both synaptic 

plasticity and behavior. Specifically, a subanesthetic dose of ketamine administered at 

the onset of withdrawal can prevent ethanol-induced changes in NMDAR and AMPAR 

activity, which we recorded using both electrical stimulation of EC – BLA inputs as well 

as optogenetic stimulation of AIC – BLA inputs. We also found that ketamine prevented 

the development of withdrawal-induced anxiety-like behavior. However, we are unable to 

make any claims about the changes in synaptic plasticity in the BLA contributing to the 

behavioral effects as the ketamine administration was systemic. This limitation could be 

circumvented through microinjection of ketamine into the BLA, which is an important 

direction for future studies. Additionally, it’s been reported that ketamine reduced the 

accumulation of SNARE complexes and the phosphorylation of CamKII, which suggest 

that ketamine may be able to reduce neurotransmitter release (Müller et al., 2013). 

Based on these findings, it would be interesting or future studies to examine the effects 

of ketamine administration on mPFC – BLA synapses following chronic ethanol 

exposure and withdrawal. Further, ketamine has been shown to reduce alcohol intake 
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and preference in a time- and dose-dependent manner in both male and female alcohol-

preferring (P) rats (Rezvani, Levin, Cauley, Getachew, & Tizabi, 2017). Futures studies 

could therefore evaluable the ability of ketamine to reduce ethanol-intake after a 

dependence-inducing CIE exposure, which we have previously shown increases 

voluntary ethanol intake (Morales et al., 2015).    

 Lastly, an interesting future direction would be to directly examine the interaction 

between mPFC – BLA inputs that come through the ST and AIC – BLA inputs that travel 

through the EC. The temporal development of ethanol-induced presynaptic then 

postsynaptic alterations closely resembles the heterosynaptic plasticity seen in fear 

conditioning paradigms (discussed above). This means that presynaptic facilitation of 

dmPFC – BLA synapses after 7 days of CIE could be necessary for the increase in 

postsynaptic function of AIC – BLA synapses after 10 days of CIE. Since the terminal 

fields of mPFC and AIC projections to the BLA are largely overlapping, it is possible that 

these two inputs synapse on the same BLA neurons. In order to test this, the new 

Channelrhodopsins, Chronos and Chrismon, could be used. Chrimson is a red-shifted 

Channelrhodopsin and Chronos responds to blue light but with faster kinetics and more 

sensitivity (Klapoetke et al., 2014). Specifically, the use of these would allow us to record 

optically-evoked synaptic responses from both mPFC – BLA and AIC – BLA synapses in 

the same slice. By co-injecting DREADDs into the mPFC along with one of the new 

Channelrhodopsins, we could repeatedly inhibit the mPFC – BLA pathways during the 

first 7 days of a 10-day CIE exposure to see if preventing presynaptic facilitation of 

dmPFC – BLA synapses would disrupt postsynaptic facilitation of AIC – BLA synapses.        

 

Clinical Implications  
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 The research presented here contributes to the field in many ways. The findings 

that have the more significant clinical implications are the identification of neural circuits 

that altered by chronic ethanol exposure and withdrawal and the ability of ketamine to 

prevent chronic ethanol-induced changes in synaptic plasticity and withdrawal-

associated behavior. Transcranial magnetic stimulation (TMS) is a noninvasive method 

that is used to transiently alter neural activity. Importantly, depending on the stimulation 

pulse sequence, TMS can be used to either facilitate or suppress neural activity, even in 

deep brain regions (Siebner, Hartwigsen, Kassuba, & Rothwell, 2009). In pilot studies, 

repetitive TMS (rTMS) of the mPFC in AUD patients reduced craving and alcohol intake 

compared to the sham group (Addolorato et al., 2017; Ceccanti et al., 2015). This type of 

rTMS has also been effective in treating other substance use disorders such as cocaine 

addiction (Bolloni, Badas, Corona, & Diana, 2018; Diana et al., 2017). These data 

support the idea that mPFC rTMS would be beneficial and provide evidence that the AIC 

may also be a viable target. Interestingly, there is a clinical trial using rTMS of the insula 

for the treatment of alcohol addiction (ClinicalTrials.gov Identifier: NCT02643264). In 

addition to TMS of these brain regions being effective treatments for AUD, it’s plausible it 

would also be effective for treating other conditions such as PTSD and MDD. This is 

supported by preclinical data demonstrating that DBS of the PFC improved fear and 

anxiety-like behavior and reduces BLA activity in a preclinical model of PTSD (Reznikov 

et al., 2018). In addition to providing support for TMS of the mPFC, AIC, and BLA as a 

treatment, the results in this dissertation also provide evidence that ketamine may be an 

effective pharmacotherapy for AUD. A systematic review of PubMed, Scopus, and 

ClinicalTrals.gov databases revealed that ketamine improved abstinence rates in AUD 

patients with significant effects noted up to two years after a single infusion (Jones, 

Mateus, Malcolm, Brady, & Back, 2018). Additional benefits of ketamine treatment were 

found in cocaine and opioid use disorder patients, suggesting it may also be an effective 
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treatment for other SUDs. The limitation of these studies, however, is that they were not 

placebo-controlled. However, there are two ongoing placebo-controlled clinical trials for 

AUD that are examining ketamine’s ability to reduce alcohol relapse (ClinicalTrials.gov 

Identifier: NCT02649231) and maintain abstinence (ClinicalTrials.gov Identifier: 

NCT02461927). A new and effective treatment for AUD may not be very far away.     

 

Conclusions  

The work in this dissertation identified three neural circuits that are altered by 

chronic ethanol exposure and withdrawal. We found that dmPFC – BLA projections 

undergo presynaptic facilitation, vmPFC – BLA projections undergo presynaptic 

depression, and there is postsynaptic potentiation at AIC – BLA inputs. We identified 

dmPFC – BLA circuits as a critical regulator of withdrawal-associated anxiety and we 

provide evidence that ketamine prevents the ethanol-induced synaptic alterations at AIC 

– BLA synapses as well as relieves withdrawal-induced anxiety-like behavior. These 

findings are novel and provide a solid foundation for continued studies. Additionally, 

there is a significant potential for these findings to have a clinical impact as the 

characterization of pathways that relate neural changes to altered behavior can help to 

identify potential new targets for the prevention or reversal of alcohol-induced alterations 

in neural circuitry and behavior as treatments for AUD.  
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Figure 1. Summary of Findings. 

A, Schematic representation of BLA inputs from the dmPFC, vmPFC, and AIC in control 

animals. B, Withdrawal from 7 days of CIE increases glutamate release from dmPFC 

terminals in the BLA but decreases glutamate release from vmPFC terminals in the BLA. 

AIC terminals are unchanged. C, Withdrawal from 10 days of CIE increase postsynaptic 

function of AIC synapses in the BLA.  
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