
STRESS-RELATED ALTERATIONS IN CENTRAL NORADRENERGIC 

SIGNALING: IMPLICATIONS FOR COMORBID ANXIETY, PTSD, AND 

ALCOHOL DEPENDENCE 

 

BY 

MARY JANE SKELLY 

 

A Dissertation Submitted to the Graduate Faculty of 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES 

In Partial Fulfillment of the Requirements  

for the Degree of 

DOCTOR OF PHILOSOPHY 

Program in Neuroscience 

May 2015 

Winston-Salem, North Carolina 

 

Approved by: 

Jeffrey L. Weiner, Ph.D., Advisor 

Wayne E. Pratt, Ph.D., Chairman 

Sara R. Jones, Ph.D. 

Brian A. McCool, Ph.D. 

Michael A. Nader, Ph.D 

 

  



ii 
 

ACKNOWLEDGEMENTS 

 

 My time at Wake Forest has been so enriched by the people with whom I’ve had 

the pleasure of working; most notably, my PhD advisor, Dr. Jeff Weiner. When I arrived 

in Jeff’s lab as a rotation student, I was a behavioral neuroscientist hoping to become an 

electrophysiologist. With Jeff’s support, and the support of our wonderful lab managers, 

Ann Chappell and Segun Ariwodola, I have amassed a body of research over the course 

of the last four years of which I am very proud. I could not have possibly asked for a 

better environment in which to do this work. Jeff manages to strike the perfect balance 

between supporting his students and allowing us space to develop into independent 

scientists. Although I know he’s often very busy, he has consistently given me his full 

attention anytime I’ve come to him for help. Jeff is incredibly generous to his students, 

and I am deeply grateful to him; I will miss the Weiner Lab a great deal. 

 I also owe a huge debt of gratitude to my committee chair, Dr. Wayne Pratt. 

When I matriculated to the WFU Department of Psychology Graduate Program in 2007, I 

had never stepped foot inside a non-human research lab and didn’t know the difference 

between an agonist and an antagonist. By some miracle, Wayne looked past all that, and 

in two years took me from nearly hyperventilating while handling my first rat to 

preparing my Master’s thesis for publication. Wayne is more than a mentor, he is a 

valued friend, and I am incredibly lucky to have had his continued counsel and 

advisement as my committee chair.  

I think it’s safe to assume that most successful graduate students receive a 

tremendous amount of support from the faculty overseeing their training; in my case, 

however, this has been especially true. Heartfelt thanks go especially to my committee 



iii 
 

members, each of whom has furthered my scientific development during my time at 

Wake. Thanks particularly to Dr. Brian McCool, who has not only been extremely kind 

and tolerant when I’ve come to him panicking about various ephys problems over the 

years, but has additionally always been willing to frankly discuss my options when I’ve 

found myself at a career crossroads.  

I would also like to acknowledge my lab mate Andrew Rau, who has been such an 

amazing partner in crime. Because we joined Jeff’s lab the same year, I think our 

relationship could have been somewhat competitive, but that has never been the case. I 

come to him with the idiotic questions that I’m too embarrassed to ask anyone else, and I 

hope he’ll still indulge those questions when we’re no longer working within arm’s reach. 

He’s an amazing scientist and friend, and I’m so grateful for him. And, I would be remiss 

if I didn’t also thank our erstwhile post-doc, Dr. Tracy Butler, my science wife and one of 

the best friends I’ve ever had. I literally do not think I would have made it through all the 

long nights at the rig during those first few years if I hadn’t had Tracy. I love her dearly, 

and am so lucky to count her among my friends. 

 Finally, I would like to acknowledge my family, especially my incredible 

husband, Michael. There is no one else in this world whose opinion I trust more, and no 

one who better understands how best to support and encourage me. His brilliance and 

courage inspire me to work harder and be better every day. Thank you also to my parents,  

sisters, nieces and nephews; even though nobody understands what it is that I do, they 

never stop trying to understand, and that’s all that really matters to me anyway.  

 

 



iv 
 

 

 

TABLE OF CONTENTS 

 

LIST OF TABLES AND FIGURES.................................................................................. vi 

LIST OF ABBREVIATIONS ............................................................................................ ix 

ABSTRACT ..................................................................................................................... ixii 

PREFACE ......................................................................................................................... xv 

 

Chapters 

CHAPTER I 

INTRODUCTION .............................................................................................................. 1 

 

CHAPTER II 

ADOLESCENT STRESS ENGENDERS BEHAVIORAL ALTERATIONS 

ASSOCIATED WITH INCREASED VULNERABILITY TO COMORBID ALCOHOL 

USE DISORDER AND PTSD, AND ENHANCES THE ABILITY OF 

ADRENOCEPTOR MODULATORS TO DECREASE ETHANOL SELF-

ADMINISTRATION ........................................................................................................ 79 

 

Manuscript Prepared for Submission in Neuropharmacology, 2015 

 

 

CHAPTER III 

CHRONIC TREATMENT WITH PRAZOSIN OR DULOXETINE LESSENS 

CONCURRENT ANXIETY-LIKE BEHAVIOR AND ALCOHOL INTAKE: 

EVIDENCE OF DISRUPTED NORADRENERGIC SIGNALING IN ANXIETY-

RELATED ALCOHOL USE .......................................................................................... 117 

 

Published in Brain and Behavior, 2014 

 

 

CHAPTER IV 

BEHAVIORAL AND NEUROPHYSIOLOGICAL EVIDENCE THAT LATERAL 

PARACAPSULAR GABAERGIC SYNAPSES IN THE BASOLATERAL 

AMYGDALA CONTRIBUTE TO THE ACQUISITION AND EXTINCTION OF FEAR 

LEARNING .................................................................................................................... 162 

 

Manuscript Prepared for Submission in Journal of Neuroscience, 2015 

 



v 
 

 

CHAPTER V 

FEAR CONDITIONING SELECTIVELY DISRUPTS NORADRENERGIC 

FACILITATION OF INHIBITORY SIGNALING IN THE BASOLATERAL 

AMYGALA ….. ............................................................................................................. 185 

 

Manuscript Prepared for Submission in Neurobiology of Learning and Memory, 2015 

 

CHAPTER VI 

DISCUSSION ................................................................................................................. 225 

 

 

CHAPTER VII 

CURRICULUM VITA ................................................................................................... 279 

  



vi 
 

LIST OF FIGURES 

Chapter II     1 Experimental Design ……………………………………….…....84 

2 Social isolation increases anxiety-like behavior on the elevated 

plus-maze and locomotor activity in the open field 

test…………………………………..………………………...….90 

3 Social isolation disrupts extinction learning……………………..93 

4 Social isolation increases intermittent, two-bottle choice ethanol 

self-administration ……………………………….…………..….95 

5 Blood ethanol concentrations (BECs) are elevated after thirty 

minute access to ethanol in socially isolated animals…………....97 

6 Propranolol, prazosin and duloxetine decrease binge-like ethanol 

intake in socially isolated animals……………………………...100 

Chapter III     1 Experimental Timeline………….………………………………124 

2 Chronic treatment with prazosin or duloxetine decreases anxiety-

like behavior on the elevated plus maze …………………...…..131 

3   Chronic treatment with prazosin or duloxetine decreases 

intermittent ethanol (EtOH) self-administration relative to vehicle-

treated conspecifics ……………………………………..……..134 

4 Chronic treatment with prazosin, duloxetine or propranolol does 

not decrease preference for ethanol (EtOH) relative to vehicle 

treated conspecifics…………………………………………….136 

5 Chronic treatment with prazosin, duloxetine or propranolol does 

not decrease binge-like ethanol (EtOH) self-administration relative 

to vehicle treated conspecifics ………………………………...138 



vii 
 

6 Chronic treatment with prazosin or duloxetine decreases 

intermittent ethanol (EtOH) self-administration relative to pre-

treatment baseline ……………………………………………...140 

7 Chronic treatment with propranolol increases preference for 

ethanol (EtOH) relative to pre-treatment baseline………...……141 

8 Chronic treatment with prazosin or duloxetine decreases binge-like 

ethanol (EtOH) self-administration relative to pre-treatment 

baseline…………………………………………………………142 

9 Change in daily ethanol administration is not correlated with post-

treatment anxiety-like behavior……………………………...…144 

Chapter IV       1     Intra-BLA administration of a β3-adrenoreceptor agonist blocks 

fear learning…………………………………………………………….170 

2 Intra-BLA administration of a β3-adrenoreceptor agonist blocks 

extinction learning……………………………………………...172 

3 Fear learning or a β3-adrenoreceptor agonist blocks electrically-

induced LTP of BLA field potentials…………….……………..174         

4 Fear learning blocks inhibitory LTD of LPC GABAergic 

interneurons …………………………………………………….175   

Chapter V          1 Fear conditioning decreases GABAergic signaling at local   

inhibitory synapses …………………………………………….…….198     

2 Fear conditioning decreases GABAergic signaling at LPC 

inhibitory synapses …………………………..……………………....200     



viii 
 

3 Fear conditioning decreases α1-AR facilitation of local 

GABAergic sIPSCs…………………………………………….202      

4 Fear conditioning decreases β3-AR facilitation of eIPSCs…….204       



ix 
 

LIST OF ABBREVIATIONS 

 

aCSF artificial cerebral spinal fluid 

ACTH adrenocorticotropic hormone 

AMPA amino-3-hydroxyl-5-methyl-4-isoxazole propionate 

ANOVA analysis of variance 

APV (2R)-amino-5-phosphonopentanoate 

APV DL-(-)-2-amino-5-phosphonovaleric acid- NMDA receptor antagonist 

AR adrenoreceptor 

 BEC blood ethanol concentration 

BLA basolateral amygdala 

BNST bed nucleus of the stria terminalis 

CaCl2 calcium chloride 

 cAMP Cyclic adenosine monophosphate 

CR conditioned response 

CREB cAMP response element-binding protein  

CRH corticotrophin-releasing hormone  

CS conditioned stimulus 

DAG diacylglycerol 

 DMSO dimethyl sulfoxide 

 DNQX  6,7-dinitroquinoxaline-2,3-dione  

EGTA ethylene glycol tetraacetic acid 

eIPSC evoked inhibitory post-synaptic current 

EPSC excitatory post-synaptic current 



x 
 

fEPSP field excitatory post-synaptic potential 

GABA gamma-Aminobutyric acid 

GH group housed 

 GRK G protein-coupled receptor directed kinase 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPA hypothalamic-pituitary-adrenal axis 

iLTD inhibitory long-term depression 

IP3 inositol triphosphate 

IPSC inhibitory post-synaptic current 

KCl potassium chloride 

 KOH potassium hydroxide 

LC locus coeruleus  

 LFS low-frequency stimulation  

LPC lateral paracapsular cells 

LTP long-term potentiation 

Mg-ATP Adenosine 5′-triphosphate magnesium salt 

mOsm milliosmole 

 mPFC medial prefrontal cortex 

NaCl sodium chloride 

 NMDA N-methyl-D-aspartate 

NTS nucleus of the solitary tract 

PFC prefrontal cortex  

 PKC protein kinase C  

 PTSD post-traumatic stress disorder 



xi 
 

QX-314 N-(2,6-dimethyl-phenylcarbamoylmethyl)-triethylammonium chloride 

SI socially isolated 

 SK small-conductance potassium channels 

SNRI serotonin-norepinephrine reuptake inhibitor 

TTX tetrodotoxin 

 US unconditioned stimulus 

  

 

 

 

 

 

 

 

 

 

 

 



xii 
 

ABSTRACT 

Skelly, Mary Jane 

STRESS-RELATED ALTERATIONS IN CENTRAL NORADRENERGIC 

SIGNALING: IMPLICATIONS FOR COMORBID ANXIETY, PTSD, AND 

ALCOHOL DEPENDENCE 

Dissertation under the direction of Jeff L. Weiner, Ph.D., Tenured Professor of 

Physiology and Pharmacology 

  

Alcohol use disorder, anxiety disorders, and post-traumatic stress disorder 

(PTSD) are highly comorbid, and this comorbidity is associated with greater symptom 

severity and worsened treatment outcomes. The frequent co-occurrence of these disorders 

suggests some common underpinnings, identification of which could lead to improved 

behavioral and neurobiological interventions and symptom management. Although the 

shared mechanisms underlying these conditions have yet to be fully elucidated, exposure 

to chronic stress during adolescence has been implicated in the genesis of each. Exposure 

to a stressor results in the activation of the hypothalamic-pituitary-adrenal (HPA) axis 

and sympathetic nervous system, and this stress response is particularly sensitive during 

adolescence. Additionally, brain regions involved in generating and terminating the 

behavioral and neuroendocrine responses to stress, including the amygdala, hippocampus, 

and prefrontal cortex, continue to mature throughout adolescence, rendering these 

structures particularly vulnerable to protracted stress exposure. Indeed, these regions are 

known to be adversely impacted by prolonged stress exposure in adulthood, and 

preliminary evidence suggests that chronic stress in adolescence alters their organization, 

leading to enduring structural and behavioral abnormalities. As such, stress-related 

changes to the brain during adolescence could have a protracted impact, likely promoting 

maladaptive behavior into adulthood. Thus, identifying the impact of adolescent stress on 

neurodevelopment may prove crucial to reversing these deleterious behavioral outcomes.  
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One potential target is the noradrenergic system, as central noradrenergic 

signaling plays a crucial role in coordinating the neurological and behavioral response to 

acute stress. Chronic stress exposure, however, may sensitize the noradrenergic stress 

response, contributing to the resulting stress-related pathologies. In support of this, 

dysregulation of the noradrenergic system has been observed in individuals suffering 

from PTSD, anxiety, and alcohol use disorders, and pharmacological interventions 

presumed to decrease central noradrenergic signaling have proven effective in attenuating 

the symptoms of these disorders. As noradrenergic afferents project diffusely throughout 

the entire neuraxis, these pharmacotherapeutics likely exert their impact by acting on a 

number of targets. The lateral/basolateral amygdalar complex (BLA) is likely one such 

target, as this region is densely innervated by norepinephrine containing neurons and has 

been implicated anxiety disorders, PTSD, and alcohol abuse. Excitatory efferents from 

the BLA project to downstream regions responsible for coordinating the stress response, 

and noradrenergic signaling plays an important role in maintaining balanced BLA output. 

Importantly, norepinephrine levels increase in this region upon presentation of stressful 

stimuli. Chronic stress has been shown to substantially alter BLA output, and disrupted 

noradrenergic modulation of inhibitory transmission in this region may contribute to 

these stress-related disruptions. Thus, this system may have a crucial role in the 

deleterious behavioral sequelae resulting from chronic adolescent stress exposure. 

Despite the potential importance of disrupted BLA noradrenergic signaling to 

PTSD, alcohol use, and anxiety disorders, the contribution of this system to the etiology 

of these disorders has been relatively understudied. Preclinical models that mimic the 

symptomatology of these syndromes may prove useful in identifying the neurobiological 
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disruptions contributing to their co-occurrence, thereby providing treatment insight. For 

example, the elevated plus maze is a well-established assay thought to measure anxiety-

like behavior in rats. Likewise, Pavlovian fear conditioning and extinction learning are 

thoroughly-validated paradigms used to study the neurobiology of PTSD in humans and 

fear learning in animals, and the intermittent access two-bottle choice ethanol self-

administration paradigm can be used to measure stress-related drinking. The studies 

presented in this dissertation utilize these behavioral approaches, in combination with 

neurobiological approaches, to achieve several goals. First, in Chapter II, we attempt to 

model comorbid PTSD, alcohol use, and anxiety, as well as the sensitivity of stress-

related drinking to noradrenergic therapeutics, in rodents exposed to chronic adolescent 

stress in the form of adolescent social isolation. Studies in Chapter III expand upon the 

results obtained in Chapter II by assessing the impact of chronic administration of the 

same noradrenergic drugs on anxiety-like behavior and ethanol intake in adult rats. 

Chapters IV and V examine the role of noradrenergic signaling in the BLA on Pavlovian 

fear conditioning and extinction learning and associated synaptic plasticity in this region. 

Together, these studies advance our ability to model the maladaptive behaviors resulting 

from chronic stress in adolescence, as well as our ability to reverse these disruptions in 

later life, and provide insight into the role of noradrenergic signaling in the BLA in non-

pathological fear and extinction learning 
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PREFACE 

 

This thesis contains work on the behavioral and neurobiological consequences of stress as 

it relates to the larger body of literature on fear and extinction learning, PTSD, anxiety 

and alcohol addiction. This thesis was prepared by Mary Jane Skelly as a partial 

fulfillment of the requirements for the degree of doctor of philosophy.  This thesis was 

made under supervision of Jeff L. Weiner.  The works contained within have been either 

submitted for publication or published previously, and are republished with permission.   

Publications have been reformatted to fit the guidelines of thesis preparation at Wake 

Forest School of Medicine.  Stylistic variations within the chapters are due to journal 

differences.  
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CHAPTER I 

 

 

INTRODUCTION 

 
 
  

Alcohol use disorder, anxiety disorders, and post-traumatic stress disorder 

(PTSD) are highly comorbid (Kushner et al., 2000; Brady and Sinha, 2005), and their co-

occurrence is associated with worsened clinical profiles and poorer treatment outcomes 

(Jacobsen et al., 2001; Bruce et al., 2005). For example, approximately 40% of 

individuals suffering from PTSD also meet diagnostic criteria for alcohol dependence 

(Kessler et al., 1997; Blanco et al., 2013), and alcohol dependence has been linked to an 

increase in the severity of PTSD symptoms (Bremner et al., 1996; Back et al., 2006; 

Blanco et al., 2013). Furthermore, the likelihood of developing alcohol use disorders is 

positively correlated with the number of PTSD diagnostic criteria (Pietrzak et al., 2011), 

and alcohol use disorder symptomatology is increased among individuals with PTSD 

(Blanco et al., 2013). PTSD sufferers regularly develop anxiety disorders (Southwick et 

al., 1999), with comorbidity estimates ranging from 40-90% in some populations 

(Ginzburg et al., 2010; Spinhoven et al., 2014), and a preexisting anxiety diagnosis 

increases the likelihood of developing PTSD after experiencing a traumatic event 

(Breslau, 2002). Finally, anxiety disorders are strongly associated with alcohol 

dependence (Kessler et al., 1996; Hasin et al., 2007), and the presence of an anxiety 

disorder not only perpetuates alcohol intake among dependent individuals, but also 

increases the severity of the alcohol use disorder and the risk of relapse following 

protracted abstinence (Driessen et al., 2001; Aston-Jones and Harris, 2004; Becker, 

2012).  
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Although the exact etiologies of these distinct but related conditions are not fully 

understood, their comorbid expression suggests overlapping origins. Identifying these 

commonalities could lead to more targeted behavioral and neurobiological interventions 

and improved treatment outcomes. One conceivable possibility is that the groundwork for 

future psychopathology is laid during adolescence, as exposure to persistent stress during 

this critical period of neurodevelopment increases the risk of alcohol dependence, PTSD, 

and anxiety disorders in adulthood (Clark et al., 1997; Pynoos et al., 1999; De Bellis, 

2002; Teicher et al., 2002; Back et al., 2005). If this hypothesis is correct, then 

identifying the neuroadaptations resulting from chronic adolescent stress might provide 

insight into the shared etiologies of stress-related psychiatric conditions. Relatedly, 

understanding the neurobiology of non-pathological responses to stress might assist in 

uncovering the mechanisms underlying chronic stress-related neural dysfunction. 

Extensive evidence suggests that animal models can be useful in identifying the neural 

circuits that promote and maintain stress-related behaviors (Teicher et al., 2006). Toward 

this goal, the experiments contained in this document make use of various preclinical 

models of stress, combined with pharmacological and electrophysiological techniques, to 

examine some of the neural alterations resulting from acute and chronic environmental 

stressors.  

The Stress Response System 

The stress response system is a highly conserved and adaptive biological reaction 

to real or perceived environmental threats (Kudielka and Wust, 2010). Stress exposure 

results in simultaneous activation of the sympathetic nervous system and hypothalamic-

pituitary-adrenal (HPA) axis, which together catalyze the behavioral, autonomic, and 
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neuroendocrine stress responses (Charmandari et al., 2005; Chrousos, 2009). During 

HPA axis activation, neurons in the paraventricular nucleus of the hypothalamus (PVN) 

release corticotrophin-releasing hormone (CRH) into the hypophyseal portal system, 

which in turn signals the release of adrenocorticotropic hormone (ACTH) from the 

pituitary gland. ACTH promotes the synthesis and secretion of glucocorticoids (cortisol 

in humans and corticosterone in rodents) from the adrenal cortex (Herman and Cullinan, 

1997; Herman et al., 2003; Ulrich-Lai and Herman, 2009). These hormones bind to 

specific glucocorticoid receptors in the brain and periphery to generate a coordinated 

threat response intended to restore homeostasis (Tsigos and Chrousos, 2002). 

At the same time, stress-induced activation of the sympathetic nervous system 

results in the release of catecholemines from the adrenal medulla (Tsigos and Chrousos, 

2002), including adrenaline and noradrenaline, which act on various peripheral organs to 

optimize the behavioral stress response and promote survival. Adrenaline also activates 

the vagus nerve, which catalyzes the release of central noradrenaline (Hassert et al., 2004; 

Miyashita and Williams, 2006). Glucocorticoids and noradrenaline interact at various 

neural loci to promote stress-related memory formation and terminate the stress response 

(Roozendaal et al., 2006). As such, acute galvanization of the HPA axis and sympathetic 

nervous system is advantageous and promotes survival (Roozendaal, 2000; Sapolsky et 

al., 2000; McEwen, 2007; Dhabhar, 2009). Protracted activation, on the other hand, can 

be detrimental, especially if experienced during periods of neurodevelopment such as 

adolescence (Heim and Nemeroff, 2001; Romeo et al., 2006; Spear, 2009). 
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Adolescent Stress Response 

Adolescence is a critical developmental period during which the stress response is 

particularly sensitive to threat-related stimuli. For example, preclinical investigations 

have revealed that acute stress-induced glucocorticoid release is both potentiated 

(Goldman et al., 1973; Vazquez and Akil, 1993; Romeo et al., 2004b; Romeo et al., 

2004a; Foilb et al., 2011; Lui et al., 2012) and protracted (Romeo et al., 2004b; Romeo et 

al., 2004a; Romeo et al., 2006; Romeo, 2010a, b; Foilb et al., 2011) during this 

maturational period, resulting in increased circulating stress hormone levels and a slower 

return to homeostasis. The HPA-axis response to chronic stress is similarly elevated in 

adolescence; for example, although stress hormone release decreases during protracted 

exposure to a given stressor in adult rats, adolescents fail to exhibit this habituation (Lui 

et al., 2012). Similarly, human adolescents release more cortisol in response to stress and 

take longer to reestablish homeostatic stress hormone levels, relative to younger children 

and adults (Gunnar et al., 2009; Stroud et al., 2009). Furthermore, Stroud et al. (2009) 

observed increased stress-induced sympathetic activation among adolescents. This age 

group also exhibits greater cardiac reactivity to stress, a finding consistent with increased 

circulating noradrenaline (Allen and Matthews, 1997). Taken together, these findings 

demonstrate that adolescent development is characterized by hyper-responsive hormonal 

and catecholaminergic responses to acute and chronic stress.  

Impact of Adolescent Stress on Brain Development 

Rodent and humans studies indicate that important limbic and cortical brain 

regions, including the hippocampus and prefrontal cortex (PFC), continue to mature 
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throughout adolescence (Casey et al., 2008; Paus et al., 2008; Casey et al., 2010; Sturman 

and Moghaddam, 2011). The hippocampus and PFC densely express glucocorticoid 

receptors, and acute activation of these receptors promotes executive function and the 

restoration of homeostasis by reducing the production and release of CRH and ACTH 

(Heim and Nemeroff, 2001; Yuen et al., 2009; McCormick et al., 2010; Tottenham and 

Sheridan, 2010; Butts et al., 2011). Additionally, although the amygdala matures prior to 

adolescence, recent evidence suggests that amygdala volume transiently increases during 

adolescence in humans (Hu et al., 2013), and in rats adolescence is a period of relatively 

dynamic amygdalar cell proliferation and growth (Rubinow and Juraska, 2009; Saul et 

al., 2014). The amygdala plays a crucial role in modulating the effects of glucocorticoids 

on a stress-related memory consolidation (Roozendaal et al., 2004; Roozendaal et al., 

2009). As such, some researchers have speculated that the hippocampus, PFC, and 

amygdala are particularly vulnerable to the effects of chronic stress during adolescence, 

and that protracted exposure of these regions to stress hormones during this time may 

have long-lasting structural and functional consequences (Giedd and Rapoport, 2010; 

Romeo, 2013). 

 In support of this, the amygdala, hippocampus, and prefrontal cortex are known 

to be adversely impacted by stress exposure in adulthood. For example, chronic stress has 

been linked to smaller and less structurally complex neurons in the prefrontal cortex and 

hippocampus in rodents, and these structural changes are accompanied by cognitive 

deficiencies (Vyas et al., 2002; Isgor et al., 2004; Barha et al., 2011; Tsai et al., 2014). 

Conversely, chronic stress-induced exposure to glucocorticoids has been reported to 

promote dendritic hypertrophy (Vyas et al., 2002; Eiland et al., 2012) and 
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hyperexcitability of amygdala neurons (Correll et al., 2005; Rosenkranz et al., 2010; 

Zhang and Rosenkranz, 2013), and these morphological changes are accompanied by 

increased fear learning (Conrad et al., 1999). Importantly, while stress-related changes to 

the brain and behavior in adulthood are to a certain extent reversible (Luine et al., 1994; 

Sousa et al., 2000), converging animal and human studies have demonstrated that stress 

exposure during adolescence can have a profound and long-lasting impact on 

neurodevelopment (Koenig et al., 2011). For example, some structural and functional 

adaptations arising from chronic adolescent stress in rodents, including deficits in the 

cessation of acute stress-induced corticosterone secretion (Isgor et al., 2004), and 

increased basal corticosterone levels (Sterlemann et al., 2008), persist into adulthood. As 

such, identifying the neurobiological consequences of chronic stress in adolescence may 

prove useful to mitigating these long-lasting repercussions. Although there are likely 

many stress-related disruptions to brain development, the central noradrenergic system is 

a particularly promising prospective target. 

The Central Noradrenergic System 

The noradrenergic system becomes activated in response to stress, and plays an 

important role in fear and anxiety. Stress promotes the release of adrenaline from the 

adrenal gland, which subsequently binds to β-adrenoreceptors (ARs) located on the vagus 

nerve (Coupland et al., 1989; Niijima, 1992; Miyashita and Williams, 2006). Ascending 

vagal afferents, in turn, activate noradrenergic neurons in the nucleus of the solitary tract 

(NTS) (Kalia and Sullivan, 1982; Sumal et al., 1983; Schreurs et al., 1986). These NTS 

neurons project to the locus coeruleus (LC), the major source of central noradrenaline. 
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LC afferents innervate the entire neuroaxis, including regions important to coordinating 

the stress response (Berridge and Waterhouse, 2003).  

Noradrenergic afferents exert their effects via activation of adrenoreceptors, 

which are divided into two classes; α- and β-ARs. β-ARs, which can be further 

subdivided into β1, β2, and β3 subtypes (Rainbow et al., 1984; Summers et al., 1995), are 

primarily expressed postsynaptically, although these receptors also act presynaptically in 

some brain regions to facilitate noradrenergic release (Milner et al., 2000; Ji et al., 

2008b). β-ARs are coupled to Gs, which activates adenylate cyclase to promote the 

production of cAMP; cAMP then activates cAMP response element-binding protein 

(CREB) (Pfeuffer, 1977; Ross et al., 1978), a transcription factor known to contribute to 

neuronal plasticity and long-term memory formation (Silva et al., 1998; Bozon et al., 

2003; Josselyn et al., 2004; Zhou et al., 2009). The three β-adrenoceptor subtypes are 

subject to desensitization by means of uncoupling from their G proteins in a process 

governed by G protein-coupled receptor directed kinases (GRKs; (Dawson et al., 1993)).  

The α1-ARs, of which there are three known subtypes (α1a, α1b, and α1d), are 

primarily expressed postsynaptically, although there is also evidence for pre-synaptic α1-

ARs (Braga et al., 2004; Lei et al., 2007; Lazzaro et al., 2010). α1-ARs are coupled to 

Gq, and activation of this cascade leads to the production of inositol triphosphate (IP3) 

and subsequent release of calcium from intracellular stores, as well as increased calcium 

entry via voltage-gated calcium channels (Marzo et al., 2009); as such, they generally 

promote neuronal excitability. α1-AR activation also promotes the production of 

diacylglycerol (DAG) (Tanaka and Nishizuka, 1994), which activates protein kinase C 

(PKC) and leads to phosphorylation of various intracellular substrates. Additionally, α1-
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AR activation has been reported to increase cAMP and cGMP, potentiate cAMP 

responses elicited by the Gs-linked receptors (Jiao et al., 2002), and activate cAMP 

phosphodiesterase (Jiao et al., 2002). This class of receptors is also subject to 

desensitization by GRKs (Price et al., 2002). 

Similarly, there are four subtypes of α2-ARs (α2A-D), which can be located 

presynaptically, where they act as autoreceptors to decrease noradrenaline release, as well 

as postsynaptically to decrease neuronal excitability. α2-ARs are classically linked to 

Gi/o proteins, and therefore act by inhibiting adenylate cyclase and cAMP production 

while increasing potassium ion conductance. α2-ARs have also been shown to suppress 

voltage-gated calcium channels, thus reducing the flow of extracellular calcium ions, and 

emerging evidence suggests that α2-ARs are linked to the activation of PLC and PKC in 

some cell types (Carr et al., 2007). As in the case of α1- and β-ARs, α2-ARs can be 

desensitized by GRKs, resulting in a functional uncoupling from their G-proteins (Marzo 

et al., 2009). 

In vivo electrophysiological recordings have demonstrated that noradrenergic 

projection neurons in the LC and are electrically coupled, and display both tonic and 

phasic firing patterns (Ishimatsu and Williams, 1996; Berridge and Waterhouse, 2003). 

While their tonic activity is characterized by low-frequency, slow spontaneous discharge 

rates of 0-5 Hz, phasic firing results in coordinated short latency responses (2-3 action 

potentials) followed by a prolonged period of inactivation (200-300 ms) (Foote et al., 

1980; Aston-Jones and Bloom, 1981). Phasic firing patterns are generated in response to 

salient environmental stimuli (Foote et al., 1980; Aston-Jones and Bloom, 1981), and 

noradrenergic release in target structures is positively correlated with LC firing frequency 
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(Florin-Lechner et al., 1996). As such, the noradrenergic system is thought to play an 

important role in mediating arousal and sustained attention. 

Role of Central Noradrenaline in Stress 

As mentioned previously, the noradrenergic system interacts with the HPA axis to 

coordinate the behavioral response to stress (Aston-Jones et al., 1991; Berridge and 

Waterhouse, 2003; Morilak et al., 2005). Noradrenergic projection neurons fire in 

response to stress, and activate the HPA-axis via synapses onto CRH-containing cells in 

the PVN (Plotsky et al., 1989; Pacak et al., 1995). Reciprocally, CRH increases the firing 

rate of noradrenergic neurons originating in the locus coeroleus (Valentino et al., 1983), 

which in turn excite CRH neurons in other brain regions, thereby forming a positive feed-

forward cascade (Heim and Nemeroff, 2001). Furthermore, noradrenaline has been 

proposed to play an important modulatory role in the stress response by facilitating 

synaptic transmission in many stress-related brain regions. For instance, stress-induced 

activation of noradrenergic projections to the bed nucleus of the stria terminalis (BNST 

(Cecchi et al., 2002)) and central amygdala (Ma and Morilak, 2005a) facilitates anxiety-

like behaviors and activation of the HPA axis. Upon termination of the stress response, 

negative feedback loops mediated by presynaptic autoreceptors and glucocorticoids halt 

phasic noradrenergic signaling, promoting a return to homeostasis (Goddard et al., 2010).  

Chronic stress exposure, however, may cause sensitization of the noradrenergic 

stress response (Koob and Heinrichs, 1999). For instance, protracted exposure to a 

stressor has been shown to enhance subsequent responsiveness of LC neurons to an acute 

stressor (Simson and Weiss, 1988; Mana and Grace, 1997), and CRH-induced activation 
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of LC neurons is sensitized by chronic stress (Curtis et al., 1995; Conti and Foote, 1996; 

Jedema et al., 2001). Chronic stress also results in increased noradrenergic efflux in target 

regions following exposure to an acute stressor, including the PFC (Gresch et al., 1994; 

Jedema et al., 1999), hippocampus (Nisenbaum et al., 1991), BNST (Pardon et al., 2003), 

and PVN (Pacak et al., 1992). Additionally, chronic stress in adolescence has been shown 

to potentiate the central noradrenergic stress response in rodents, resulting in higher CRF-

mediated spontaneous activity of LC projection neurons and increased anxiety-like 

behavior well into adulthood (Bingham et al., 2011). As sustained activation of these 

afferents has been implicated in persistently increased anxiety (Jedema et al., 2001; 

Ressler and Nemeroff, 2001), noradrenergic sensitization may be one mechanism 

whereby chronic stress results in protracted dysregulation of the stress response system 

and related pathologies (Morilak et al., 2005).  

Disrupted Noradrenergic Signaling: Relationship to Psychopathology 

Noradrenaline has profound excitatory and inhibitory effects on neuronal 

excitability, depending on which receptor subtypes are activated and their location. 

Although the majority of studies examining the role of noradrenaline in modulating 

synaptic transmission have focused on glutamatergic signaling, noradrenaline also 

facilitates GABAergic neuronal inhibition (Waterhouse et al., 1980; Madison and Nicoll, 

1988; Sessler et al., 1988; Kawaguchi and Shindou, 1998; Braga et al., 2004; Hillman et 

al., 2005a; Hillman et al., 2005b; Hirono and Obata, 2006; Lei et al., 2007). In fact, the 

predominate effect of noradrenaline release in many brain regions appears to be 

inhibitory (Foote et al., 1975; Waterhouse et al., 1980; Videen et al., 1984; Curet and de 

Montigny, 1988; Warren and Dykes, 1996; Scheiderer et al., 2004; Liu et al., 2006; 
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Buffalari and Grace, 2007; Lipski and Grace, 2013). Interestingly, there is some evidence 

that chronic stress decreases noradrenergic modulation of inhibitory signaling and shifts 

the predominant effect of noradrenaline toward excitation (Braga et al., 2004; Ma and 

Morilak, 2005b; Buffalari and Grace, 2009b). Thus, we hypothesized that chronic stress 

alters the balanced excitatory and inhibitory effects of noradrenaline by specifically 

disrupting noradrenergic facilitation of GABAergic transmission. 

In support of this, extant research suggests that sensitization the noradrenergic 

system contributes to PTSD, anxiety, and alcohol use disorders, as potentiated 

noradrenergic signaling has been observed in individuals suffering from these conditions 

(Brawman-Mintzer and Lydiard, 1997; Geracioti et al., 2001; Patkar et al., 2004). For 

example, circulating noradrenaline levels are increased among individuals with PTSD 

(Yehuda et al., 1998; Geracioti et al., 2001; Strawn and Geracioti, 2008), and post-

mortem studies have revealed abnormalities in LC tissue obtained from this population 

(Bracha et al., 2005). Likewise, repeated alcohol intake profoundly increases LC firing 

(Aston-Jones et al., 1982), and evidence from both clinical and preclinical investigations 

suggests that noradrenergic signaling is persistently elevated subsequent to chronic 

ethanol (Hawley et al., 1994; Patkar et al., 2003; Patkar et al., 2004; Rasmussen et al., 

2006). Furthermore, potentiated LC output has been linked to increased anxiety and 

anxiety disorders (Ressler and Nemeroff, 2001; Cameron, 2006; Bishop, 2007), and a 

recent study from our group demonstrated that in rodent model of chronic adolescent 

stress that results in increased anxiety-like behavior and ethanol intake, acute alcohol 

results in increased noradrenaline release in the nucleus accumbens and BLA (Karkhanis 

et al., 2014). 
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Moreover, pharmacological interventions presumed to decrease the excitatory 

effects of central noradrenergic signaling have proven effective in attenuating anxiety, 

alcohol self-administration, and PTSD symptomatology in clinical populations as well as 

preclinical rodent models. For example, α1-AR antagonists decrease drinking and stress-

induced alcohol craving in alcoholics (Simpson et al., 2009; Fox et al., 2012), reduce 

PTSD symptoms (Raskind et al., 2003; De Jong et al., 2010) (Taylor and Raskind, 2002; 

Taylor et al., 2006; Boehnlein and Kinzie, 2007), and reduce ethanol self-administration 

in rodent models of anxiety-related drinking (Walker et al., 2008; Rasmussen et al., 2009; 

Verplaetse et al., 2012; O'Neil et al., 2013). Similarly, β1/2-AR antagonists have been 

used clinically to treat anxiety associated with alcohol withdrawal (Sellers et al., 1977; 

Bailly et al., 1992), and decrease operant responding for ethanol in a rodent model of 

dependence (Gilpin and Koob, 2010). Furthermore, β-1/2 adrenoreceptor antagonists 

reportedly reduce the symptoms of PTSD when administered immediately following 

exposure to a traumatic event, or during recall of trauma-associated memories (Pitman et 

al., 2002; Vaiva et al., 2003; Brunet et al., 2011; Hoge et al., 2012). Similarly, α2-AR 

agonists reduce anxiety, hyperarousal, and the frequency of trauma-related intrusive 

memories in PTSD patients (Porter and Bell, 1999; Boehnlein and Kinzie, 2007; Chang 

et al., 2012). Serotonin and noradrenaline reuptake inhibitors (SNRIs) have also shown 

promise in treating these disorders (Silverstone and Salinas, 2001; Dunner et al., 2003; 

Baldwin et al., 2005; Bose et al., 2008; Schoevers et al., 2008), reportedly lessening 

alcohol craving and anxiety following withdrawal in human alcoholics (Liappas et al., 

2005; Kim et al., 2006; Petrakis et al., 2012) and in rodent models of ethanol dependence 

(Saglam et al., 2004; Ji et al., 2008a; Simon O'Brien et al., 2011). SNRIs have also been 
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used to reduce PTSD symptomatology (Smajkic et al., 2001; Baldwin et al., 2005; Spivak 

et al., 2006; Petrakis et al., 2012). Additionally, as will be discussed in Chapters II and 

III, we have recently shown that administration of an α1- or β1/2-AR antagonist or an 

SNRI acutely decreases ethanol self-administration in a rodent model of chronic 

adolescent stress, while continuous delivery an α1-AR agonist or SNRI persistently 

decrease concurrent anxiety-like behavior and ethanol self-administration in rodents 

demonstrating a similar behavioral phenotype to that seen after adolescent stress. 

Collectively, these studies suggest that stress-induced potentiation of noradrenergic 

signaling contributes to the symptoms of anxiety disorders, PTSD, and alcohol use 

disorders. Identifying the specific brain regions where these pharmacological treatments 

are exerting their behavioral effects may assist in revealing their shared pathology. 

Role of the Basolateral Amygdala in Stress-Related Behaviors 

As reviewed above, the noradrenergic system projects diffusely to many 

downstream targets relevant to coordinating and terminating the behavioral stress 

response. The lateral/basolateral amygdalar complex (BLA) appears to be an especially 

important region where stress-related dysregulation of noradrenergic signaling could 

impact behaviors related to anxiety, PTSD, and alcohol addiction. The BLA is well 

situated to mediate the expression of fear and anxiety, as it receives highly processed 

sensory information from the thalamus and cortex and projects to cognitive and 

autonomic centers responsible for generating appropriate physiological and behavioral 

responses to this information, such as the central nucleus of the amygdala, BNST, and 

hippocampus (Richardson, 1973; Le Gal LaSalle et al., 1978; Aggleton et al., 1980; 
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LeDoux et al., 1991; Davis et al., 1994; Davis and Whalen, 2001; Amaral, 2002; 

Davidson, 2002; Alheid, 2003; Parkes and Westbrook, 2011; Wang et al., 2011).  

For example, excitation of downstream structures by BLA pyramidal projection 

neurons contributes to increased acquisition and expression of fear and anxiety-like 

behaviors, while inhibition of BLA pyramidal cells diminishes these behaviors (LeDoux, 

2003). Accordingly, chronic adolescent stress increases BLA afferent excitability (Rau et 

al., under review), and increased BLA excitability is thought to contribute to anxiety 

disorders and PTSD (Davis et al., 1994). Furthermore, GABAergic inhibition of BLA 

pyramidal projection neurons is acutely enhanced by ethanol (Silberman et al., 2008), and 

this may partly explain ethanol’s anxiolytic effects. Conversely, cyclic ethanol 

intoxication and withdrawal have been shown to decrease GABAergic inhibition in this 

region (Diaz et al., 2011), thereby increasing BLA afferent excitability and anxiety-like 

behavior (Lack et al., 2007; Lack et al., 2009). Taken together, these results suggest that 

BLA GABAergic transmission is important in regulating fear, anxiety, and ethanol 

intake.  

Basolateral Amygdala Inhibitory Interneurons 

BLA output is tightly regulated by two distinct populations of GABAergic 

interneurons; local interneurons, which are distributed throughout the BLA, make 

perisomatic synapses on pyramidal cells, and provide both feed-forward and feed-back 

inhibition (Woodruff and Sah, 2007), and lateral paracapsular cells (LPCs), which are 

found clustered along the external capsule border, synapse on pyramidal cell distal 

dendrites, and provide feed-forward inhibition onto pyramidal cells (Quirk and Gehlert, 
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2003; Marowsky et al., 2005). The local inhibitory interneurons have been the most 

studied, and are therefore the more thoroughly characterized BLA interneuron 

population. In fact, there are many types of local circuit interneurons in the BLA, 

expressing different calcium binding proteins and peptide hormones, including 

parvalbumin, somatostatin, and cholecystokinin (Mcdonald, 1985; McDonald and 

Mascagni, 2001; Mascagni and McDonald, 2003; Rainnie et al., 2006). These cells can 

also be differentiated according to their electrophysiological properties; for example, 

parvalbumin-positive cells, which make up about half of the local interneurons in the 

BLA (Rainnie et al., 2006), can be further subdivided into four distinct groups according 

to their firing patterns (Woodruff and Sah, 2007). Although local interneurons are excited 

by cortical and thalamic inputs to the BLA, they primarily provide feed-back inhibition 

onto pyramidal neurons (Lang and Pare, 1998; Szinyei et al., 2000). Despite their distinct 

morphological and electrophysiological profiles, most research into the functional 

contributions of local inhibitory interneurons has considered them in combination, and 

together they have been hypothesized to play an important role in the acquisition and 

extinction of fear memories, expression anxiety-like behaviors, and ethanol self-

administration (Marsicano et al., 2002; Azad et al., 2004; Shekhar et al., 2005; 

Aroniadou-Anderjaska et al., 2007; Szinyei et al., 2007; Ehrlich et al., 2009). 

The role of LPCs in inhibiting BLA pyramidal cells and related behaviors, on the 

other hand, has been less well studied (Millhouse, 1986; Marowsky et al., 2005). This 

inattention is surprising, as these cells are innervated by glutamatergic afferents 

originating in the mPFC (Berretta et al., 2005; Marowsky et al., 2005; Pinto and Sesack, 

2008), and convey feedforward inhibition into BLA projection neurons (Marowsky et al., 
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2005; Silberman et al., 2010b), thereby making them well-suited to modulate cortically-

driven BLA afferent activity. LPCs are distinct from local interneurons, as they have a 

different morphological and electrophysiological profile and do not express parvalbumin, 

somatostatin, or cholecystokinin (Marowsky et al., 2005). Furthermore, the LPCs provide 

the majority of feed-forward inhibition onto BLA projection neurons (Marowsky et al., 

2005). We have recently shown that pharmacological activation of the LPCs inhibits 

amygdala-dependent behaviors, including ethanol intake (Butler et al., 2014a) and 

anxiety-like behaviors (Silberman et al., 2010a; Silberman et al., 2010b). Although the 

role of this input in fear and extinction learning had not been directly assessed prior to 

these studies, the LPCs are thought to homologous to the well-studied medial intercalated 

cells (Palomares-Castillo et al., 2012), which are known to play a crucial role in fear 

extinction (Amano et al., 2010). Consistent with this, there is some indirect evidence to 

suggest that suppression of LPC inhibitory inputs onto BLA pyramidal cells promotes 

fear memory formation and related synaptic plasticity (Bissiere et al., 2003; Manzanares 

et al., 2005; Morozov et al., 2011). In Chapter IV, we demonstrate that activation of the 

LPCs blocks the acquisition of fear and extinction learning in vivo and the induction of 

synaptic plasticity ex vivo. Furthermore, following Pavlovian fear conditioning 

(described in detail in a later section), electrically-induced long-term depression of LPC 

synapses is occluded, suggesting that the synaptic correlates of this plasticity are engaged 

by fear learning. 

Effects of Chronic Stress on Basolateral Amygdala Excitability 

Exposure to protracted stress has been shown to substantially alter BLA 

pyramidal neuron morphology and increase excitability. For example, chronic stress 
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results in increased dendritic spine density on BLA pyramidal neurons (Mitra et al., 

2005), and enhanced excitatory synaptic plasticity in this region (Vouimba et al., 2004; 

Vouimba et al., 2006). Furthermore, following chronic stress, responding of BLA 

neurons to an acute stressor is increased (Correll et al., 2005). Recently our lab has 

demonstrated that pyramidal neuron intrinsic excitability is increased in an animal model 

of chronic developmental stress that increases the expression of anxiety-like behaviors 

(Rau et al., under review), and BLA activity is similarly heightened in humans with 

generalized anxiety disorder (Etkin et al., 2009). Additionally there is indirect evidence 

that BLA GABAergic transmission is reduced by stress, and that this disinhibition 

promotes fear memory formation (Manzanares et al., 2005). As reviewed above, chronic 

alcohol exposure also results in increased anxiety-like behavior (Lack et al., 2007), and 

has been shown to disrupt inhibition at both local and LPC synapses (Diaz et al., 2011). 

Taken together, these results support the hypothesis that chronic stress and ethanol 

exposure similarly decrease inhibitory signaling in the BLA, resulting in 

hyperexcitability of projection neurons and increased anxiety and vulnerability to stress-

related disorders. 

Stress-Induced Noradrenergic Signaling in the Basolateral Amygdala 

The BLA is known to receive heavy noradrenergic innervation from the LC and 

other ascending noradrenergic sources (Asan, 1998), and noradrenaline levels increase in 

the BLA upon presentation of stressful stimuli (Galvez et al., 1996; Hatfield et al., 1999). 

Activation of BLA adrenoreceptors potentiates both excitatory and inhibitory synaptic 

transmission; for example, activation of β1/2-ARs, expressed on pyramidal cells, enhance 

excitatory post-synaptic currents (EPSCs) (Abraham et al., 2008; Silberman et al., 
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2010b), while pre-synaptic α1-ARs potentiate GABA release from local interneurons 

(Braga et al., 2004). Similarly, recent work by our lab has shown that postsynaptic β3-

ARs selectively enhance inhibitory post-synaptic currents (IPSCs) at LPC synapses 

(Silberman et al., 2010b). Although the effect of acute stress exposure on noradrenergic 

signaling in the BLA has been relatively understudied, in  Chapter V we show that α1- 

and β3-mediated inhibition of local and LPC synapses is disrupted by Pavlovian fear 

conditioning, while β1/2-mediated facilitation of glutamatergic transmission remains 

intact.  

Interestingly, extant evidence suggests that chronic stress profoundly disrupts the 

inhibitory effects of BLA noradrenaline. For example, although noradrenaline normally 

inhibits BLA output (Buffalari and Grace, 2007), the excitatory effects of noradrenaline 

on BLA neuronal activity is markedly increased following exposure to chronic stress 

(Buffalari and Grace, 2009a). Furthermore, chronic stress has been shown to disrupt AR 

modulation of local interneurons by blocking the inhibitory effects of α1-AR activation 

(Braga et al., 2004; Kaneko et al., 2008) without disturbing noradrenaline’s excitatory 

effects at β1/2-ARs (Buffalari and Grace, 2007). These results suggest that chronic stress 

may selectively disrupt AR-mediated potentiation of inhibitory signaling in the BLA, 

thereby tipping the balanced effects of noradrenergic signaling in favor of excitation and 

increasing the expression of stress-related behaviors. Given the apparent importance of 

noradrenaline-mediated BLA GABAergic transmission in regulating the expression of 

stress-related behaviors, disrupted AR signaling may be one mechanism underlying the 

deleterious behavioral effects of protracted adolescent stress exposure. To test this 

hypothesis, we must first develop a reliable model of developmental stress that 
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recapitulates some of the symptoms of anxiety disorders, alcohol use disorders, and 

PTSD. 

Preclinical Models of Stress-Related Psychopathologies 

Although substantial resources have been devoted to identifying the exact 

neurobiological perturbations contributing to the destructive behavioral sequelae 

associated with these psychopathologies, their common underpinnings have yet to be 

fully elucidated. As such, additional work is needed to identify the normal, modulatory 

role of central noradrenergic signaling in generating the behavioral and neuroendocrine 

responses to acute stress, as well as the chronic stress-induced perturbations of this 

system that promote maladaptive responses. This research may provide insight into the 

mechanisms by which treatment with noradrenergic therapeutics regulates central 

noradrenergic signaling, and thereby assist in the development of more targeted and 

efficacious treatments of stress-related pathologies. Preclinical models of their comorbid 

symptomology may assist in advancing our understanding of these disorders.  

Anxiety-Like Behavior: Elevated Plus Maze 

 The elevated plus maze is a well-established assay thought to measure 

anxiety-like behavior in rats, and relies upon rodents’ natural inclination to avoid open, 

unprotected spaces (Wall and Messier, 2001; Roy and Chapillon, 2004). Anxiety is 

assessed by comparing the amount of time spent entering/exploring the open arms of the 

maze, as opposed to the closed arms. Exposure to chronic stress in adolescence results in 

increased anxiety-like behavior in adulthood, as evidenced by greater time spent in the 

protected arms of the maze (Hall et al., 1998; Weiss et al., 2004; Uys et al., 2006; Pohl et 
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al., 2007; Schmidt et al., 2007; Tsoory et al., 2007; McCormick et al., 2008; Sterlemann 

et al., 2008; Chappell et al., 2013; Yorgason et al., 2013; Karkhanis et al., 2014).  

Increasing BLA output is thought to promote anxiety; in support of this, inhibiting 

the BLA decreases anxiety-like behavior on the elevated plus maze. For example, intra-

BLA microinjection of a benzodiazepine, which increases GABAergic signaling, reduces 

open arm avoidance (Green and Vale, 1992; Zangrossi and Graeff, 1994; Pesold and 

Treit, 1995). Similarly, optogenetic activation of BLA projections to the central amygdala 

results in increased anxiety-like behavior on this assay, while inhibiting these projections 

produces anxiolysis (Tye et al., 2011). Noradrenergic modulation of BLA output may 

contribute to anxiety-like behavior on this apparatus, as acute activation of β1/2-ARs, 

which increases excitability of BLA projection neurons, increases anxiety-like behavior 

(Valizadegan et al., 2013). Conversely, activation of β3-ARs, which reduces BLA 

excitability by promoting inhibitory signaling at LPC synapses (Silberman et al., 2010b), 

reduces anxiety-like behavior on the elevated plus maze.   

Fear and Extinction Learning: Fear Potentiated Startle Paradigm 

Pavlovian fear conditioning and extinction are well-validated, highly translational 

paradigms used to study the neurobiology of PTSD in humans and preclinical animal 

models. During fear conditioning, a neutral stimulus, such as a light, is repeatedly 

presented in combination with a noxious unconditioned stimulus (US), such as a 

footshock. As a result of this paired presentation, the formerly neutral stimulus becomes a 

conditioned stimulus (CS) that acquires some of the aversive properties of the US with 

which it is paired. As such, the CS generates a conditioned fear response (CR), and this 
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response can be used to quantify the degree to which the CS/US association has been 

learned. Extinction training, on the other hand, involves the dissolution of this 

association. During extinction, the CS is repeatedly presented alone, until the CR is no 

longer exhibited. At this point, extinction learning is thought to have been acquired. 

Importantly, extinction learning requires the formation of a new memory trace, which 

inhibits the fear memory (Myers et al., 2006).  

Fear learning and extinction can be assessed using the fear-potentiated startle 

paradigm, which exploits the acoustic startle reflex. Briefly, exposure to a sudden loud 

noise generates the startle reflex, and the magnitude of this startle response is potentiated 

when the noise is presented in the presence of a danger-associated cue, such as a 

footshock-paired CS (Davis, 2001; Jovanovic et al., 2005). Therefore, following fear 

conditioning, the startle response should be potentiated in the presence of the CS, and this 

potentiation should be abolished by extinction learning. (Grillon, 2008; Graham et al., 

2011; Morrison and Ressler, 2014). Animal and human research has demonstrated that 

the fear potentiated startle reflex is a reliable and specific index of fear, directly 

connected with and modulated by the amygdala (Hamm and Weike, 2005; Davis, 2006; 

Jovanovic et al., 2006; Norrholm et al., 2006). The fear-potentiated startle response is 

considered to be an excellent tool for translational research because it is a well-

characterized neurobiological measure of fear and extinction that can be used across 

mammalian species (Davis et al., 1993; Davis, 2006).  

For example, a core symptom of PTSD is a reduced ability to suppress 

conditioned fear responses under conditions where no threat is eminent (Grillon and 

Morgan, 1999; Rothbaum and Davis, 2003; Milad et al., 2008). Fear potentiated startle 
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has thus been used to compare fear and extinction learning among individuals with PTSD 

versus healthy controls. These studies have shown that PTSD patients demonstrate 

impaired extinction of fear-potentiated startle responses (Norrholm et al., 2011b; 

Norrholm et al., 2011a; Haaker et al., 2013; Norrholm et al., 2013). In support of the 

current hypothesis that developmental stress increases vulnerability to PTSD, adolescent 

stress has been reported to disrupt acquisition and retention of extinction learning in 

adulthood (Miracle et al., 2006; Toledo-Rodriguez and Sandi, 2007; Zhang and 

Rosenkranz, 2013).  

The BLA is implicated in fear conditioning and extinction learning; for example, 

lesioning the BLA prior to fear conditioning attenuates fear learning (Goosens and 

Maren, 2001), and reduced BLA volume is associated with greater conditioned fear 

responding (Yang et al., 2008). In rodents, the strength of the acquired fear memory 

increases in proportion with the number of reactivated neurons in the BLA (Reijmers et 

al., 2007). Similarly, blocking synaptic plasticity in the BLA by injecting glutamate 

antagonists impedes the acquisition of extinction learning (Sotres-Bayon et al., 2007; 

Parkes and Westbrook, 2010), while increasing glutamatergic signaling in this region 

facilitates extinction learning (Davis et al., 2006). Important to these experiments, intra-

BLA microinjection of compounds that decrease BLA excitability block fear extinction 

in the fear-potentiated startle paradigm (Falls et al., 1992; Lu et al., 2001), while 

glutamate receptor agonist increases extinction of fear-potentiated startle (Walker et al., 

2002). Extant evidence supports a role for noradrenergic signaling in the acquisition of 

fear and extinction learning; administration of noradrenaline into the BLA immediately 

after fear conditioning improves retention of the fear memory (LaLumiere et al., 2003; 
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Huff et al., 2005), while blocking β1/2-ARs with the antagonist propranolol impairs fear 

memory retention (Gallagher et al., 1977; Liang et al., 1986). Additionally, noradrenaline 

levels in the amygdala correlate with 24 hour retention of a fear memory (McIntyre et al., 

2002). Similarly, intra-BLA noradrenaline has been shown to promote fear extinction, 

and this effect is blocked by co-administration of a β-AR antagonist (Berlau and 

McGaugh, 2006). 

Ethanol Self-Administration: Two-Bottle Choice Intermittent Access Procedure 

Alcohol abuse and dependence are characterized by a progressive escalation from 

moderate to excessive alcohol consumption following repeated cycles of intoxication and 

withdrawal (Koob, 2003; Vengeliene et al., 2008; Koob and Volkow, 2010). The 

intermittent access two-bottle choice ethanol self-administration paradigm involves 

repeated cycles of free-choice ethanol access followed by a withdrawal period, and 

replicates elements of alcohol dependence, including a marked escalation in voluntary 

ethanol self-administration (Simms et al., 2008) and acute symptoms of physical 

withdrawal (Steensland et al., 2013). Animals are given three 24-hour sessions of access 

to 20% ethanol and water, separated by withdrawal periods of 24-48 hours. Fluid intake 

is recorded shortly after daily access begins (~30 minutes) and again at the end of 24 

hours. Importantly, under this access schedule the majority of animals escalate their 

intake over the course of several weeks, eventually achieving stable 24-hour intake of 

around 4 g/kg/session. Additionally, most animals drink about 25% of their daily intake 

in the first 30 minutes of access, generating BECs high enough to engender intoxication 

(Chappell et al., 2013). This escalation is not observed in traditional daily access 

procedures (Wise, 1973; Simms et al., 2008), indicating that the cyclic intoxication and 
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subsequent withdrawal is important for increasing self-administration over time. This is 

consistent with the well-established allostasis model of addiction, which posits that 

repeated cyclic intoxication escalates drinking and promotes dependence in clinical 

populations (Koob, 2003).  

Exposure to chronic stress in adolescence has been linked to increased ethanol 

intake in adulthood using this model (Hall et al., 1998; Juarez and Vazquez-Cortes, 2003; 

Ehlers et al., 2007; McCool and Chappell, 2009; Lopez et al., 2011; Chappell et al., 2012; 

Chappell et al., 2013). Relevant to these studies, noradrenergic signaling in the BLA may 

play a role in ethanol self-administration; for example, we have shown that intra-BLA 

administration of a β3-AR agonist, which inhibits BLA excitability (Silberman et al., 

2010b), also reduces home cage ethanol intake and operant responding for ethanol 

(Butler et al., 2014a). Likewise, we have seen that adolescent stress increases 

noradrenaline release in the BLA in response to acute ethanol injections (Karkhanis et al., 

2014).  

Adolescent Social Isolation: Modeling Vulnerability to Comorbid Anxiety, Alcoholism, 

and PTSD 

Paralleling clinical populations, rodent performance on these assays appears to be 

correlated. For example, anxiety-like behavior on the elevated plus maze has been linked 

to PTSD-like deficiencies in the ability to extinguish conditioned fear responses 

(Goswami et al., 2010), to retain extinction memories (Pinna and Rasmusson, 2014), and 

to perform hippocampal-dependent memory tasks in rodent models of PTSD (Goswami 

et al., 2012). Similarly, rodents demonstrating high anxiety-like behavior on the elevated 
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plus maze consume more ethanol and display a higher preference for ethanol (Huot et al., 

2001; McCool and Chappell, 2009; Bahi, 2013; Chappell et al., 2013; Skelly and Weiner, 

2014), and ethanol withdrawal is associated with increased anxiety-like behavior on this 

assay (Lal et al., 1991; Valdez et al., 2002; Doremus et al., 2003). Correspondingly, 

alcohol intake has been shown to reduce anxiety-like behaviors in the elevated plus maze 

(Durcan and Lister, 1988; Spanagel et al., 1995; Boehm et al., 2002; LaBuda and Fuchs, 

2002; Abreu-Villaca et al., 2008; Correia et al., 2009). Rodent breeds that demonstrate a 

propensity to consume alcohol also exhibit increased anxiety-like behavior that is 

sensitive to ethanol (Stewart et al., 1993; Colombo et al., 1995). Similarly, alcohol-

preferring rodents exhibit greater fear-potentiated startle than their non-preferring 

counterparts (McKinzie et al., 2000; Barrenha and Chester, 2007), and this potentiation is 

attenuated by alcohol intake (Barrenha et al., 2011).  

Our group has recently begun using a model of adolescent social isolation in an 

attempt to replicate the increased vulnerability to alcohol use disorder, anxiety disorder, 

and PTSD seen in humans following excessive developmental stress. Social isolation is a 

potent stressor in male rats, and isolation during the adolescent period of development 

has particularly deleterious consequences on neurodevelopment and behavior (Hall, 

1998; Veenema, 2009; Chappell et al., 2013). For example, male rats reared in isolation 

throughout adolescence exhibit more anxiety-like behavior (Leussis and Andersen, 2008; 

McCormick et al., 2008; Lukkes et al., 2009; Chappell et al., 2013; Yorgason et al., 2013; 

Karkhanis et al., 2014) and self-administer ethanol at a higher rate (Hall et al., 1998; 

Lodge and Lawrence, 2003; Deehan et al., 2007; McCool and Chappell, 2009; Lopez et 

al., 2011; Chappell et al., 2012; Chappell et al., 2013; Butler et al., 2014b), as compared 
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to conspecifics group housed during this developmental period. Interestingly, social 

isolation during adulthood is associated with exaggerated fear learning and impaired fear 

extinction, and has been put forward as a model of PTSD, suggesting that adolescent 

social isolation might likewise result in PTSD-like deficiencies in extinction learning 

(Pibiri et al., 2008; Pinna, 2010; Pinna and Rasmusson, 2014). This hypothesis is 

confirmed in Chapter II, as discussed below. 

Current Studies 

The experiments described herein can be roughly divided into two broad aims. 

Chapters II and III were designed to model the behavioral and neurobiological symptoms 

of chronic adolescent stress, including anxiety-like, PTSD-like, and alcohol dependent-

like behaviors, and treatment of these disorders with pharmacological interventions 

thought to decrease the excitatory effects of central noradrenaline. Specifically, Chapter 

II uses adolescent social isolation, which is inherently stressful for rats and has been 

linked to behavioral maladaptations resembling anxiety and alcohol use disorders in 

adulthood (Chappell et al., 2013), as a model of chronic stress. In this study, we extend 

previous investigations by assessing the impact of adolescent social isolation on PTSD-

like deficiencies in fear and extinction learning in adulthood, and the sensitivity of the 

escalated ethanol self-administration observed in this phenotype to acute administration 

of three noradrenergic drugs thought to decrease the excitatory effects of noradrenaline in 

the brain (an α1-AR antagonist, a β1/2-AR antagonist, and an SNRI). We replicate 

previous work by our group and others finding that social isolation during adolescence 

promotes later-life anxiety-like behavior on the elevated plus maze and increased two-

bottle choice ethanol self-administration. Furthermore, we report that binge-like ethanol 
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intake is reversed by acute administration of drugs thought to decrease the excitatory 

effects of noradrenaline among socially isolated animals, while having no significant 

impact on binge-like intake among singly housed conspecifics that had been group 

housed throughout adolescence.   

The studies discussed in Chapter III expand upon the results obtained in Chapter 

II by assessing the impact of chronic administration of the same noradrenergic drugs on 

anxiety-like behavior and ethanol intake in adult rats that exhibit a behavioral phenotype 

similar to that of adolescent SI rats. We have previously reported that adult rats obtained 

from a commercial supplier exhibit anxiety-like behavior and escalate their ethanol self-

administration in line with animals exposed to chronic social isolation during adolescence 

(Chappell et al., 2013). As such, we used adult animals obtained from a commercial 

supplier to model the effects of chronic delivery of the same noradrenergic therapeutics 

that decreased binge-like ethanol self-administration among isolation-reared, but not 

group-reared, adult male rats to examine the long-term effectiveness of these drugs on 

anxiety-like behavior in the elevated plus maze and ethanol self-administration using the 

two-bottle choice intermittent access procedure. We report the both α1-AR antagonist 

and the SNRI, when delivered chronically across a four-week period via subcutaneous 

osmotic minipumps, decreased anxiety-like behavior and ethanol intake, while chronic 

administration of the β1/2-AR antagonist or vehicle had no lasting impact on these 

behaviors. 

Chapters IV and V examine the role of noradrenergic signaling in the BLA on 

Pavlovian fear conditioning and extinction learning and associated synaptic plasticity in 

this region. As reviewed above, extant evidence has demonstrated an important role for 



28 
 

the BLA in the acquisition and extinction of Pavlovian fear conditioning, and synaptic 

plasticity in this region is considered to be a neural correlate of fear learning. To date, 

research on fear-related plasticity has focused on long-term alterations in BLA excitatory 

transmission. However, inhibitory plasticity likely plays an equally important role in the 

expression and extinction of conditioned fear, and noradrenergic modulation of inhibitory 

signaling may contribute to BLA synaptic plasticity and fear memory formation. We 

have previously shown that β3-AR activation selectively potentiates the feed-forward 

inhibitory LPCs lining the external capsule border, and that activation of these receptors 

reduces anxiety-like behavior and ethanol self-administration (Butler et al., 2014; 

Silberman et al., 2009). Here we examine for the first time whether β3-AR mediated 

potentiation of LPCs likewise disrupts fear and extinction learning, using a combination 

of behavioral and electrophysiological approaches. We selectively potentiated LPC 

synapses by microinjecting a β3-AR agonist into the BLA immediately prior to Pavlovian 

fear conditioning or extinction training, and found that increasing inhibition at LPC 

synapses blocks the expression of both fear and extinction learning, as assessed by fear-

potentiated startle. To test our prediction that fear learning promotes inhibitory plasticity 

at LPC synapses, we next used in vitro low-frequency electrical stimulation of the 

external capsule, which has been shown to promote BLA output by inducing long-term 

potentiation of excitatory synapses, to examine GABAergic plasticity in fear conditioned 

animals and naïve controls. We report that LPC synapses undergo electrically-induced 

inhibitory long-term depression, and this plasticity is occluded in slices obtained from 

fear-conditioned animals. Finally, we used the same stimulation protocol to induce 

plasticity of field potentials in naïve and fear conditioned animals, and compared the 
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observed change in field potential amplitude to that evoked during concomitant 

application of a β3-AR agonist. We show that low-frequency electrical stimulation of the 

external capsule produces long-term potentiation of BLA field potentials, and this 

plasticity is blocked by fear conditioning or application of a β3-AR agonist. These studies 

are the first to directly examine the role of LPC inhibition in fear and extinction learning. 

Finally, in Chapter V, we examine whether the balanced excitatory and inhibitory 

effects of noradrenergic receptor activation in the BLA are disrupted by Pavlovian fear 

conditioning.  As reviewed previously, BLA inhibition arises from two inputs: local 

feedback interneurons, which are potentiated by α1-AR activation, and feed-forward 

LPCs, which are potentiated by β3-AR activation. Activation of β1/2-ARs, on the 

contrary, enhances excitatory signaling at glutamatergic synapses onto BLA pyramidal 

cells. Despite the known role of noradrenergic receptors in modulating BLA output, 

relatively little attention has been paid to the contribution of this system to Pavlovian 

conditioning. In these experiments we used patch-clamp electrophysiology to assess the 

potentiation of local and LPC inhibitory GABAergic signaling, as well as excitatory 

glutamatergic signaling, by adrenoreceptor agonists following fear conditioning using the 

fear-potentiation startle paradigm. We report that the inhibitory effects of α1-AR and β3-

AR activation at local and LPC synapses, respectively, were decreased in BLA brain 

slices obtained from fear conditioned animals. By comparison, AR-mediated potentiation 

of inhibitory signaling was undisturbed in naïve animals and control animals that 

received unconditioned footshocks. Significantly, β1/2-AR potentiation of excitatory 

signaling remained intact and similar across all groups. Thus, using a fear learning 

paradigm frequently used to study the neural substrates of PTSD, we determine that fear 
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acquisition compromises the inhibitory effects of noradrenergic signaling in the BLA, 

potentially tipping the balanced effects of noradrenaline release toward excitation and 

promoting BLA output. This research provides insight into the role of noradrenergic 

signaling in the BLA in non-pathological fear and extinction learning. Together, these 

studies advance our ability to model the maladaptive behaviors resulting from chronic 

stress in adolescence, as well as our ability to reverse these disruptions in later life.  
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Abstract  

Alcohol use, anxiety disorders, and post-traumatic stress disorder (PTSD) are 

highly comorbid, and exposure to chronic stress in adolescence increases later life 

vulnerability to all of these conditions. Efforts to identify the common stress-related 

mechanisms driving these disorders have been hampered, in part, by a lack of reliable 

preclinical models that replicate their comorbid symptomatology. Prior work by us, and 

others, has shown that adolescent social isolation increases the expression of anxiety-like 

behaviors and ethanol self-administration in adult male Long-Evans rats. Here we aimed 

to determine whether social isolation also produces PTSD-like deficiencies in fear 

learning, as well as the sensitivity of the resultant drinking phenotype to anxiolytic 

medications that target noradrenergic signaling. We found that adolescent social isolation 

results in increased anxiety-like behavior and an enduring enhancement of ethanol intake 

and preference, lasting at least 8 weeks into adulthood. This form of chronic early life 

stress was also associated with a significant deficit in the extinction of conditioned fear 

and a marked increase in the ability of three noradrenergic drugs (prazosin, propranolol, 

and duloxetine) to decrease ethanol intake. These results suggest that adolescent social 

isolation not only leads to persistent increases in anxiety-like behaviors and ethanol 

consumption, but also disrupts fear extinction, a hallmark symptom of PTSD. Our data 

further suggest that disrupted noradrenergic signaling may contribute to the escalation in 

ethanol drinking following social isolation, and that noradrenergic pharmacotherapeutics 

may prove particularly efficacious in treating the deleterious behavioral sequelae 

associated with early life stress.  

Keywords:  Duloxetine, Fear-Potentiated Startle, Prazosin, Propranolol, Social Isolation 
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1. Introduction 

Alcohol use disorder, anxiety disorders, and post-traumatic stress disorder 

(PTSD) frequently co-occur (Brady and Sinha, 2005; Kushner et al., 2000), and exposure 

to chronic stress in early life has been linked to the incidence of each of these conditions 

(Brady and Sinha, 2005; Enoch, 2011; Gillespie et al., 2009; Huot et al., 2001; Kaufman 

et al., 2007; Roman and Nylander, 2005). Individuals suffering from anxiety or trauma- 

and stressor-related disorders may drink to self-medicate, as acute alcohol relieves 

anxiety and transiently alleviates the symptoms of PTSD (Davis et al., 2013; Leeies et al., 

2010; Robinson et al., 2011). Paradoxically, alcohol withdrawal enhances anxiety and 

exacerbates PTSD symptomatology, thereby promoting further intake (Becker, 2012; 

Driessen et al., 2001; Koob and Le Moal, 2005; Robinson et al., 2011). As alcohol 

dependence is characterized by cycles of intoxication and withdrawal, anxiety-related 

drinking has been implicated in advancing the progression of alcoholism (Breese et al., 

2011; Koob, 2013). Importantly, individuals suffering from comorbid alcohol use and 

anxiety disorders exhibit worsened clinical profiles and experience poorer treatment 

outcomes (Bruce et al., 2005; Jacobsen et al., 2001). As such, determining the common 

mechanisms driving PTSD, anxiety, and alcohol use disorders may prove crucial to 

effectively treating these comorbid conditions. 

Clinical research suggests that dysregulation of the noradrenergic system may 

contribute to the etiology of these disorders, as potentiated noradrenergic signaling has 

been observed in individuals suffering from these conditions (Brawman-Mintzer and 

Lydiard, 1997; Geracioti et al., 2001; Patkar et al., 2004) and putative noradrenergic 

inhibitors have been shown to decrease anxiety, ethanol intake, and PTSD 
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symptomatology (Boehnlein and Kinzie, 2007; Famularo et al., 1988; Fox et al., 2012; 

Lader, 1988; Petrakis et al., 2012; Simpson et al., 2009). Noradrenergic signaling is an 

integral component of the stress response system, and while acute activation of brainstem 

noradrenergic afferents is an adaptive response to environmental threats, sustained 

activation of these afferents in response to prolonged stress exposure has been linked to 

persistent increases in anxiety (Jedema et al., 2001; Ressler and Nemeroff, 2001). Despite 

the importance of understanding how the noradrenergic system is disrupted by chronic 

stress and righted by treatment with drugs thought to decrease noradrenergic signaling, 

the specific neurobiological changes underlying these phenomena have yet to be 

identified. These efforts have been partially hampered by a lack of reliable animal models 

that engender enduring increases in anxiety-like behaviors, PTSD-like symptoms, and 

excessive ethanol self-administration.    

Toward the goal of developing such a model, we have recently begun 

characterizing the effects of adolescent social isolation on subsequent ethanol 

consumption and anxiety measures, and here expand these investigations to include 

PTSD-like behaviors. Preclinical models have demonstrated that exposure to chronic 

stress during development increases anxiety-like behaviors and ethanol intake in 

adulthood (Cruz et al., 2008; Huot et al., 2001; Roman and Nylander, 2005), and 

adolescence is arguably a particularly vulnerable developmental period during which the 

brain is especially sensitive to the effects of stress (Heim and Nemeroff, 2001; Jankord et 

al., 2011; Spear, 2009). For example, adolescent social isolation has been shown to 

increase anxiety-like behaviors (Chappell et al., 2013; Hall et al., 1998b; Hellemans et 

al., 2004; Yorgason et al., 2013) and ethanol self-administration (Chappell et al., 2013; 
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Deehan et al., 2007; Hall et al., 1998a; McCool and Chappell, 2009) in adult male rats. 

The experiments described herein extend previous studies by using the fear-potentiated 

startle paradigm, a highly translational and clinically relevant measure of fear learning 

(Grillon, 2008; Jovanovic et al., 2013), to examine whether adolescent isolation also 

produces PTSD-like disruptions in fear and extinction learning. Specifically, we 

hypothesized that adolescent social isolation would disrupt the acquisition and extinction 

of fear learning, as both of these measures are known to be impaired in clinical 

populations suffering from PTSD (Grillon and Morgan, 1999; Jovanovic et al., 2010). 

Our results suggest that in addition to increasing anxiety-like behavior, chronic stress in 

the form of adolescent social isolation disrupts extinction learning following fear 

conditioning, without affecting acquisition.   

Additionally, we examined the effect of three anxiolytic medications that target 

the noradrenergic system (the α1-adrenoreceptor (AR) antagonist prazosin, the β1/2-AR 

antagonist propranolol, and the serotonin-norepinephrine reuptake inhibitor (SNRI) 

duloxetine) on home-cage ethanol drinking in singly housed adult animals exposed to 

either social isolation or group housed conditions during adolescence. Our findings 

confirm and extend our previous results, demonstrating that adolescent social isolation 

results in a robust and long-lasting increase in ethanol self-administration in adulthood, 

even relative to adolescent group housed subjects that were isolated during the adult 

drinking regimen. We further report that all three modulators of noradrenergic signaling 

dose-dependently decrease ethanol intake in animals that were isolated throughout 

adolescence, while having little to no effect on intake among adolescent group housed 

conspecifics.    
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Figure 1. Experimental Design. Animals arrived on postnatal day 21 

and were housed in groups of four for one week. Following this, 

animals were randomly assigned to housing conditions, and either 

remained group housed (GH n = 33) or socially isolated (SI n = 35) 

for the remainder of their adolescent development. At the end of six 

weeks, anxiety-like behavior and locomotor activity were assessed 

using the elevated plus-maze and open field tests. A subset of animals 

(GH n = 13; SI n = 14) underwent fear conditioning and extinction 

learning prior to ethanol access. After this, 57 animals (GH n = 28; SI 

n = 29) were individually housed and began intermittent two-bottle 

choice ethanol self-administration in their home cages. All animals 

were allowed to self-administer ethanol on this schedule for eight 

weeks. A subset of animals (GH n = 15; SI n = 16) were used to 

determine blood ethanol concentrations three weeks into the drinking 

study. At the end of eight weeks, animals began receiving injections 

of either prazosin, propranolol, or duloxetine once per week to assess 

the dose-dependent effects of these drugs on drinking. Animals were 

sacrificed at the end of these studies.   
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2. Materials and Methods 

2.1. Subjects  

A total of sixty-eight male Long Evans rats from four temporally distinct cohorts 

were used in these studies, all obtained from Harlan Laboratories (Indianapolis, IN). All 

animals were treated identically, except where indicated (Fig. 1). Animals arrived at 

postnatal day 21, and were group housed (4 animals/cage) in large, clear plexiglass cages 

(33.0 cm × 59.7 cm; Nalgene, Rochester, NY) for one week. Following this, socially 

isolated animals (SI n = 35) were moved to smaller clear cages (25.4 cm × 45.7 cm), 

while group housed animals (GH n = 33) remained in their original cages; animals stayed 

in these housing conditions with minimal handling (one cage change/week) for six weeks 

prior to behavioral testing. Rats had ad libitum access to food (Prolab RMH 3000, 

LabDiet; PMI Nutrition International, St. Louis, MO) and water throughout, and were 

maintained on a 12-hour light/dark cycle in the same colony room. Animal care 

procedures were carried out in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and were approved by the Wake Forest University Animal Care and 

Use Committee.   

 

2.2. Anxiety-Like Behavior 

Anxiety-like behavior was assessed in all animals during the seventh week of the 

adolescent housing manipulation using standard elevated plus-mazes (Med Associates, 

St. Albans, VT) raised 72.4 cm from floor level, with runways measuring 10.2 cm wide 
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by 50.8 cm long. Open runways had 1.3 cm high lips and closed runways were enclosed 

in 40.6 cm high black polypropylene walls. Exits and entries from runways were detected 

via infrared sensors attached to the opening of each arm of the maze. Data were obtained 

and recorded via personal computer interfaced with control units and MED-PC 

programming (Med Associates). Animals were placed at the junction of the four arms at 

the beginning of the session, and activity was measured for five minutes. Anxiety-like 

behavior was assessed by measuring the total time spent on the open arms of the maze as 

well as the number of entries into the open arms. General locomotor activity was assessed 

by measuring the number of closed arm entries.   

One week later, general locomotion in a novel environment was measured in all animals 

using an open field test, conducted in standard activity chambers (model-RXYZCM, 

Digiscan animal activity monitors, Omnitech, Columbus, OH). At the start of the test, 

animals were placed in the center of acrylic plastic chambers (42 * 42 * 30 cm) equipped 

with eight photobeam arrays of infrared photodectors located at regular intervals along 

each wall of the chamber (2.5 cm above the floor). The chamber walls were solid, and the 

room was dimly lit. Exploratory activity in this environment was measured for one hour, 

and data were stored in five minute time bins. Locomotion was assessed by measuring 

the total distance traveled during this time, while anxiety-like behavior was determined 

by comparing the percentage of time spent in the center of the chamber relative to the 

perimeter. 

 

2.3. Fear Conditioning and Extinction 



87 
 

Fear conditioning tests were conducted on a subset of animals (from two 

temporally distinct cohorts) after the open field test, but before ethanol self-

administration commenced. Fear-potentiated startle was trained and assessed using 

standard acoustic startle chambers (San Diego Instruments, CA) containing plexiglass 

tubes with grid floors capable of delivering footshocks. All procedures were carried out 

during the light cycle. The plexiglass tubes were large enough for animals to turn around 

freely and animals were allowed to acclimate to the tubes and chambers for five minutes 

prior to each training or testing session. Group housed and socially isolated animals (GH 

n = 13; SI n = 14) were trained to pair a light (CS) with a 0.5 mA footshock (US) in a 

single session consisting of 10 CS/US pairings. During each CS/US presentation, the 

light appeared for two seconds and was paired with a co-terminating 500 ms footshock. 

Acquisition of fear learning was assessed 24 hours later. During test sessions, subjects 

were presented with 10 startle-inducing noise bursts (100 dB) delivered alone and 10 

additional noise bursts delivered in the presence of the CS in a pseudorandom order. Fear 

learning was determined by measuring the change in startle responding in the presence of 

the CS relative to noise-alone trials. Following confirmation of fear learning, animals 

were exposed to three consecutive extinction sessions, separated by 24 hours, consisting 

of 30 presentations of the CS alone (without shock or tone). Twenty-four hours after the 

last extinction session, a test session identical to that used to measure the acquisition of 

fear conditioning was used to assess extinction learning. During this test session, the 

persistence of a potentiated startle response in the presence of the CS indicated failure to 

acquire extinction learning.   
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2.4. Ethanol Self-Administration 

Following the conclusion of the aforementioned behavioral tests, 11 animals were 

removed from the study (GH n = 5; SI n = 6) to be used for electrophysiological analysis 

(data not presented here). All remaining group housed animals (n = 28) were separated 

into single cages identical to those used to house the socially isolated rats (n = 29). 

Ethanol self-administration was then assessed using a home-cage, intermittent access 

two–bottle choice procedure. Animals were given access to two bottles containing 20% 

ethanol (v/v) or water Monday, Wednesday and Friday of each week with only water 

available on the remaining days. The placement of the ethanol and water bottles was 

alternated with each presentation to control for side preferences. On ethanol drinking 

days, fluid intake was measured after 30 minutes of access and again 24 hours later. It 

should be noted that the animals used for fear conditioning and extinction experiments 

were initiated to the ethanol self-administration regimen at a later timepoint than animals 

that were only exposed to the elevated plus-maze and open field tests. 

 

2.5. Blood Ethanol Determination 

Following three weeks of intermittent ethanol access, blood ethanol 

concentrations were measured in a subset of animals (GH n = 15; SI n = 16). Subjects 

were given access to ethanol and water for 30 minutes and then a 10 μl blood sample was 

collected from a tail snip. Blood ethanol concentrations were determined using a 

commercially available alcohol dehydrogenase enzymatic assay kit (Diagnostic 

Chemicals, Oxford, CT). 
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2.6. Drug Administration 

Propranolol (1.25 and 2.5 mg/kg), prazosin (0.5, 1.0, and 1.5 mg/kg), and 

duloxetine (0.75 and 1.25 mg/kg) were obtained from Tocris Bioscience (Minneapolis, 

MN) and dissolved in sterile 0.9% NaCl. Following eight weeks of intermittent access 

two-bottle choice ethanol self-administration, rats received weekly intraperitoneal 

injections of vehicle or one dose of the above pharmacotherapeutics 30 minutes prior to 

daily ethanol access. Cohorts were divided into three treatment groups; 16 animals (8 per 

housing condition) received prazosin injections, 16 animals (8 per housing condition) 

received propranolol injections, and 25 animals (GH n =12; SI n = 13) received 

duloxetine injections. For one week prior to injections, animals were removed from their 

cages and gently poked in the abdomen with a blunt object at the injection site prior to 

daily ethanol access in order to acclimate them to the handling procedure. During drug 

delivery weeks, animals received vehicle injections on Monday and drug injections on 

Wednesday. All drug injections were separated by 7 days, and each drug effect was 

compared to the average of all vehicle injections.  

 

2.7. Statistics 

Anxiety-like behavior on the elevated plus-maze was analyzed using unpaired t-

tests, or Mann-Whitney Rank Sum Tests in the event of non-normally distributed data. 

Unpaired t-tests were used to compare blood ethanol concentrations (BECs) and ethanol 

intake between groups on the day that this assay was performed, and Pearson Product 

Moment Correlations were used to assess the relationship between BECs and ethanol 

intake within each group. Locomotor activity in the open field, fear conditioning and 
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extinction learning, ethanol intake and preference, and drug effects on drinking were 

analyzed using repeated measures two-way analyses of variance (ANOVA) followed by 

Newman-Keuls post-hoc tests. The significance level for all statistical analyses was set at 

p < 0.05.  

 

 

 

 

 

 

 

Figure 2. Social isolation increases anxiety-like behavior on the elevated plus-

maze and locomotor activity in the open field test. Group housed (GH n = 33) 

animals exhibited less anxiety-like behavior on the elevated plus-maze than 

socially isolated (SI n = 35) counterparts, as evidenced by more time spent in the 

open arms of the maze (a; p = 0.029) and more open arm entries (b; p = 0.008). 

GH animals also exhibited a greater number of closed arm entries, a measure of 

non-specific locomotor activity (c; p = 0.047). Additionally, SI rats exhibited 

greater locomotor activity in response to a novel environment in the open field 

test than GH counterparts (d,e; p = 0.026). 
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3. Results 

3.1. Social isolation increases anxiety-like behavior 

Baseline anxiety-like behavior was assessed following six weeks of exposure to 

either group housed or socially isolated rearing conditions. Consistent with previous 

reports from our lab (Chappell et al., 2013; McCool and Chappell, 2009; Yorgason et al., 

2013), group housed animals (GH n = 33) exhibited less anxiety-like behavior than 

socially isolated conspecifics (SI n = 35), as evidenced by more time spent in the open 

arms of the elevated plus-maze (Fig. 2a; U(66) = 403, p = 0.029, two-tailed) and more 

open arm entries (Fig. 2b; U(66) = 368.5, p = 0.008, two-tailed). Socially isolated and 

group housed animals also showed a more modest, albeit significant, difference in closed 

arm entries (Fig. 2c), a measure of non-specific locomotion (t(66) = 2.020, p = 0.048, 

two-tailed). Socially isolated rats also exhibited significantly greater locomotor activity in 

response to a novel environment (Fig. 2d,e), as evidenced by a significant main effect of 

housing condition (F(1,605) = 5.548, p = 0.026) and time (F(11,605) = 127.068, p < 

0.001); no interaction of group and time was observed (F(11,605)  = 1.398, p = 0.173). 

No differences in the percent time spent in the margins versus the center of the open field 

were observed on this assay (p > 0.05).     

 

3.2. Social isolation disrupts extinction learning 

Both socially isolated and group housed animals acquired fear conditioning, as 

evidenced by exhibiting a potentiated startle response in the presence of a light that had 

been paired with a footshock 24 hours prior to testing (Fig. 3a; GH n = 13; SI n = 14). A 

two-way repeated measures ANOVA revealed a significant main effect of startle (Fig. 3c; 
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F(1,25) = 31.246, p < 0.001), and post-hoc analyses confirmed that the average startle 

response amplitude exhibited in response to noise bursts presented in the presence of the 

light CS was greater than the average response to the noise alone (q = 7.905, p < 0.001). 

Importantly, there was no main effect of housing condition (F(1, 25) = 0.89, p = 0.354), 

and no significant interaction (F(1, 25) = 0.903, p = 0.351), indicating that the fear-

potentiated startle response did not differ between groups. Furthermore, a direct 

comparison of the percent increase in startle responding in the presence of the CS reveled 

no difference in the magnitude of startle acquisition between groups (Fig 3b; t(25) = 

0.837, p = 0.411).  

In contrast, following three consecutive extinction training sessions, a two-way 

repeated measures ANOVA revealed a significant interaction between housing condition 

and startle amplitude (F(1,25) = 15.587, p < 0.001), and post-hoc analyses confirmed that 

socially isolated animals continued to exhibit a potentiated startle response in the 

presence of the CS (q = 6.627, p < 0.001), while response amplitude among group housed 

animals was equivalent whether the startle-inducing noise burst was presented alone or in 

the presence of the light CS (q = 1.368, p = 0.343). As such, on average the fear-

potentiated startle response remained significantly elevated among socially isolated 

animals, relative to group housed controls (Fig. 3d; t(25) = 2.210, p = 0.036). 

Importantly, no differences in basal startle response (tone alone trials, t(25) = 0.800, p = 

0.432) or response to the shock stimulus during training (t(25) = 0.484, p = 0.632) were 

found between the two groups (data not shown).  
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Figure 3. Social isolation disrupts extinction learning. Group housed (GH n = 13) and socially isolated (SI n = 

14) animals acquired comparable fear conditioning, as evidenced by similarly potentiated responses to a 

startle-inducing noise burst in the presence of a light that had been paired with a footshock 24 hours prior to 

testing (a; p = 0.345). As such, there was no difference between groups in the magnitude of fear-potentiated 

startle to the tone in the presence of the light (b; p = 0.411). However, GH and SI animals differed 

significantly in their ability to acquire extinction learning; specifically, following three consecutive extinction 

sessions during which the footshock-paired light was presented alone repeatedly, GH animals no longer 

exhibited a potentiated startle to a tone presented coincidently with the light (c; p = 0.343). Conversely, SI 

animals continued to exhibit a potentiated startle response to the tone when paired with the light, relative to 

the tone presented alone (p < 0.001), and as such the groups differed in the magnitude of their fear-potentiated 

startle response (d; p = 0.036).  
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3.3. Social isolation increases intermittent ethanol intake  

Analysis of 24 hour ethanol intake data (Fig. 4a) during intermittent access two-

bottle choice drinking sessions revealed a main effect of housing condition (GH n = 28; 

SI n = 29; F(1,917) = 40.727, p < 0.001) and drinking session (F(17,917) = 5.901, p < 

0.001), as well as a significant interaction between these factors (F(17,917) = 3.356, p < 

0.001). Post-hoc analyses revealed no difference in ethanol intake during the first day of 

ethanol access (q = 2.665, p = 0.059); however, by the second ethanol access period 

group housed rats drank significantly less ethanol than socially isolated rats (q = 5.552, p 

< 0.001). This effect persisted throughout the remaining 22 drinking sessions (p < 0.001).  

Similarly, socially isolated rats exhibited a greater preference for ethanol over water (Fig. 

4b); analyses revealed a main effect of housing condition (F(1,917) = 29.729, p < 0.001) 

and drinking session (F(1,917) = 8.302, p < 0.001), as well as a significant interaction 

between these factors (F(1,917) = 4.082, p < 0.001). Post-hoc analyses revealed that 

although group housed animals did not show a reduced preference for ethanol relative to 

socially isolated conspecifics during the first day of ethanol availability (q = 2.512, p = 

0.079), this difference was significant on the second drinking day (q = 3.778, p = 0.009) 

and remained significant on each subsequent drinking day (p < 0.05).  

There was also an overall effect of housing condition (Fig. 4c; F(1,917) = 39.859, p < 

0.001) and drinking session (F(1,917) = 4.138, p < 0.001) on 30 minute ethanol intake, 

with a significant interaction between these factors (F(1,917) = 2.091, p = 0.006). 

Drinking during the first 30 minutes of daily access has been proposed to represent binge-

like drinking, as rats tend to achieve BECs which meet the National Institute on Alcohol  
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Figure 4. Social isolation increases intermittent, two-bottle choice ethanol self-administration. Adolescent 

social isolation (SI n = 29) resulted in significantly increased daily ethanol intake (a; p < 0.001) and 

preference for ethanol over water (b; p < 0.001) relative to group housed (GH n = 28) animals. Additionally, 

SI animals drank significantly more in the first thirty minutes of daily access than GH conspecifics, a 

measure of binge-like intake (c; p < 0.001). 

 

 



96 
 

Abuse and Alcoholism (NIAAA) criterion for binge drinking during this period 

(Carnicella et al., 2014). Post-hoc analyses revealed that group housed and socially 

isolated rats exhibited similar binge-like intake patterns on day one of home-cage 

drinking (q = 1.414, p = 0.318). However, socially isolated rats drank significantly more 

ethanol on drinking day two during the first 30 minutes of daily access (q = 3.381, p = 

0.017), and this difference remained significant for the duration of home-cage drinking (p 

< 0.001).   

 

3.4. BECs are elevated among socially isolated animals 

Blood ethanol determinations were made immediately following the first 30 

minutes of ethanol drinking during week three of ethanol access. Socially isolated 

animals consumed more ethanol in the first 30 minutes of daily access (Fig. 5a; GH n = 

15; SI n = 16; U(29) = 16, p < 0.001), and BECs were correspondingly elevated in this 

group (Fig. 5b; U(29) = 32, p < 0.001). Blood ethanol levels were strongly correlated 

with 30 minute ethanol intake (Fig. 5c; r = 0.848, p < 0.001). Further analysis of each 

group separately revealed that this relationship was driven by the socially isolated 

animals (r = 0.777, p < 0.001), as the correlation between BECs and ethanol intake was 

not significant in group housed subjects (r = 0.448, p = 0.094). 
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Figure 5. Blood ethanol concentrations (BECs) are elevated after thirty minute access to ethanol in 

socially isolated animals. On the day that BECs were measured, socially isolated animals (SI n = 16) 

consumed more ethanol in the first thirty minutes of daily ethanol access than group housed (GH n = 

15) animals (a; p < 0.001) and BEC’s were correspondingly elevated in this group (b; p < 0.001). 

Furthermore, BECs were strongly correlated with 30 minute ethanol intake (c; p < 0.001).  
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3.5 Prazosin, propranolol and duloxetine decrease binge-like ethanol intake 

A two-way repeated measures ANOVA comparing the effectiveness of 

propranolol to decrease ethanol self-administration in the first 30 minutes of daily access 

in group housed and socially isolated animals revealed significant main effects of drug 

dose (F(2, 28) = 28.147, p < 0.001) and housing condition (F(1, 28) = 16.623, p < 0.001), 

and well as a significant interaction between these two factors (Fig. 6a; F(2, 28) = 5.555, 

p = 0.009). Post-hoc analyses revealed that propranolol decreased drinking relative to 

vehicle at both the low (1.25 mg/kg, q = 6.917, p < 0.001) and high (2.5 mg/kg, q = 

2.882, p < 0.001) dose in animals that had been socially isolated throughout adolescence. 

However, neither dose of this drug significantly decreased ethanol intake among animals 

that had been group housed during this developmental period (p > 0.05).  

Similarly, an analysis of prazosin administration on ethanol intake revealed a 

significant main effect of housing condition (F(1, 39) = 11.766, p = 0.004), but no main 

effect of drug dose (F(3,39) = 2.292, p = 0.093). However, the interaction of these two 

factors was significant (Fig. 6b; F(3,39) = 2.882, p = 0.048) and post-hoc analysis 

revealed that prazosin effectively decreased drinking among socially isolated animals at 

the middle (1.0 mg/kg, q = 4.483, p = 0.008) and high (1.5 mg/kg, q = 5.206, p = 0.004) 

doses, but not at the lowest dose (0.5 mg/kg, q = 2.409, p = 0.097). Prazosin did not 

decrease intake during the first 30 minutes of daily access at any dose among animals 

group housed during adolescence (p > 0.05).  

Finally, a two-way repeated measures ANOVA assessing the effectiveness of 

duloxetine to acutely decrease ethanol self-administration among animals group housed 

or socially isolated during adolescence revealed main effects of housing condition 
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(F(1,46) = 8.620, p = 0.007) and drug dose (F(2,46) = 3.827, p = 0.029), as well as a 

significant interaction of these factors (Fig. 6c; F(2,46) = 9.498, p < 0.001). Follow-up 

post-hoc analyses revealed that duloxetine decreased ethanol intake among socially 

isolated animals during the first 30 minutes of daily access at both the low (0.75 mg/kg, q 

= 6.015, p < 0.001) and high (1.25 mg/kg, q = 6.545, p < 0.001) doses, while having no 

discernible effect on drinking among group housed animals at any dose (p > 0.05). No 

drug treatments affected 24 hour EtOH intake (p > 0.05, data not shown). 
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Figure 6.  Propranolol, prazosin and duloxetine decrease binge-like ethanol intake in 

socially isolated animals. Propranolol dose-dependently decreased ethanol intake in 

the first thirty minutes of daily access among socially isolated animals (SI n = 8, a; p 

< 0.001), but had no effect on drinking among group housed animals (GH n = 8; p > 

0.05). Similarly, prazosin significantly decreased binge-like intake in GH animals at 

the two highest doses administered (n = 8, b; p < 0.01), but had no effect on drinking 

among SI animals at any dose (n = 8; p > 0.05). Finally, duloxetine decreased binge-

like intake in SI animals (n = 13, c; p < 0.001), but had no effect on drinking among 

GH animals (n = 12; p > 0.05).   

 



101 
 

4. Discussion 

These studies replicate and extend our previous reports that early life stress in the 

form of adolescent social isolation increases anxiety-like behavior, locomotor response to 

a novel environment, ethanol self-administration, and blood ethanol levels in adult male 

Long-Evans rats. Specifically, we report that, relative to adolescent group housed 

animals, rats socially isolated during adolescence exhibit a significant increase in 

intermittent ethanol self-administration that endures for at least two months. Notably, 

adolescent social isolation also engenders binge-like ethanol intake in adulthood, a 

phenotype not observed in subjects that were group housed during adolescence and then 

isolated in adulthood. These studies also demonstrate that adolescent social isolation 

significantly disrupts extinction of fear learning in adult male Long-Evans rats. Together, 

these findings provide strong evidence that adolescent social isolation may represent a 

viable model of increased vulnerability to alcohol addiction, anxiety, and PTSD. 

Further strengthening this argument, we report that acute administration of 

anxiolytic adrenergic drugs dose-dependently decreases binge-like ethanol intake among 

animals exposed to adolescent social isolation, while having little to no effect on drinking 

among animals group housed during adolescence. Specifically, systemic administration 

of the α1-AR antagonist prazosin, the β1/2-AR antagonist propranolol, or the SNRI 

duloxetine dose-dependently decreases ethanol intake in socially isolated animals during 

the first 30 minutes of ethanol availability; no effects are observed in group housed 

conspecifics. These findings are important, as they replicate the efficacy of noradrenergic 

therapeutics for the treatment of alcohol use disorder in some clinical populations 

(Boehnlein and Kinzie, 2007; Famularo et al., 1988; Fox et al., 2012; Lader, 1988; 
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Petrakis et al., 2012; Simpson et al., 2009) and provide initial evidence that social 

isolation during adolescence may disrupt some of the same neurobiological substrates 

that contribute to alcoholism and/or anxiety, trauma- and stressor-related disorders. 

Our lab has previously reported that adolescent social isolation results in 

increased ethanol self-administration across four weeks using an intermittent home-cage 

drinking regimen (Chappell et al., 2013). Here we replicate these drinking effects, and 

further report that ethanol intake remains elevated for at least eight weeks among animals 

that were isolation reared during this critical developmental period. Socially isolated 

animals from all three cohorts tested consumed, on average, about 1 g/kg ethanol within 

the first 30 minutes of daily access, and the BECs achieved by these  groups approached 

the NIAAA established criteria for a binge-

al., 2014). Furthermore, these animals exhibit increased 24 hour ethanol intake and 

preference for ethanol over water, as compared to group housed counterparts. In contrast, 

rats that were group housed during adolescence but then isolated throughout the adult 

drinking regimen never escalated their binge-like intake beyond an average of 0.5 g/kg, 

and 24 hour preference and total intake remained low in these cohorts. Thus, as we have 

reported previously, animals reared in group housed conditions do not display the 

increase in drinking typically seen with this intermittent access procedure (Chappell et 

al., 2013; Simms et al., 2008) even when this protocol is extended to eight weeks. The 

observation that adolescent group housed animals were isolated throughout the drinking 

study but did not show any signs of escalating their ethanol intake underscores the 

importance of adolescence as a developmental period during which chronic stress can 

engender increases in behavioral risk factors associated with addiction vulnerability. This 
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disparity is consistent with the hypothesis that protracted activation of the stress response 

system during adolescence leads to long-lasting neurobiological and behavioral 

perturbations (Heim and Nemeroff, 2001; Romeo et al., 2006; Spear, 2009). Taken 

together, our findings to date support extant evidence that chronic stress in adolescence 

increases later-life susceptibility to alcohol use and anxiety disorders (Brady and Sinha, 

2005; Enoch, 2011; Gillespie et al., 2009; Kaufman et al., 2007). However, it is important 

to note that exposure to chronic stress prior to the onset of puberty also results in similar 

increases in anxiety and ethanol self-administration (Huot et al., 2001). 

We also used the fear-potentiated startle paradigm, a highly translational measure 

of fear and extinction learning, to demonstrate that animals exposed to chronic 

developmental stress in the form of adolescent social isolation are significantly impaired 

in acquiring extinction learning. Difficulty extinguishing conditioned fear is a common 

symptom of PTSD, and the fear-potentiated startle paradigm can be used to model 

deficiencies in extinction learning in rodents (Barad, 2005). The inability of fear 

conditioned rodents to acquire extinction learning closely resembles the reduced ability 

of individuals with PTSD to recognize that stimuli previously associated with a traumatic 

event no longer predict impending danger (Goswami et al., 2013; Jovanovic et al., 2010; 

Milad et al., 2008). Importantly, a recent rodent study identified a link between chronic 

ethanol exposure and later PTSD-like impairments in extinction learning (Holmes et al., 

2012). A similar effect has also been observed in mice exposed to adolescent isolation; 

these animals did eventually acquire extinction learning, but at a markedly slower rate 

than group housed conspecifics (Naert et al., 2011). Thus, disrupted (or at least delayed) 

acquisition of extinction learning may be an additional behavioral change associated with 
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adolescent isolation in an animal model of anxiety-related ethanol self-administration. 

This finding further strengthens the applicability of this model to identifying the 

neurological disruptions common to anxiety disorders, PTSD, and alcohol dependence 

among clinical populations. 

Previous investigations aimed at identifying the neuroadaptations pertinent to 

these comorbidities have revealed a potential role of noradrenergic neurotransmission, 

which is an integral component of the stress response system. Brainstem noradrenergic 

afferents, such as those originating in the locus coeruleus (LC), fire in response to stress-

induced HPA axis activation (Valentino et al., 1983), and chronic stress leads to 

persistent changes in LC activity (Pavcovich et al., 1990; Pavcovich and Ramirez, 1991). 

As chronic stress-induced alterations in LC output have been linked to persistent 

increases in anxiety, this may be one mechanism whereby repeated stress during 

adolescence contributes to later life anxiety and alcohol use (Bingham et al., 2011; Spear, 

2009). In fact, hyperactivity of the noradrenergic system is observed among individuals 

with anxiety disorders (Ressler and Nemeroff, 2001; Yamamoto et al., 2014), and cyclic 

alcohol intake and withdrawal likewise lead to increased central noradrenergic signaling 

(Patkar et al., 2004; Rasmussen et al., 2006). Noradrenaline levels are also tonically 

elevated in individuals with PTSD, and central norepinephrine concentrations correlate 

positively with symptom severity in this population (Geracioti et al., 2001). Relatedly, 

our group has recently shown that non-contingent ethanol significantly increases 

norepinephrine release in the nucleus accumbens of socially isolated animals in response 

to an ethanol challenge, but has no effect on accumbal norepinephrine release in group 

housed controls (Karkhanis et al., 2014), suggesting that chronic developmental stress 
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increases the ethanol responsivity of the mesolimbic noradrenergic system. Taken 

together, these implicated noradrenergic dysregulation as a potential common mechanism 

driving stress-related anxiety, PTSD, and alcohol use disorder. 

Consistent with this theory, pharmacological interventions presumed to decrease 

noradrenergic signaling have proven effective in attenuating anxiety and alcohol self-

administration in both human alcoholics and rodent models of ethanol dependence. For 

example, prazosin decreases drinking and stress-induced alcohol craving in alcoholics 

(Fox et al., 2012; Simpson et al., 2009) and reduces ethanol self-administration in rodent 

models of anxiety-related drinking (Rasmussen et al., 2009; Verplaetse et al., 2012; 

Walker et al., 2008). Similarly, β1/2 AR antagonists have been used clinically to treat 

anxiety associated with alcohol withdrawal (Bailly et al., 1992; Sellers et al., 1977), and 

decrease operant responding for ethanol in a rodent model of dependence (Gilpin and 

Koob, 2010). SNRIs have shown promise in reducing anxiety-related alcohol intake, 

reportedly lessening alcohol craving and anxiety following withdrawal in clinical 

populations (Kim et al., 2005; Liappas et al., 2005; Petrakis et al., 2012) and likewise 

attenuating ethanol self-administration and the symptoms of acute withdrawal in rodents 

(Ji et al., 2008; Saglam et al., 2004; Simon O'Brien et al., 2011). Furthermore, we 

recently reported that prazosin and duloxetine, when delivered chronically, decrease 

home-cage ethanol intake and anxiety-like behavior in rats displaying relatively high 

levels of antecedent anxiety (Skelly and Weiner, 2014). Our current findings corroborate 

these studies and further suggest that acute prazosin, propranolol, and duloxetine 

preferably decrease ethanol self-administration in adult rats expressing high levels of 

stress-induced anxiety-like behavior resulting from adolescent social isolation, without 
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significantly affecting drinking in group housed conspecifics. A limitation of the current 

study is that drug doses were not counterbalanced; however the significant washout 

period between injections likely precluded any carryover effects. Thus, the effectiveness 

of various noradrenergic pharmacological agents in treating comorbid anxiety and 

alcohol dependence resulting from chronic adolescent stress appears promising.   

Beyond the previously observed connection between adolescent stress and both 

anxiety-like behavior and ethanol consumption, the results of the current set of studies 

suggest that the ability to extinguish conditioned fear is disrupted after adolescent social 

isolation, and we suspect that alterations in adrenoreceptor signaling may contribute to 

these deleterious behavioral sequelae. The effects of the pharmacotheraputics used herein 

mimic their effects in clinical populations, and are markedly more effective in reducing 

drinking among socially isolated animals than their group housed counterparts. As such, 

our results suggest that this model may prove useful in identifying the neuroadaptations 

resulting from chronic stress in adolescence and assist in the development of new 

pharmacological interventions targeted at treating stress-associated behavioral 

maladaptations. Furthermore, the observed increases in anxiety measures and ethanol 

intake and deficiencies in fear extinction, which mimic elements of comorbid anxiety, 

PTSD, and alcohol use disorders, provide further evidence that this model of early life 

stress engenders behavioral and possibly neurobiological changes similar to those 

observed in clinical populations. Thus, these housing manipulations may represent a 

simple and effective way of modeling vulnerability and resilience to anxiety, PTSD, and 

anxiety-related alcohol addiction. Future studies will examine the effectiveness of 

propranolol, prazosin and duloxetine on the extinction deficiencies and increased anxiety-
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like behaviors observed in these preliminary experiments, and also investigate whether 

noradrenergic drugs continue to suppress ethanol intake and anxiety when administered 

chronically to adult animals following adolescent social isolation.   
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Abstract 

Alcohol use disorders have been linked to increased anxiety, and enhanced central 

noradrenergic signaling may partly explain this relationship. Pharmacological 

interventions believed to reduce the excitatory effects of norepinephrine have proven 

effective in attenuating ethanol intake in alcoholics as well as in rodent models of ethanol 

dependence. However, most preclinical investigations into the effectiveness of these 

drugs in decreasing ethanol intake have been limited to acute observations, and none have 

concurrently assessed their anxiolytic effects. The purpose of these studies was to 

examine the long-term effectiveness of pharmacological interventions presumed to 

decrease norepinephrine signaling on concomitant ethanol self-administration and 

anxiety-like behavior in adult male Long-Evans rats with relatively high levels of 

antecedent anxiety-like behavior. Animals self-administered ethanol on an intermittent 

access schedule for eight to ten weeks prior to being implanted with osmotic minipumps 

-adrenoreceptor antagonist (prazosin, 1.5 mg/kg/day), a β1/2-

adrenoreceptor antagonist (propranolol,  2.5 mg/kg/day), a serotonin/norepinephrine 

reuptake inhibitor (duloxetine,1.5 mg/kg/day) or vehicle (10% dimethyl sulfoxidene). 

These drugs were continuously delivered across four weeks, during which animals 

continued to have intermittent access to ethanol. Anxiety-like behavior was assessed on 

the elevated plus maze before treatment and again near the end of the drug delivery 

period. Our results indicate that chronic treatment with a low dose of prazosin or 

duloxetine significantly decreases ethanol self-administration. Furthermore, this decrease 

in drinking is accompanied by significant reductions in the expression of anxiety-like 

behavior. These findings suggest that chronic treatment with putative inhibitors of central 
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noradrenergic signaling may attenuate ethanol intake via a reduction in anxiety-like 

behavior.  

 

Keywords:  Duloxetine, Osmotic Minipump, Plus-Maze, Prazosin, Propranolol, Stress 
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Introduction 

The strength of the relationship between alcohol use and anxiety disorders has 

been extensively documented, and these commonly comorbid conditions are recognized 

as being among the most prevalent psychiatric diseases afflicting the United States (Grant 

et al., 2004).  Alcohol is a potent anxiolytic, and anxiety promotes drinking in both 

humans and animals (Khantzian, 1985; Sayette, 1999; Spanagel et al., 1995; Willinger et 

al., 2002).  Paradoxically, ethanol withdrawal results in increased anxiety, and this 

anxiety is potentiated by cyclic intoxication and withdrawal (Becker, 2012); thus, 

withdrawal-related anxiogenesis may promote further drinking and contribute to the 

development of alcohol dependence (Koob, 2013). In support of this, animal studies 

suggest that the anxiety resulting from extended alcohol exposure persists despite 

cessation of intake (Santucci et al., 2008; Valdez et al., 2002), and long-abstinent 

alcoholics complain of enduringly increased anxiety (Adinoff et al., 2005; Willinger et 

al., 2002). In fact, the severity of anxiety during sobriety can be prognostic of relapse to 

alcohol abuse (Sloan et al., 2003; Willinger et al., 2002), and alcoholics cite anxiety as a 

major impetus for reversion to drinking (Sinha et al., 2011). As such, identifying 

pharmacological interventions which target the neurobiological substrates common to 

anxiety and alcohol abuse may prove crucial to successfully treating alcohol dependence.   

Previous investigations aimed at identifying the neuroadaptations pertinent to this 

comorbidity have revealed a potential role for central noradrenergic dysregulation in both 

anxiety and alcohol use disorders.  For example, over activity of the noradrenergic 

system contributes to anxiety disorders (Yamamoto et al., 2014), and cyclic alcohol 

intake and withdrawal further potentiates noradrenergic signaling (Becker, 2012). Both 
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anxiety and alcohol intake influence activity of the locus coeruleus (LC), a brain region 

crucial to coordinating the behavioral stress response. The LC’s profuse noradrenergic 

afferents fire in response to stress (Pavcovich et al., 1990), and anxiety results in part 

from chronic stress-induced potentiation of LC output (Ressler and Nemeroff, 2001). 

Ethanol likewise increases LC firing (Aston-Jones et al., 1982), and evidence from both 

clinical and preclinical investigations suggests that noradrenergic signaling is persistently 

elevated subsequent to chronic ethanol (Hawley et al., 1994; Patkar et al., 2003; Patkar et 

al., 2004; Rasmussen et al., 2006).   

Consistent with these data, pharmacological interventions presumed to decrease 

noradrenergic signaling have proven effective in attenuating alcohol self-administration 

in both human alcoholics and rodent models of ethanol dependence. For example, the α-1 

adrenergic receptor antagonist prazosin decreases drinking and stress-induced alcohol 

craving in alcoholics (Fox et al., 2012; Simpson et al., 2009) and reduces ethanol self-

administration in rodent models of ethanol (Rasmussen et al., 2009; Verplaetse et al., 

2012; Walker et al., 2008). Similarly, β-1/2 adrenoreceptor antagonists have been used 

clinically to treat anxiety associated with alcohol withdrawal (Bailly et al., 1992; Sellers 

et al., 1977), and also decrease operant responding for ethanol in a rodent model of 

dependence (Gilpin and Koob, 2010). Serotonin and norepinephrine reuptake inhibitors 

(SNRIs) have also shown promise in reducing anxiety-related alcohol intake, reportedly 

lessening alcohol craving and anxiety following withdrawal in clinical populations (Kim 

et al., 2006; Liappas et al., 2005; Petrakis et al., 2012) and likewise attenuating ethanol 

self-administration and the symptoms of acute withdrawal in rodents (Ji et al., 2008; 

Saglam et al., 2004; Simon O'Brien et al., 2011). Finally, recent findings from our lab 
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suggest that prazosin, the β-1/2 adrenoreceptor antagonist propranolol, and the SNRI 

duloxetine acutely decrease ethanol self-administration in adult rats expressing high 

levels of anxiety-like behavior (Skelly et al., 2012). Thus, the effectiveness of various 

noradrenergic pharmacological agents in treating alcohol dependence and related anxiety 

appears promising.   

To date, preclinical investigations into the effectiveness of noradrenergic 

pharmacotherapeutics in attenuating drinking-related behaviors have largely been limited 

to acute observations, and none have concurrently examined their anxiolytic effects. 

Although existing studies have greatly expanded our understanding of NE deregulation in 

anxiety-related alcohol dependence, a robust animal model of these disorders should 

replicate the decreased anxiety and ethanol self-administration observed in human 

alcoholics following chronic treatment with agents that decrease NE signaling. 

Furthermore, concomitant comparisons of drug efficacy on anxiety and ethanol intake in 

the same animals provides the opportunity to strengthen or disprove the notion that 

ethanol’s anxiolytic effects contribute to ethanol dependence. Two recently-published 

reports have found that chronically administered prazosin does in fact decrease rodent 

ethanol self-administration (Froehlich et al., 2013a; Froehlich et al., 2013b); these 

important studies are the first to mimic the observed effects of this drug among clinical 

populations (Fox et al., 2012; Simpson et al., 2009). However, further research is needed 

to determine the long-term effectiveness of noradrenergic agents on concurrent ethanol 

intake and anxiety-like behavior in established rodent models, as identifying the 

alterations that occur following continual treatment with these drugs may elucidate the 

underlying disruptions to the noradrenergic system ensuing from excessive drinking. The 
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experiments presented herein replicate and extend the recent findings by Froehlich and 

colleagues by examining the effects of chronically administered prazosin, propranolol, 

and duloxetine on both ethanol self-administration and anxiety-like behavior in adult 

male Long-Evans rats known to exhibit an anxiogenic phenotype (Chappell et al., 2013). 

We report that not only do prazosin and duloxetine significantly decrease ethanol intake, 

but that this decrease in drinking is accompanied by significant reductions in the 

expression of anxiety-like behavior. These findings suggest that decreased drinking 

following long-term treatment with putative inhibitors of central noradrenergic signaling 

may result from treatment-induced attenuation of anxiety-like behavior.  
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Experimental timeline. Adult male Long-Evans rats singly housed 

upon arrival and allowed to acclimate to the environment for two weeks.  

Following this, baseline anxiety-like behavior was assessed using the elevated 

plus maze and open field tests.  Animals were then given intermittent access 

to ethanol (20% v/v) and water three days a week (MWF) for 24 hours; this 

homecage drinking continued for 8-10 weeks.  Animals were weighed prior to 

ethanol access on drinking days.  Following this intermittent access period, all 

animals underwent a surgical procedure during which osmotic minipumps 

were implanted containing either vehicle (10% DMSO in sterile saline), 

propranolol (2.5 mg/kg/day), prazosin (1.5 mg/kg/day), or duloxetine (1.5 

mg/kg/day).  Animals were then allowed to continue intermittent access 

homecage drinking for four additional weeks.  During the last week, animals 

were again exposed to the elevated plus maze and open field on non-drinking 

days.  Animals underwent a second surgery to remove the osmotic 

minipumps, and were again exposed to the drinking procedure for four weeks 

prior to being sacrificed. 
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Materials and methods 

All experiments were conducted in accordance with the guidelines set forth by the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals, and 

were approved by the Wake Forest University Institutional Animal Care and Use 

Committee. Thirty-four adult male Long-Evans rats (Harlan, Indianapolis, IN) were 

obtained weighing approximately 300 grams and were individually housed in standard 

polypropylene shoebox cages. Subjects were maintained on a 12-hour light/dark schedule 

with continuous access to rodent chow and water. 

 

Behavioral procedures 

Following two weeks of acclimation to the housing environment, baseline 

anxiety-like behavior was assessed using elevated plus mazes (Med Associates, St. 

Albans, VT) (Fig. 2). The mazes were elevated 72.4 cm from floor level, with runways 

measuring 10.2 cm wide by 50.8 cm long. Open runways had 1.3 cm high lips and closed 

runways were enclosed in 40.6 cm high black polypropylene walls. Exits and entries 

from each runway were detected via infrared sensors attached to the opening of each arm 

of the maze. Data was obtained and recorded via personal computer interfaced with 

control units and MED-PC programming (Med Associates). Animals were placed at the 

junction of the four arms at the beginning of the session, and activity was measured for 

five minutes. Anxiety-like behavior was assessed by measuring the total time spent on the 

open arms of the maze as well as the total percentage of entries into the open arms. 

General locomotor activity was assessed by measuring the total number of closed arm 

entries.   
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On a separate day, anxiety-like behavior and general locomotion were measured 

using an open field test, conducted in standard activity chambers (model-RXYZCM, 

Digiscan animal activity monitors, Omnitech, Columbus, OH) (Fig 1). At the start of the 

test, animals were placed in the center of acrylic plastic chambers (42 * 42 * 30 cm) 

equipped with eight photobeam arrays of infrared photodectors located at regular 

intervals along each wall of the chamber (2.5 cm above the floor). Exploratory activity in 

this environment was measured for one hour, and data was stored in five minute time 

bins. Locomotor behavior was assessed by measuring the total distance traveled during 

this time, while anxiety-like behavior was assessed as percentage of time spent in the 

center of the chamber relative to the perimeter. 

Following this, ethanol consumption was measured for eight to ten weeks (24-30 

ethanol access sessions) using an intermittent access two-bottle choice procedure (20% 

ethanol [v/v]; water) (Fig 1). Animals were given access to ethanol and water for 24 

hours every Monday, Wednesday, and Friday, with only water available on the remaining 

days of the week. On ethanol drinking days, fluid intake was assessed following the first 

30 minutes of access and again at 24 hours. At the end of eight weeks, animals were 

divided into matched groups according to their daily ethanol intake and baseline anxiety-

like behavior on the elevated plus maze. Over the subsequent two weeks, all animals 

underwent surgery to implant osmotic minipumps which delivered either vehicle or 

treatment compounds (see “surgical procedures”). Intermittent ethanol access continued 

for four weeks following minipump implantation, as described above. At the end of the 

fourth week of drug delivery, anxiety-like behavior and general locomotion were again 

assessed in the elevated plus maze and open field prior to minipump removal. Following 
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treatment cessation, intermittent ethanol access continued for at least four additional 

weeks; animals were then sacrificed via sodium pentobarbital overdose.  

 

Drug dosing 

Drug doses were calculated based on the estimated mean weight of animals in 

each group halfway through the drug delivery period (taking the mean weight at baseline 

and adding projected weight gain across two weeks).  Propranolol (1.275 mg/day, or ~2.5 

mg/kg/day), prazosin (0.78 mg/day, ~1.5 mg/kg/day), and duloxetine (0.75 mg/day, or 

~1.5 mg/kg/day) were obtained from Tocris Bioscience (Minneapolis, MN). These doses 

were observed to be effective in reducing ethanol intake among stressed rats when 

administered via acute i.p. injection (Skelly et al., 2012); thus, the rough equivalent of an 

acutely effective bolus injection was infused across a 24-hour period. All drugs were 

dissolved in dimethyl sulfoxidene (DMSO) prior to being diluted down to their final 

concentrations in sterile saline (0.9% NaCl). Vehicle solution contained 10% DMSO in 

sterile saline. Drugs were loaded into Alzet osmotic minipumps (Model 2ML4) in strict 

accordance with manufacturer specifications. 

 

Surgical procedures 

Animals were anesthetized with an i.p administered cocktail of ketamine (100 

mg/kg) and xylazine (10 mg/kg).  Standard aseptic surgical procedures were used to 

implant osmotic minipumps subcutaneously. Briefly, the area between the shoulder 

blades was shaved and cleaned. A small incision was made in the skin between the 

scapulae, and hemostats were used to create a pocket in the subcutaneous tissue into 
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which the minipump was inserted. The incision was sutured shut and the animal was 

administered ketoprofen (3 mg/kg, s.c.) to attenuate post-surgical discomfort.  

Minipumps remained in place for four weeks, at which point the animals were again 

anesthetized following the above procedure and pumps were removed.  Any remaining 

drug solution was extracted from each pump following surgery, to ensure proper 

dispersal of solution across the four week treatment period.   

 

Statistical analysis 

On sessions where ethanol was available, each animal’s daily ethanol 

consumption (24hr g/kg), binge-like intake (g/kg in the first 30 minutes of daily access), 

and 24 hour preference for ethanol relative to water were measured. Daily measures were 

averaged across each week of drinking prior to analysis, and the final week of drinking 

prior to drug or vehicle treatment served as a baseline measure for subsequent analyses. 

Between group changes in ethanol intake and preference across all groups were assessed 

first via two-way repeated measures analysis of variance (ANOVA), and then via 

separate two-way repeated measures ANOVAs comparing animals in each treatment 

group to vehicle-treated conspecifics. Within-treatment changes in intake measures were 

assessed via one-way repeated measures ANOVAs comparing baseline drinking to each 

week of drug treatment. To assess whether changes in intake persisted following 

cessation of treatment, one-way repeated measures ANOVAs were run comparing intake 

during the final week of drug treatment to each post-treatment week. Follow-up 

Newman-Keuls post hoc analyses were run when appropriate. Anxiety-like behavior on 

the elevated plus maze was analyzed via one-way ANOVAs and Newman-Keuls post hoc 
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analyses comparing all treatment groups at baseline and again following four weeks of 

treatment, and activity in the open field test was analyzed using two-way repeated 

measures ANOVAs comparing treatment groups across time at baseline and again during 

the final week of drug treatment. Finally, a Pearson correlation was run analyzing the 

relationship between time in the open arms of the elevated plus maze and drinking during 

week four of drug treatment relative to baseline. The significance level for all statistical 

analyses was set at p < 0.05. 

 

Results 

Prazosin and duloxetine decrease anxiety-like behavior 

All animals were exposed to the elevated plus maze and open field test, and then 

allowed to self-administer ethanol for 8-10 weeks prior to minipump implantation. 

Following this, animals were divided into matched treatment groups according to their 

anxiety phenotype and drinking behavior. Although there was no difference in anxiety-

like behavior between groups at baseline (F = 2.673, p > 0.05), following four weeks of 

drug treatment a significant overall effect of treatment condition on time spent in the 

open arms of the plus maze was observed (F = 7.138, p < 0.01) (Fig. 1). Post hoc analysis 

revealed that animals receiving prazosin (n = 6) spent significantly more time exploring 

the open arms than animals receiving propranolol (n = 7, q = 5.095, p < 0.01) or vehicle 

(n = 7, q = 4.483, p < 0.05). Likewise, animals receiving duloxetine (n = 6) spent more 

time on the open arms that those in the propranolol (q  = 4.713, p < 0.01) and vehicle (q  

= 4.101, p < 0.01) groups.  Consistently, an analysis of the percent time spent in the open 

arms revealed a significant difference between group (F = 7.138, p < 0.01), and post hoc 
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analysis revealed that animals receiving prazosin or duloxetine spent significantly more 

time exploring the open arms than animals receiving propranolol (p < 0.05). There was 

also an overall effect of treatment on open arm entries (F =  5.305, p < 0.01), with post 

hoc analysis revealing that prazosin treated animals exhibited a higher percentage of open 

arm entries than either propranolol (q = 4.928, p < 0.01) or vehicle treated animals (q = 

3.937, p < 0.05) (Fig 2). Duloxetine treated rats exhibited a higher percentage of open 

arm entries than those receiving propranolol (q = 3.738, p < 0.05); however, the 

difference in open-arm entries in duloxetine versus vehicle related animals did not 

achieve significance (q = 2.747, p < 0.06). In contrast, treatment condition did not alter 

the number of closed arm entries (F = 0.906, p > 0.05), a measure of nonspecific 

locomotor activity (Fig 2). In keeping with the above results, a two-way repeated 

measure ANOVA revealed no significant effect of drug treatment on general locomotor 

activity in the open field test (F = 0.641, p > 0.05). No differences in anxiety-like 

behavior (assessed as percent time spent in the margins versus the center of the open 

field) were observed on this assay, however; a two-way repeated measures ANOVA 

revealed significant main effect of time (F = 2.621, p < 0.01) but no main effect of 

treatment (F = 1.918, p > 0.05) on time spent exploring the center of the novel open field 

environment, relative to the perimeter (Supplemental Table 1).    
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Chronic treatment with prazosin or duloxetine decreases 

anxiety-like behavior on the elevated plus maze.  Top bar graphs 

illustrate that neither anxiety-like behavior, measured as time spent on the 

open arms of the maze (a) and total number of open arm entries (b), nor 

general locomotor activity (assessed as  number of closed arm entries) 

differed significantly between groups of adult male Long-Evans rats at 

baseline (one-way ANOVAs, p > 0.05).  Bottom bar graphs illustrate that 

four week treatment with prazosin (n = 6, 1.5 mg/kg/day) or duloxetine (n 

= 6, 1.5 mg/kg/day) via osmotic minipump selectively increased time 

spent on the open arms of the maze (d) and total number of open arm 

entries (e), reflecting a decrease in anxiety-like behavior while having no 

effect on general locomotor activity (f) (*, significant difference relative 

to propranolol-treated animals (n = 7, 2.5 mg/kg/day), one-way ANOVAs 

and Newman-Keuls post hoc tests, p < 0.05; †, significant difference 

relative to vehicle treated animals (n = 7, 10% DMSO), one-way 

ANOVAs and Newman-Keuls post hoc tests, p < 0.05). 
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Prazosin and duloxetine decrease ethanol intake 

All animals exhibited a progressive increase of ethanol intake and preference 

during the first week of intermittent access, as has been previously reported using this 

model (Simms 2008; Sinclair and Li, 1989; Wise, 1973). Prior to minipump implantation, 

animals were assigned to groups which were matched according to total intake on the 

days when ethanol was available; thus, there were no significant differences in baseline 

ethanol self-administration behavior. However, one to two animals in each group were 

eliminated from final analyses due to surgical or minipump related complications. 

Likewise, one animal in each group was excluded from final analyses because these 

animals averaged less than 1 g/kg daily ethanol intake throughout the eight week baseline 

drinking period. However, this attrition had no significant effect on daily ethanol intake 

between groups (one-way ANOVA comparing 24hr g/kg intake at baseline, F = 0.31, p > 

0.05).   

A two-way repeated measures ANOVA comparing daily ethanol intake across all 

treatment groups reveled a significant interaction effect (F = 3.388, p < 0.05), and a 

follow up two-way repeated measures ANOVA comparing prazosin and vehicle treated 

animals at baseline and across four weeks of drug treatment revealed a significant 

treatment by time interaction (F = 3.094, p < 0.01) (Fig 3). Post hoc analysis revealed no 

difference between the two groups during the last week of baseline drinking (q = 1.042, p 

> 0.05), nor the first week of drug treatment (q = 2.159, p > 0.05). However, by the 

second week of drug treatment prazosin treated animals were drinking marginally less 

than vehicle controls (q = 2.453, p < 0.09), and by week three they were drinking 

significantly less (q = 3.613, < 0.05); this difference persisted through week four of drug 
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treatment (q = 2.886, p < 0.05). Similarly, a two way repeated measures ANOVA 

comparing daily ethanol intake in duloxetine and vehicle treated animals revealed a 

significant interaction of treatment and time (F = 3.388, p < 0.05) (Fig 3). Post hoc 

analyses exposed no difference in drinking between groups at baseline (q = 0.057, p > 

0.05) nor following one week of drug exposure (q = 0.0524, p > 0.05). However, by the 

second week of drug treatment duloxetine treated animals were drinking marginally less 

ethanol than vehicle treated conspecifics (q = 2.702, p < 0.07); this effect was significant 

following three weeks of drug exposure (q = 3.085, p < 0.05) and persisted through drug 

week four (q = 2.932, p < 0.05). There was no significant effect of propranolol treatment 

on ethanol intake, compared to vehicle (F = 1.437, p > 0.05) (Fig 3).   
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Figure 3.  Chronic treatment 

with prazosin or duloxetine 

decreases intermittent ethanol 

(EtOH) self-administration 

relative to vehicle-treated 

conspecifics.  Graphs represent 

24 hour (daily) EtOH intake 

each week for eight consecutive 

baseline weeks, followed by 

four week treatment with 

prazosin (n = 6, 1.5 mg/kg/day), 

duloxetine (n = 6, 1.5 

mg/kg/day), propranolol (n = 7, 

2.5 mg/kg/day), or vehicle (n = 

7, 10% DMSO), and four 

additional post-treatment weeks.  

Animals had access to EtOH 

(20% v/v) three days a week for 

twenty-four hours; weekly 

intake was averaged for each 

rat.  Both prazosin and 

duloxetine treated rats self-

administered significantly less 

EtOH than vehicle treated 

animals by the third week of 

drug delivery; this effect 

persisted through the final 

treatment week and was 

abolished following cessation of 

treatment (*, significant 

difference relative to vehicle 

treated animals, two-way 

ANOVAs comparing treatment 

across time and Newman-Keuls 

post hoc tests, p < 0.05).  Daily 

ethanol intake among 

propranolol treated animals did 

not differ significantly from 

controls at any point (two-way 

ANOVA comparing 

propranolol treated animals to 

vehicle treated conspecifics, p > 

0.05).   
 

Figure 3 
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A two-way repeated measures ANOVA comparing daily ethanol preference 

across all treatment groups reveled a significant interaction effect (F = 1.905, p < 0.05). 

Interestingly, a two way repeated measures ANOVA comparing preference for ethanol 

over water following treatment with prazosin or vehicle did not reveal a significant 

interaction of treatment and time (F = 2.378, p > 0.05) (Fig 4); likewise, no significant 

interaction was observed when comparing ethanol preference in duloxetine treated 

animals (F = 1.611, p > 0.05) and propranolol treated animals (F = 0.975, p > 0.05) to 

vehicle treated conspecifics (Fig 4). A two-way repeated measures ANOVA comparing 

binge-like drinking in the first 30 minutes of daily access revealed a significant 

interaction of treatment and time (F = 1.960, p < 0.05), but there was also no significant 

effect of any drug treatment on ethanol intake in the first 30 minutes of daily exposure, 

relative to vehicle treatment (prazosin F = 0.722, p > 0.05, duloxetine F = 0.507, p > 0.05, 

propranolol F = 0.076, p > 0.05) (Fig 5).   
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          Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Chronic treatment 

with prazosin, duloxetine or 

propranolol does not decrease 

preference for ethanol (EtOH) 

relative to vehicle treated 

conspecifics.  Graphs represent 

24 hour (daily) EtOH 

preference relative to water 

each week for eight consecutive 

baseline weeks, followed by 

four week treatment with 

prazosin (n = 6, 1.5 mg/kg/day), 

duloxetine (n = 6, 1.5 

mg/kg/day), propranolol (n = 7, 

2.5 mg/kg/day), or vehicle (n = 

7, 10% DMSO), and four 

additional post-treatment weeks.  

Animals had access to EtOH 

(20% v/v) three days a week for 

twenty-four hours; weekly 

EtOH preference was averaged 

for each rat (no significant 

difference relative to vehicle 

treated animals, two-way 

ANOVAs comparing treatment 

across time, p > 0.05).   
 



137 
 

We also examined the within-group effect of each treatment on ethanol intake 

using one-way repeated measures ANOVAs and Neuman-Keuls post hoc tests. Analysis 

of 24 hour intake at baseline versus each week of duloxetine treatment revealed that 

ethanol intake was significantly decreased across the treatment weeks (F = 3.124, p < 

0.01), and post-hoc analysis revealed that duloxetine treated rats drank significantly less 

ethanol during the fourth week of drug delivery, relative to baseline (q = 5.417, p < 0.01) 

(Fig 6). Prazosin also decreased drinking relative to baseline (F = 6.975, p < 0.001), and 

this difference was significant when comparing baseline to drug weeks two through four 

(q = 3.33, p < 0.05, q = 5.321, p < 0.01, and q = 5.656, p < 0.01, respectively) (Fig 6). 

There was no significant effect of drug treatment following four weeks of treatment with 

propranolol (F = 2.50, p > 0.05) or vehicle (F = 1.724, p > 0.05) (Fig 6).  

We next investigated whether cessation of drug treatment resulted in significantly 

increased ethanol intake, comparing drinking at week four of drug treatment to weeks one 

through four of post-treatment intake in each group. Following cessation of duloxetine 

treatment there was a return to baseline ethanol intake levels (F = 4.087, p < 0.05), and 

post hoc tests show that intake was significantly increased versus the final week of drug 

treatment by week three of post-treatment ethanol access (q = 4.977, p < 0.05) (Fig 6). 

Likewise, following cessation of prazosin delivery, 24 hour ethanol intake increased (F = 

7.864, p < 0.01), and post hoc tests revealed that by week four of post-treatment ethanol 

access animals were drinking significantly more than they had during the final week of 

drug treatment (q = 6.170, p < 0.05) (Fig 6).   
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       Figure 5 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Chronic treatment 

with prazosin, duloxetine or 

propranolol does not decrease 

binge-like ethanol (EtOH) self-

administration relative to 

vehicle treated conspecifics.  

Graphs represent EtOH intake 

in the first 30 minutes of daily 

access (binge-like intake) each 

week for eight consecutive 

baseline weeks, followed by 

four week treatment with 

prazosin (n = 6, 1.5 mg/kg/day), 

duloxetine (n = 6, 1.5 

mg/kg/day), propranolol (n = 7, 

2.5 mg/kg/day), or vehicle (n = 

7, 10% DMSO), and four 

additional post-treatment weeks.  

Animals had access to EtOH 

(20% v/v) three days a week for 

twenty-four hours; weekly 

binge-like intake was averaged 

for each rat (no significant 

difference relative to vehicle 

treated animals, two-way 

ANOVAs comparing treatment 

across time, p > 0.05).   
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We did not observe any change in preference for ethanol over water over the 

course of drug delivery when comparing baseline preference to each week of duloxetine 

treatment (F = 0.894, p > 0.05) or prazosin treatment (F = 0.739, p > 0.05); however, 

following cessation of drug delivery animals previously receiving prazosin exhibited a 

significant increase in ethanol preference relative to the final week of drug treatment (F = 

4.887, p < 0.05) (Fig 7). Post-hoc analysis revealed that ethanol preference was 

significantly increased two weeks following minipump removal (q = 4.737, p < 0.05) and 

remained elevated through weeks three and four (q = 4.747, p < 0.05 and q = 5.459, p < 

0.05, respectively). Interestingly, propranolol treatment increased ethanol preference over 

the course of drug delivery (F = 8.295, p < 0.001). Post-hoc analysis revealed that by 

treatment week two, preference for ethanol was increased relative to baseline (q = 7.687, 

p < 0.001), and this increase persisted through the third (q = 4.555, p < 0.05) and fourth 

(q = 5.479, p < 0.01) weeks of propranolol treatment (Fig 7). 

 

 

 

 

 

 

 

 

 

 



140 
 

                                                Figure 6 

 

 

 

 

 

 

 

 

Figure 6.  Chronic treatment with prazosin or duloxetine decreases intermittent ethanol (EtOH) 

self-administration relative to pre-treatment baseline.  Graphs represent 24 hour (daily) EtOH 

intake during the last of eight consecutive baseline weeks, followed by four week treatment with 

prazosin (n = 6, 1.5 mg/kg/day), duloxetine (n = 6, 1.5 mg/kg/day), propranolol (n = 7, 2.5 

mg/kg/day), or vehicle (n = 7, 10% DMSO), and four additional post-treatment weeks.  Animals 

had access to EtOH (20% v/v) three days a week for twenty-four hours; weekly intake was 

averaged for each rat.  Treatment with prazosin resulted in reduced EtOH self-administration by 

the second week of drug delivery, and this difference persisted through the fourth treatment week.   

Duloxetine treated animals consumed significantly less EtOH during the fourth week of drug 

delivery, while propranolol and vehicle had no significant effect on EtOH intake, relative to 

baseline.  Following cessation of treatment, animals who had received prazosin or duloxetine 

returned to pre-treatment levels of EtOH self-administration (*, significant difference relative to 

the last baseline week, one-way repeated measures ANOVAs and Newman-Keuls post hoc tests, p 

< 0.05; †, significant difference relative to the last treatment week, one-way repeated measures 

ANOVAs and Newman-Keuls post hoc tests, p < 0.05).   
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                                              Figure 7 

 

 

 

 

 

 

 

 

Figure 7.  Chronic treatment with propranolol increases preference for ethanol (EtOH) relative to 

pre-treatment baseline.  Graphs represent 24 hour (daily) EtOH preference during the last of eight 

consecutive baseline weeks, followed by four week treatment with prazosin (n = 6, 1.5 mg/kg/day), 

duloxetine (n = 6, 1.5 mg/kg/day), propranolol (n = 7, 2.5 mg/kg/day), or vehicle (n = 7, 10% 

DMSO), and four additional post-treatment weeks.  Animals had access to EtOH (20% v/v) three 

days a week for twenty-four hours; weekly intake was averaged for each rat.  Treatment with 

propranolol significantly increased EtOH preference by the second week of drug delivery; this 

effect persisted throughout treatment and was not reversed following removal of the drug.  Animals 

in the duloxetine, prazosin, and vehicle treated groups did not exhibit significant alterations in 

EtOH preference during treatment, although following cessation of prazosin delivery preference for 

EtOH increased significantly relative to the last week of treatment and remained elevated for the 

duration of the study (*, significant difference relative to the last baseline week, one-way repeated 

measures ANOVAs and Newman-Keuls post hoc tests, p < 0.05; †, significant difference relative 

to the last treatment week, one-way repeated measures ANOVAs and Newman-Keuls post hoc 

tests, p < 0.05).  
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                                              Figure 8 

 

 

 

 

 

 

 

 

Figure 8.  Chronic treatment with prazosin or duloxetine decreases binge-like ethanol (EtOH) self-

administration relative to pre-treatment baseline.  Graphs represent EtOH intake in the first 30 minutes of daily 

access (binge-like intake) during the last of eight consecutive baseline weeks, followed by four week treatment 

with prazosin (n = 6, 1.5 mg/kg/day), duloxetine (n = 6, 1.5 mg/kg/day), propranolol (n = 7, 2.5 mg/kg/day), or 

vehicle (n = 7, 10% DMSO), and four additional post-treatment weeks.  Animals had access to EtOH (20% 

v/v) three days a week for twenty-four hours; weekly intake was averaged for each rat.  Binge-like EtOH 

intake was significantly reduced by the third week of prazosin delivery, and by the final week of treatment 

with duloxetine.  Propranolol and vehicle treated animals did not change their binge-like EtOH intake in 

response to treatment (*, significant difference relative to the last baseline week, one-way repeated measures 

ANOVAs and Newman-Keuls post hoc tests, p < 0.05; †, significant difference relative to the last treatment 

week, one-way repeated measures ANOVAs and Newman-Keuls post hoc tests, p < 0.05).   
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Correspondingly, one-way repeated measures ANOVAs revealed a significant 

change in binge-like intake (g/kg in the first 30 minutes of daily ethanol access) relative 

to baseline drinking following both prazosin and duloxetine treatment (F = 3.379, p < 

0.05 and F = 3.394, p  < 0.05, respectively) (Fig 8). Post-hoc analyses revealed no 

significant change in 30 minute intake during the first two weeks of prazosin treatment (q 

= 2.244, p > 0.05 week one, and q = 2.929, p > 0.05 week two); however, by week three 

binge-like drinking had significantly decreased as compared to baseline (q = 4.119, p < 

0.05) and this persisted through treatment week four (q = 4.700, p < 0.05). Similarly, 

binge-like intake was not significantly decreased during the first three weeks of 

duloxetine treatment relative to baseline (q = 1.669, p > 0.05 week one; q = 1.323, p > 

0.05 week two; q = 3.060, p > 0.05 week three) (Fig 8). During week four, however, 

drinking during the first 30 minutes of daily access decreased significantly (q = 4.835, p 

< 0.05). Neither propranolol nor vehicle treatment decreased binge-like intake relative to 

baseline at any time point (F = 2.009, p > 0.05 and F = 0.787, p > 0.05, respectively) (Fig 

8). It is important to note that while we did not measure blood ethanol concentrations, we 

have reported previously that blood ethanol levels measured following the first thirty 

minutes of daily ethanol access are strongly correlated with ethanol intake during this 

period (Chappell et al., 2013). 
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                                                     Figure 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Change in daily ethanol administration (baseline – treatment week four) was not correlated with 

post-treatment anxiety-like behavior on the elevated plus maze (open arm time), although there was a 

modest trend toward a positive relationship between these variables.  Animals from all treatment groups 

(propranolol, 2.5 mg/kg/day; prazosin 1.5 mg/kg/day; duloxetine 1.5 mg/kg/day; vehicle 10% DMSO in 

sterile saline) had access to EtOH (20% v/v) three days a week for twenty-four hours; weekly intake was 

averaged for each rat.  At the end of a four week drug delivery period, all animals were tested for anxiety-

like behavior on the elevated plus maze.  The change in each animal’s daily intake following four weeks of 

drug delivery (24hr g/kg baseline – 24hr g/kg treatment week 4) is plotted on the y axis, and time spent in 

the open arms of the elevated plus maze is plotted on the x axis.  Although the relationship between these 

factors was not statistically significant, a positive trend emerged (r
2 

= 0.13, F = 3.441, p = 0.07) 
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Finally, to assess directly the relationship between ethanol intake and anxiety-like 

behavior, we ran a Pearson correlation comparing time spent on the open arms of the 

elevated plus maze to the change in daily ethanol intake following four weeks of 

treatment with prazosin, duloxetine, propranolol or vehicle (baseline g/kg EtOH – 

treatment week 4 g/kg EtOH).  Although the relationship between these factors was not 

statistically significant, a positive trend was noted (r2 = 0.13, F = 3.441, p = 0.07) (Fig. 

9).   

 

Discussion 

The results of these studies confirm and expand upon previous reports that 

pharmacological treatments believed to decrease central noradrenergic signaling may be 

effective in diminishing ethanol self-administration and attenuating anxiety-like behavior. 

Chronic administration of the α-1 adrenoreceptor antagonist, prazosin, decreased ethanol 

intake relative to vehicle by the third week of treatment, and this difference persisted 

through the final week of drug administration. Furthermore, within-subjects analysis 

revealed that one week of prazosin delivery significantly and persistently decreased 

ethanol intake relative to baseline. The SNRI duloxetine likewise decreased ethanol 

intake throughout the third and fourth weeks of drug delivery, relative to time-matched 

controls receiving vehicle. Similarly, when compared to baseline, duloxetine treated 

animals exhibited significantly suppressed drinking by the fourth week of treatment. 

Furthermore, by week three of prazosin treatment subjects’ binge-like ethanol intake in 

the first 30 minutes of daily access had significantly decreased relative to baseline; 30 

minute intake was not significantly affected relative to vehicle treated conspecifics, 
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however. Likewise, duloxetine decreased binge-like drinking relative to baseline by the 

final week of treatment, although this measure of intake was not significantly decreased 

relative to vehicle treated animals at any time point. Following cessation of drug delivery, 

both groups reverted back to pre-treatment ethanol intake. Neither the β1/2 

adrenoreceptor antagonist propranolol nor vehicle significantly decreased ethanol intake 

at any time point, and no treatment decreased preference for ethanol over water. 

Importantly, we report that anxiety-like behavior on the elevated plus maze was 

decreased following four-week treatment with prazosin or duloxetine, relative to vehicle-

treated controls animals.  Finally, plus maze activity was positively correlated with 

decreased ethanol intake following four weeks of drug delivery; this trend, although not 

significant, is consistent with our hypothesis that disrupted noradrenergic signaling 

increases anxiety and resultant ethanol intake.  

To our knowledge, this is the first study to directly seek an association between 

the ability of chronically administered pharmacotherapeutics to reduce anxiety-like 

behaviors and ethanol self-administration in the same animals. Our results confirm that 

long-term treatment with drugs thought to decrease noradrenergic signaling reduces both 

ethanol intake and the expression of anxiety-like behavior in well-validated rodent 

models. The observed effectiveness of prazosin and duloxetine in reducing drinking 

while apparently inducing anxiolysis is very encouraging, as these findings correspond 

with their efficacy in attenuating these behaviors among clinical populations (Fox et al., 

2012; Liappas et al., 2005; Petrakis et al., 2012; Simpson et al., 2009; Yoon et al., 2006).  

Our results are consistent with previous reports that acute administration of noradrenergic 

agents reduces drinking-related behaviors in animals models of ethanol intake (Gilpin 
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and Koob, 2010; Ji et al., 2008; Rasmussen et al., 2009; Saglam et al., 2004; Simon 

O'Brien et al., 2011; Verplaetse et al., 2012; Walker et al., 2008). We likewise 

corroborate recent reports that chronically administered prazosin decreases ethanol intake 

in rodent models of ethanol self-administration (Froehlich et al., 2013a; Froehlich et al., 

2013b), and extend these findings by confirming that prazosin treatment concurrently 

decreases anxiety.  

It is interesting to note that while these pharmacological interventions decreased 

anxiety-like behavior on the elevated plus maze, they had no discernible effect on anxiety 

measures assessed by the open field test; however, perhaps this result is not surprising, as 

the results of a literature review suggest that this assay may not be not suitable for 

measuring the effectiveness of all anxiolytic compounds (Prut and Belzung, 2003).  

Regardless, to our knowledge, these studies are the first to confirm that reduced drinking 

resulting from chronic treatment with drugs that putatively decrease central noradrenergic 

signaling is accompanied by significantly diminished anxiety-like behavior.  Regarding 

our use of the elevated plus maze, we acknowledge that there is some debate as to 

whether re-testing on this assay is appropriate.  Conventionally, it has been argued that 

while behavior expressed on first exposure to the assay  assesses anxiety-like behavior, 

performance on a subsequent test is reflects learned aversion and is not sensitive to 

anxiolytic drugs (File et al., 1990).  However, recent studies have provided strong 

evidence that this behavioral shift is abolished if the two exposures to the plus maze are 

sufficiently separated in time.  For example, Schneider and colleagues (Schneider et al., 

2011) demonstrated that 28 days between tests was sufficient to produce reliable re-

assessment of anxiety-like behaviors on the elevated plus maze. Specifically, these 
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authors observed a significant positive correlation between trials for time on the open 

arms and open arm entries, suggesting that this is indeed a measure of trait anxiety-like 

behavior.  Moreover, the “one-trial” tolerance that has frequently been reported with this 

assay may be restricted to benzodiazepines as we, and others have found no evidence of 

this phenomenon in Long Evans rats with other anxiolytic medications (McCool and 

Chappell, 2007; Silberman et al., 2010).   

Interestingly, prior research in our lab has revealed that adult male Long-Evans 

rats acquired from a commercial supplier display a relatively anxiogenic phenotype 

(Chappell et al., 2013). These animals self-administer ethanol at levels comparable with 

animals that have been chronically stressed throughout adolescence, and likewise exhibit 

equivalent anxiety-like behavior on the open plus maze (versus age-matched animals that 

were not subjected to the developmental stressor). Additionally, evidence from our lab 

suggests that prazosin, propranolol, and duloxetine, when administered acutely, are more 

effective at decreasing drinking in stressed animals than non-stressed controls (Skelly et 

al., 2012), and other groups have reported that prazosin is more effective at decreasing 

drinking in ethanol dependent animals than non-dependent subjects (Walker et al., 2008). 

Likewise, the SNRI Milnacipran reportedly reduces self-administration in ethanol-

dependent rats at doses that are ineffective in non-dependent rats (Simon O'Brien et al., 

2011). These findings are consistent with the hypothesis that chronic stress and/or 

prolonged ethanol intake can dramatically alter central noradrenergic signaling, and these 

neurobiological alterations may likewise render the stress system more sensitive to 

pharmacological treatments that decrease NE signaling. As such, it will be important to 

examine whether the compounds tested herein are less efficacious when administered to 
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animals expressing “normal” anxiety-like behavior and ethanol intake, toward the goal of 

more directly assessing whether the effects observed herein are directly related to stress-

induced dysregulation of noradrenergic signaling.   

Although we did not directly assess the neurobiological mechanisms by which 

these treatments reduced drinking and anxiety, we can speculate as to how they are 

affecting these behaviors. Previous studies have shown that blocking central 

noradrenergic signaling reduces ethanol self-administration in rats (Amit et al., 1977; 

Corcoran et al., 1983; Davis et al., 1978; Mason et al., 1979). Norepinephrine acts pre-

synaptically at alpha-2 receptors in the LC; thus, duloxetine may reduce NE signaling 

release by decreasing output from this region. In support of this hypothesis, in vivo 

recordings have revealed that chronic SNRI treatment leads to decreased LC firing in rats 

(West et al., 2009), and pharmacological activation of alpha-2 adrenoceptor has been 

shown to reduce both ethanol self-administration and stress-induced reinstatement of 

ethanol seeking in rats (Le et al., 2005). Likewise, NE exerts its excitatory effects at post-

synaptic α-1 and β-1/2 adrenoreceptors in many brain regions, including those involved 

in stress and anxiety. Relevant to these studies, increased NE release in the bed nucleus 

of the stria terminalis (BNST) has been observed during withdrawal from drugs of abuse 

(Aston-Jones and Harris, 2004; Delfs et al., 2000). The resulting increased activation of 

post-synaptic β-1/2 and α-1 adrenoreceptors might, in turn, increase BNST output and 

result in increased anxiety; as such, prazosin may decrease anxiety-related ethanol intake 

by diminishing the excitatory effects of NE in this region (Walker et al., 2008). 

It is interesting to note that neither prazosin nor duloxetine was immediately 

effective in decreasing drinking. These findings are largely consistent with previous 
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studies; Froehlich and colleagues (2013b) report that the dose of prazosin used herein, 

when administered daily, did not significantly reduce drinking until the fourth treatment 

week. Likewise, that duloxetine did not significantly decrease ethanol intake relative to 

baseline until the fourth week of drug delivery is consistent with the delayed time-course 

of antidepressant effectiveness in humans. As discussed above, we have shown that these 

doses are sufficient to decrease ethanol intake when given in an acute, bolus injection; 

that they differently effect behavior when administered chronically further strengthens 

the rationale for studying the effects of these compounds across many weeks of continual 

administration, as opposed to analyzing acute effects which bear little relationship to 

clinical populations. As mentioned previously, ongoing studies have demonstrated that 

rats raised in groups during adolescence exhibit lower levels of anxiety-like behavior in 

adulthood and self-administer less ethanol than socially isolated or commercially sourced 

adult rats, such as the animals used for these studies (Chappell et al., 2013; Yorgason et 

al., 2013).  Based on the findings reported herein, we plan to not only compare the 

effectiveness of chronic prazosin and duloxetine in group housed and socially isolated 

rats, but also to examine the neuroadaptive changes resulting from prolonged treatment 

with these pharmacotherapeutics, toward the goal of elucidating how noradrenergic 

signaling is disrupted by stress-induced cyclic intoxication and withdrawal and righted by 

prolonged exposure to drugs which decrease NE’s excitatory effects.   

Interestingly, chronic propranolol treatment did not appear to affect drinking nor 

alter anxiety measures. This is surprising, as propranolol has been shown to acutely 

decrease drinking in rats (Gilpin and Koob, 2010; Skelly et al., 2012), and has been used 

clinically to treat anxiety associated with alcohol withdrawal (Bailly et al., 1992). 
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Propranolol also controls some of the clinical signs of withdrawal (Carlsson and 

Johansson, 1971; Zilm et al., 1975), and significantly decreases circulating noradrenaline 

levels in humans during ethanol withdrawal (Sellers et al., 1976). Furthermore, there is 

evidence of increased β-adrenergic receptor sensitivity in the alcohol withdrawal state in 

rats (Banerjee et al., 1978), and β2-adrenoreceptor expression is reportedly up-regulated 

in rats with a history of ethanol self-administration (Rimondini et al., 2002). However, 

chronic ethanol exposure has also been reported to uncouple the β-2 adrenergic receptor 

from its G-protein in the frontal cortex of both rats and humans (Gurguis et al., 1998; 

Gurguis et al., 1999). Interestingly, while the sensitivity of β-adrenergic receptors 

increases in proportion to anxiety levels in a normal population (Kang and Yu, 2005), β-

adrenergic receptor sensitivity is lower among individuals under chronic stress (Dimsdale 

et al., 1994) or suffering from clinical anxiety disorders (Brown et al., 1988). Thus, 

chronic ethanol may be so disruptive to β-adrenergic signaling that pharmacotherapeutic 

agents acting on this system are rendered inert in the long-term. However, it is also 

possible that we simply did not administer a high enough dose of propranolol to see an 

effect of this drug chronically. 

It is also important to note that while prazosin and duloxetine significantly 

decreased ethanol self-administration, neither drug affected ethanol preference at any 

time point. These findings are not consistent with the decrease in both 24 hour and binge-

like ethanol intake observed in response to these treatments. One explanation for these 

seemingly inconsistent results might be that the doses of duloxetine and prazosin 

administered here were relatively low (1.5 mg/kg/day). We chose these doses based on 

their acute effects on ethanol self-administration when administered i.p.; however, while 
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acute injections result in a bolus dose of drug delivered to the brain, these experiments 

allowed for much more protracted administration which may have attenuated their 

effectiveness. Future studies will examine higher doses of these compounds, and might 

reveal that increasing the amount of drug available results in decreased preference for 

ethanol over water.   

In conclusion, our results indicate that chronic treatment with a low dose of 

prazosin or duloxetine significantly decreases ethanol self-administration, and that this 

decrease in drinking is accompanied by marked reductions in the expression of anxiety-

like behavior. It is important to note that only the medications which reduced anxiety-like 

behavior also influenced ethanol intake. These findings suggest that chronic treatment 

with putative inhibitors of central noradrenergic signaling may assuage anxiety, thereby 

attenuating ethanol intake. These results have important implications for the treatment of 

comorbid anxiety and ethanol use disorders with known and available 

pharmacotherapeutics, as the ability to model potential treatments of anxiety and ethanol 

abuse disorders with well-tolerated drugs that are already on the market may allow 

researchers to identify the neural mechanisms underlying the effectiveness of these drugs 

in treating the symptoms of comorbid anxiety and alcohol use disorders. Understanding 

these mechanisms may, in turn, provide insight into the disrupted neural circuits 

underlying both disorders, toward the goal of developing more effective behavioral and 

pharmacological interventions.    
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Abstract 

The lateral/basolateral amygdala (BLA) is crucial to the acquisition and extinction 

of Pavlovian fear conditioning, and synaptic plasticity in this region is considered a 

neural correlate of learned fear. We recently reported that activation of BLA β3-

adrenoreceptors (β3-ARs) selectively enhances lateral paracapsular (LPC) feed-forward 

GABAergic inhibition onto BLA pyramidal neurons, and that intra-BLA infusion of a β3-

AR agonist reduces measures of unconditioned anxiety-like behavior. Here, we utilized a 

combination of behavioral and electrophysiological approaches to characterize the role of 

BLA LPCs in the acquisition of fear and extinction learning in adult male Long-Evans 

rats. We report that intra-BLA microinjection of β3-AR agonists (BRL37344 or 

SR58611A, 1µg/0.5µl/side) prior to training fear conditioning or extinction blocks the 

expression of these behaviors 24 hours later. Furthermore, ex vivo low-frequency 

stimulation of the external capsule (LFS; 1 Hz, 15 min), which engages LPC synapses, 

induces LTP of BLA fEPSPs, while application of a β3-AR agonist (SR58611A, 5µM) 

induces LTD of fEPSPs. Interestingly, fEPSP LTP is not observed in recordings from 

fear conditioned animals, suggesting that fear learning may engage the same mechanisms 

that induce synaptic plasticity at this input. In support of this, we find that LFS produces 

LTD of inhibitory postsynaptic currents (iLTD) at LPC GABAergic synapses, and that 

this effect is also absent following fear conditioning. Taken together, these data provide 

the first evidence that modulation of LPC GABAergic synapses can influence the 

acquisition and extinction of fear learning and related synaptic plasticity in the BLA. 
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Introduction 

Disruptions of fear and extinction learning are symptomatic of many 

psychopathologies, including post-traumatic stress disorder (PTSD) (Maren et al., 2013), 

and elucidating the neural substrates of non-pathological fear learning may assist in 

identifying the maladaptations underlying PTSD and related disorders. Pavlovian fear 

conditioning is a well-established behavioral paradigm commonly used to study the 

neurobiology of fear memory formation, and efforts to date have revealed that the 

basolateral amygdala (BLA) plays an important role in the acquisition, expression, and 

extinction of conditioned fear (Maren, 2005; Likhtik and Paz, 2015). During fear 

conditioning, sensory afferents encoding the paired presentation of a conditioned 

stimulus (CS) and aversive unconditioned stimulus (US) converge on BLA pyramidal 

projection neurons (Maren, 2005), resulting in long-term potentiation (LTP) of CS inputs. 

This plasticity increases CS-evoked pyramidal neuron excitability, and is considered a 

synaptic correlate of fear memory (Walker and Davis, 2002; Maren, 2005).  

BLA excitability is tightly regulated by two distinct populations of GABAergic 

interneurons; local inhibitory interneurons (Woodruff and Sah, 2007), and lateral 

paracapsular cells (LPCs) (Marowsky et al., 2005; Silberman et al., 2010). While 

GABAergic inhibition from these inputs typically constrains the induction of LTP at 

excitatory afferent synapses, this brake may be lifted during fear conditioning (Ehrlich et 

al., 2009; Lee et al., 2013). In support of this, plasticity at local inhibitory synapses has 

been implicated in the expression and extinction of learned fear (Marsicano et al., 2002; 

Azad et al., 2004; Szinyei et al., 2007). Similarly, there is some evidence that suppression 

of LPC inhibitory inputs onto BLA pyramidal cells likewise contributes to fear memory 



165 
 

formation (Bissiere et al., 2003; Manzanares et al., 2005), although this relationship has 

yet to be directly assessed.  

LPCs are well positioned to modulate fear and extinction learning, as they are 

activated by cortical afferents conveying sensory information to the BLA (Marowsky et 

al., 2005), and excitatory plasticity at these cortical inputs contributes to fear learning 

(Tsvetkov et al., 2002; Schroeder and Shinnick-Gallagher, 2005). As we recently 

reported that activation of β3-adrenoreceptors (β3-ARs) selectively enhances LPC feed-

forward GABAergic inhibition onto BLA pyramidal cells, and that activation of these 

receptors disrupts amygdala-dependent behaviors (Silberman et al., 2010), we 

hypothesized that β3-AR mediated enhancement of LPC inhibition prior to CS/US 

pairing would block fear and extinction learning in vivo and BLA synaptic plasticity ex 

vivo. We further hypothesized that fear learning would promote long term depression at 

LPC synapses (iLTD), leading to an occlusion of electrically-evoked plasticity.  

 

Materials and Methods 

Subjects 

Adult male Long-Evans rats (Harlan Laboratories, Indianapolis, IN, USA) were 

singly housed and maintained on a 12-h light/dark cycle (lights on 7:00 A.M. to 

7:00 P.M.) with ad libitum access to food and water. All experiments were performed in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and the Wake Forest University School of Medicine Animal Care 

and Use Committee. 
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Behavioral Experiments 

Following one week of acclimation to the housing environment, animals were 

implanted with indwelling stainless steel guide cannulae bilaterally above the BLA, as 

previously described (Butler et al., 2014). Following recovery, rats received an intra-BLA 

vehicle injection to acclimate them to the microinfusion procedure. Forty-eight hours 

later, two separate cohorts of animals received microinjections of either a β3-AR agonist 

(BRL37344 or SR58611A, 1 µg/0.5 µl/side) or vehicle (0.9% NaCl) into the BLA 

immediately prior to fear conditioning. During fear conditioning, animals were placed in 

individual plexiglass tubes (10" (L) x 5" (ID)) containing a grid floor equipped to convey 

footshocks and enclosed in sound-attenuated startle chambers (San Diego Instruments, 

San Diego, CA, USA). Following a five minute acclimation, a light conditioned stimulus 

(CS) was presented (duration 2 sec) with a 0.5 mA co-terminating foot shock (duration 

0.5 sec). This combination was repeated 10 times, with each pairing separated by a two-

minute inter-stimulus interval. 

Fear learning was tested 24 hours later using the fear-potentiated startle paradigm, 

during which startle-inducing noise bursts (95 db) were presented either alone (10 

presentations) or paired with the CS (10 presentations) in a pseudo-random order. 

Response magnitude was assessed using a stabilometer/accelerometer device; movement 

in response to each noise burst displaced the accelerometer and the magnitude of this 

displacement was converted to a voltage. Fear-potentiated startle was assessed by 

comparing the magnitude of accelerometer displacement in response to the noise alone 

versus the noise presented in the presence of the CS.  
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A third cohort of animals was fear conditioned as described above, then 24 hours 

later received an intra-BLA microinjection of BRL37344 (1µg/0.5 µl/side) or saline 

vehicle (0.9% NaCl) immediately prior to extinction training. During extinction, animals 

were returned to the experimental chambers and exposed to 30 consecutive presentations 

of the CS alone. Twenty-four hours later, extinction learning was assessed using the fear-

potentiated startle procedure.  

 

Electrophysiological Experiments 

Transverse amygdala slices (400 μm) were prepared and maintained as described 

elsewhere (Rau et al., 2014). One to two cells/field excitatory post-synaptic potentials 

(fEPSPs) were recorded from each animal. Recording electrodes were prepared from 

filamented borosilicate glass capillary tubes (inner diameter, 0.86 mm) using a horizontal 

micropipette puller (P-97; Sutter Instruments, Novato, CA). Evoked GABAA receptor-

mediated inhibitory post-synaptic currents (eIPSCs) were recorded using an internal 

solution containing 130 mM K-gluconate, 10 nM KCl, 1 mM EGTA, 100 μM CaCl2, 2 

mM Mg-ATP, 200 μM Tris-guanosine, 5′-triphosphate, and 10 nM HEPES, pH adjusted 

with KOH, 275–280 mOsm, while 0.9% NaCl internal solution was used for fEPSP 

potential recordings. For patch clamp experiments, 5 mM N-(2,6-dimethyl-

phenylcarbamoylmethyl)-triethylammonium chloride (QX-314) was included in the 

recording solution to block voltage-gated sodium currents and GABAB IPSCs in the BLA 

neurons being recorded. Whole-cell patch-clamp recordings were conducted from BLA 

pyramidal neurons voltage-clamped at −40 mV. Only cells with a stable access resistance 

of 5–20 MΩ were used in these experiments. Whole-cell currents were acquired using an 
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Axoclamp 2B or Axopatch 200B amplifier, digitized (Digidata1200 or Digidata 1321A; 

Axon Instruments, Union City, CA), and analyzed offline using an IBM-compatible 

personal computer and pClamp 9.0 software (Axon Instruments). 

eIPSCs were pharmacologically isolated using a mixture of 50 μM APV and 20 

μM DNQX to block NMDA and AMPA/kainate receptors, respectively; no drugs were 

applied to slices during fEPSP experiments, except where indicated. Synaptic currents 

and fEPSCs were evoked every 20 s by electrical stimulation (0.2 ms duration) using a 

concentric bipolar stimulating electrode (FHC, Bowdoinham, ME) placed along the 

external capsule to target LPCs. Synaptic plasticity was induced by applying a low-

frequency stimulation protocol (LFS; 1 Hz, 15 min).  

 

Statistics 

Post-LFS amplitude of eIPSCs and fEPSPs were analyzed using two-way 

repeated measures ANOVAs. The average percent change in eIPSC amplitude following 

LFS was analyzed using an unpaired t-test, while changes in fEPSP amplitude were 

analyzed using a one-way ANOVA with post-hoc pairwise multiple comparisons (Holm-

Sidak method). Within group differences in average startle amplitude (noise alone versus 

CS-paired noise) were analyzed using paired t-tests, and between group differences in the 

percent change in startle amplitude (CS-paired noise/noise alone) were analyzed using 

unpaired t-tests. When data were not normally distributed, Wilcoxon signed ranks tests 

were used in the place of paired t-tests, and Mann-Whitney Rank Sum tests were used in 

place of unpaired t-tests. The alpha level for all analyses was set at p < 0.05.  
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Results 

Microinjection the β3-AR agonist BRL37344 (1 µg/0.5 µL/side) bilaterally into 

the BLA previous to training fear conditioning blocked the expression of fear learning 24 

hrs later (Fig. 1). Specifically, the average startle response elicited by CS-paired noise 

bursts was not significantly increased relative to the average noise-alone response (Fig. 

1a; n = 8, t(7) = 1.376, p = 0.211). In contrast, vehicle-treated animals exhibited a 

significantly potentiated startle response to the CS-paired noise (Fig. 1a; n = 8, z = 2.521, 

p = 0.014). Accordingly, the percent change in startle amplitude was greater among 

vehicle-treated animals than BRL37344-treated animals (Fig. 1b; U = 11, p = 0.031). 

Similarly, intra-BLA microinjection of the β3-AR agonist SR58611A (1 µg/0.5 µL/side) 

blocked the fear-potentiated startle response (Fig. 1c; n = 8, t(7) = 1.395, p = 0.206), 

which remained unaffected in vehicle-treated controls (Fig. 1c; n = 8, t(7) = 3.341, p = 

0.012). The percent change in startle response was likewise significantly increased in 

vehicle-treated animals relative to SR58611A-treated animals (Fig. 1d; t(14) = 2.608, p = 

0.021).   
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Figure 1: Intra-BLA microinjection the β3-AR agonist BRL37344 (1 

µg/0.5 µL/side) prior to fear conditioning blocked fear-potentiated startle 

24 hrs later, as evidenced by no change in startle amplitude in response to 

the CS-paired noise (a; p > 0.05). In contrast, animals who received 

vehicle microinjections before fear conditioning exhibited a CS-

potentiated startle response (a; *p < 0.05). Accordingly, the percent 

change in startle amplitude was greater among vehicle-treated animals 

than BRL37344-treated animals (b; *p < 0.05). Similarly, the β3-AR 

agonist SR58611A (1 µg/0.5 µL/side) blocked the expression of fear-

potentiated startle (c; p > 0.05), which remained unaffected in vehicle-

treated controls (c; *p < 0.05). The percent change in startle response was 

likewise significantly increased in vehicle-treated animals relative to 

SR58611A-treated animals (d; *p < 0.05).  
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Bilateral intra-BLA microinjection of BRL37344 (1 µg/0.5 µL/side) before 

training extinction also blocked the expression of extinction learning 24 hrs later (Fig. 2). 

Animals in both groups acquired fear conditioning normally, as evidenced by exhibiting 

increased startle responses, on average, to CS-paired noise burst (Fig. 2a; n = 10, t(9) = 

3.663, p = 0.005; Fig. 2c; n = 11, t(10) = 4.578, p = 0.001). Among animals that received 

vehicle prior to extinction training, this fear-potentiated startle response was abolished 

upon subsequent testing (Fig. 2a; z = 0.255, p = 0.846). Accordingly, paired t-test 

analysis revealed that the average percent change in startle responding was significantly 

decreased after extinction in vehicle-treated animals (Fig. 2b; t(9) = 2.523, p = 0.033). 

However, pre-extinction training treatment with BRL37344 blocked the expression of 

extinction learning 24 hrs later, as the average startle response to the CS-paired noise 

burst remained potentiated relative to noise alone presentations (Fig. 2c; t(10) = 3.745, p 

= 0.004). As such, the percent change pre- and post-extinction training was not 

significantly altered (Fig. 2d; t(10) = 0.819, p = 0.432).   

 

 

 

 

 

 

 

 

 



172 
 

 

 

 

Figure 2: Intra-BLA microinjection of the β3-AR agonist BRL37344 (1 µg/0.5 µL/side) before 

extinction training blocked the expression of extinction learning 24 hrs later. Animals in the vehicle 

group acquired fear conditioning normally (a; **p < 0.01), and this fear response was abolished 

following extinction training (a; p > 0.05). Accordingly, the percent change in startle response was 

significantly decreased following extinction (b; *p < 0.05). In contrAst, intra-BLA microinjection 

of BRL37344 before to extinction training blocked the expression of extinction learning 24 hrs later 

(c; **p < 0.01). As such, the percent change in fear-potentiated startle was not significantly altered 

pre- vs post-extinction (d; p > 0.05).   
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LFS of the external capsule induced a significant LTP of fEPSP amplitude in 

slices from naïve animals (Fig. 3a; n = 8 slices/7 rats, 17.45% ± 3.73), but not in slices 

from fear-conditioned (FC) animals (Fig. 3a; n = 10 slices/7 rats, 0.01% ± 3.989). 

Notably, in the presence of SR58611A (5 µM), the LFS protocol actually resulted in LTD 

of fEPSPs (Fig. 3a; n = 8 slices/7 rats, 14.210% ± 3.36). A two-way repeated measures 

ANOVA comparing the post-LFS amplitude in each condition (naïve, FC, and 

SR58611A) across time revealed a significant interaction between these factors (Fig. 3a; 

F(88, 1012) = 1.384, p = 0.014). Similarly, a one-way ANOVA comparing the average 

percent change in amplitude following LFS was significant (Fig. 3b; F(2, 23) = 16.269, p 

< 0.001), and post-hoc analysis confirmed that each treatment condition differed 

significantly from the others (Fig. 3b; Naïve vs SR58611A: t =  5.693, p < 0.001; Naïve 

vs FC: t = 3.306, p = 0.006; FC vs SR58611A: t = 2.694, p = 0.013).  
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Figure 3: Low-frequency stimulation (LFS; 1 Hz, 15 min) of the external capsule lead to a significant 

increase in fEPSP amplitude in slices taken from naïve animals (a; 17.45% ± 3.73), and this plasticity 

was occluded by fear conditioning (a; 0.01% ± 3.989). LFS significantly decreased fEPSP amplitude 

when delivered after pretreatment with the β3-AR agonist SR58611A (5 µM) (a; 14.210% ± 3.36). 

Two-way repeated measures ANOVA revealed a significant interaction of time and group (a; *p < 

0.05). Accordingly, one-way ANOVA revealed that the average percent change in fEPSP amplitude 

post-LFS was significantly different in each group (b; *p < 0.05, **p < 0.01, *** p < 0.001).  
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LFS of the external capsule in slices from behaviorally naïve rats resulted in 

significant LTD of LPC eIPSCs (iLTD) that lasted for at least 30 minutes (Fig. 4a; n = 11 

slices/10 rats, 32.82% ± 6.93). Notably, this iLTD was not observed in slices from FC 

animals (Fig. 4a; n = 10 slices/10 rats, 4.32% ± 8.28). A two-way repeated measures 

ANOVA comparing eIPSC amplitude post-LFS in naïve and FC animals across time 

revealed a significant interaction (Fig. 4a; F(29, 551) = 2.793, p < 0.001). Similarly, a t-

test comparing the average percent change in eIPSC amplitude post-LFS revealed a 

significant difference between the groups (Fig. 4b; t(19) = 2.656, p = 0.016).  
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Figure 4: Low-frequency stimulation of the external capsule (LFS; 1 Hz, 15 min) 

resulted in significant depression of post-LFS IPSCs (a; 32.82% ± 6.93). However, this 

LTD was not observed in animals that had undergone fear conditioning (a; 4.32% ± 

8.28). Two-way repeated measures ANOVA revealed a significant interaction of time 

and group (a; ***p < 0.001), and a paired t-test confirmed that the average percent 

change in eIPSC amplitude post-LFS was significantly reduced following fear-

conditioning (b; *p < 0.05).  
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Discussion 

The major findings of this study are as follows: (i) pharmacological enhancement 

of LPC GABAergic synapses blocks the acquisition of fear and extinction learning; (ii) 

LFS of the external capsule border, which engages LPCs, produces LTP of BLA fEPSPs, 

and this plasticity is reversed by application of a β3-AR agonist and occluded by fear 

conditioning; (iii) the same stimulation protocol results in iLTD of LPC GABAergic 

synapses and this plasticity is also occluded by fear conditioning. 

Although the importance of BLA inhibitory signaling in fear conditioning and 

extinction has been convincingly argued (Ehrlich et al., 2009; Lee et al., 2013), the 

specific contribution of the feed-forward GABAergic inputs lining the external capsule 

border (LPCs) to the expression of these behaviors had yet to be directly examined. Our 

lab recently demonstrated that activation of postsynaptic β3-ARs selectively potentiates 

LPC GABAergic inhibition in the BLA, without affecting local inhibitory synapses or 

glutamatergic transmission (Silberman et al., 2010). We have further shown that intra-

BLA microinjection of a β3-AR agonist significantly decreases unconditioned anxiety-

like behaviors and appetitive ethanol drinking, indicating a role for this input in 

modulating amygdala-dependent behaviors (Silberman et al., 2010; Butler et al., 2014). 

Here, we report that intra-BLA microinjection of β3-AR agonists prior to fear 

conditioning blocks the expression of fear learning 24 hours later. Similarly, we report 

that β3-AR mediated potentiation of LPC GABAergic inhibition immediately before 

extinction training blocks subsequent expression of extinction learning. These behavioral 

disruptions are consistent with previous evidence that inhibiting BLA excitability 
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decreases both fear and extinction memory acquisition (Herry et al., 2008; Hart et al., 

2009; Sierra-Mercado et al., 2011). 

Having demonstrated a potential role for LPC inhibition in modulating fear 

learning and extinction, we next sought to determine whether fear conditioning disrupts 

synaptic plasticity at these synapses ex vivo. LFS of the external capsule is known to 

produce LTP at excitatory synapses (Li et al., 1998), and this LTP is occluded following 

fear conditioning (Tsvetkov et al., 2002; Schroeder and Shinnick-Gallagher, 2005). 

Presumably, this occlusion occurs because the learning-induced enhancement of this 

circuit shares one or more steps with electrically-induced LTP. We report that, consistent 

with earlier findings (Tsvetkov et al., 2002), LFS of the external capsule resulted in LTP 

of BLA fEPSPs in slices from naïve animals, but had no impact on fEPSP amplitude 

following fear conditioning. Interestingly, and in corroboration with our behavioral 

findings, pretreatment with a β3-AR agonist (SR58611A) also prevented electrically-

induced LTP of fEPSPs, with the LFS protocol resulting in a modest but significant LTD 

of BLA fEPSP amplitude. As application of a β3-AR agonist appears to reverse the 

polarity of LFS-induced plasticity, and in vivo activation of these receptors disrupts fear 

and extinction learning, we hypothesize that LPC synaptic transmission is decreased 

during fear conditioning to encourage fear-related memory formation. 

In support of this, extant research suggests that reduction of LPC signaling 

promotes LTP of cortical inputs onto BLA pyramidal cells and promotes fear memory 

formation. For example, severing the external capsule promotes the induction of LTP 

from cortical areas conveying auditory and multisensory information to the BLA; 

however, this plasticity does not occur if feed-forward LPC inhibitory inputs onto BLA 
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pyramidal neurons remain intact (Morozov et al., 2011). Similarly, LPC inhibition is 

reduced following stress exposure, resulting in increased LTP and fear conditioning 

(Manzanares et al., 2005). As such, we hypothesized that this same stimulation protocol 

would produce iLTD of LPC GABAergic synapses, and that this plasticity would be 

occluded by fear conditioning. Consistent with our hypothesis, we observed iLTD of LPC 

eIPSCs following LFS of the external capsule in BLA slices obtained from naïve 

animals; however, this stimulation protocol did not significantly alter signaling at LPC 

synapses in slices acquired from fear conditioned animals. Taken together, our findings 

suggest that the mechanisms required for these synapses to undergo iLTD may have also 

been engaged by fear conditioning, thus occluding further electrically-induced plasticity. 

Although there is ample evidence that plasticity at local inhibitory synapses contributes to 

fear learning  (Shumyatsky et al., 2002; Bauer and LeDoux, 2004; Szinyei et al., 2007; 

Polepalli et al., 2010; Lange et al., 2012), these data provide the first direct evidence that 

fear conditioning may also involve plastic changes at LPC synapses.   

The mechanisms underlying the observed iLTD of LPC synapses are as yet 

unknown. Plasticity of inhibitory signaling at local BLA synapses can be mediated by an 

endocannabinoid-dependent decrease in presynaptic GABA release (Azad et al., 2004). 

However, cannabinoid receptors are not thought to be expressed on LPCs (Katona et al., 

2001), making this an unlikely mechanism of the plasticity observed herein. Another 

form of inhibitory synaptic plasticity has recently been characterized at local GABAergic 

synapses, but this mechanism requires activation of AMPA and NMDA receptors and 

subsequent enhancement of GABAergic transmission via retrograde signaling 

mechanisms (Lange et al., 2012). As we pharmacologically blocked ionotropic glutamate 
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receptors during iLTD induction, this mechanism cannot explain our results. 

Additionally, we did not see any change in paired-pulse facilitation following LFS of the 

external capsule (data not shown); therefore, it seems likely that the observed plasticity of 

LPC synapses does not involve a decrease in GABA release probability. Previous 

research has shown that GABAA  receptors are downregulated in the BLA following fear 

learning (Lin et al., 2009; Lin et al., 2011), which could explain the LTD of LPC 

inhibition that we observed. Future studies will directly test this hypothesis. 

Taken together, our results suggest that LPCs may contribute to the regulation of 

BLA synaptic plasticity during the acquisition and extinction of fear learning. We have 

previously shown that β3-AR activation selectively enhances LPC-mediated GABAergic 

inhibition of BLA pyramidal cells, and here we extend these findings by demonstrating 

that pharmacological enhancement of this inhibitory circuit is sufficient to block fear and 

extinction learning and associated synaptic plasticity. These studies are the first to 

directly examine the role of LPC inhibition in fear and extinction learning. Likewise, they 

are the first to report the occurrence of inhibitory plasticity at LPC synapses in the BLA, 

and furthermore demonstrate that this plasticity is occluded by fear conditioning. As we 

have shown here that activation of β3-ARs blocks electrically-induced LTP of cortical 

inputs to the BLA, this input is likely disinhibited during fear conditioning, although the 

exact mechanism of this disinhibition is not yet known. Regardless, these data provide 

new evidence that BLA LPCs are involved in fear and extinction learning, and may 

represent a novel synaptic substrate that contributes to the maladaptive behavioral 

sequelae afflicting individuals with PTSD and related psychiatric conditions.  
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FEAR CONDITIONING SELECTIVELY DISRUPTS NORADRENERGIC 

FACILITATION OF INHIBITORY SIGNALING IN THE BASOLATERAL 

AMYGALA 
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Abstract 

Disrupted fear memory formation and extinction is symptomatic of many 

psychopathologies, including PTSD, and identifying the neurobiology of non-

pathological fear memory formation may provide insight into these disorders. The 

basolateral amygdala (BLA) is a crucial neural locus of fear learning, and noradrenergic 

signaling in this region has been implicated in fear memory formation. Multiple 

adrenoreceptor (AR) subtypes are expressed in the BLA, and activation of these receptors 

modulates both excitatory and inhibitory neurotransmission. For example, pre-synaptic 

α1-ARs promote GABA release from local inhibitory interneurons, while β3-ARs 

potentiate neurotransmission at lateral paracapsular (LPC) GABAergic synapses. 

Conversely, β1/2-ARs amplify excitatory signaling at glutamatergic synapses in the 

BLA. Surprisingly, given the powerful neuromodulatory role of noradrenaline in the 

BLA, few studies have directly examined the impact of fear learning on adrenoreceptor 

signaling in this region. As noradrenaline is released in the BLA in response to stress, and 

increased BLA afferent activity has been linked to the expression of fear and anxiety-like 

behaviors, in designing these studies we hypothesized that fear conditioning may shift the 

balance of excitatory and inhibitory noradrenergic signaling in this region in favor of 

excitation. We first used Pavlovian fear conditioning to induce fear learning, and 

confirmed fear memory acquisition using the fear-potentiated startle paradigm. We next 

used whole cell patch-clamp electrophysiological techniques to examine the effects of 

adrenoreceptor activation on synaptic transmission in the BLA. Specifically, we 

measured miniature inhibitory post-synaptic currents (IPSCs) to examine GABAergic 

signaling at local interneuron synapses following fear conditioning, and unitary IPSCs to 
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assess the effect of fear learning on synaptic strength at LPC inhibitory synapses. We 

next examined the ability of an α1-AR agonist, A61603 (1µM) to facilitate spontaneous 

IPSCs at local synapses, and a β3-AR agonist (BRL37344, 10µM) to facilitate evoked 

IPSCs at LPC synapses, in BLA slices from fear conditioned animals and controls. 

Finally, to gauge the impact of fear conditioning on β1/2-AR facilitation of excitatory 

neurotransmission in the BLA, we compared excitatory post-synaptic currents in BLA 

slices from fear conditioned animals and controls in the presence of the β-AR agonist, 

isoproterenol (1µM).   

 

Introduction 

Disruptions of fear and extinction learning are symptomatic of many 

psychopathologies, including anxiety disorders, post-traumatic stress disorder (PTSD), 

and substance-related and addictive disorders (Dibbets, van den Broek, and Evers, 2014; 

Maren, Phan, and Liberzon, 2013; Waters, Peters, Forrest, and Zimmer-Gembeck, 2014). 

As such, elucidating the neurobiology of non-pathological fear memory formation may 

prove crucial to identifying the mechanisms underlying PTSD and other fear-related 

disorders. Pavlovian fear conditioning is a well-established behavioral paradigm 

commonly used to study the neural correlates of fear learning (Fendt and Fanselow, 1999; 

LeDoux, 2000; Maren, 2001; 2005a; Valdez, McGuire, Brown, Davis, Jordan, and 

Knowles, 2002). During fear conditioning, a noxious unconditioned stimulus (US), such 

as a footshock, is presented concurrently with a neutral stimulus, such as a light, until an 

association is made between the two stimuli such that the formerly neutral light becomes 

a fear-eliciting conditioned stimulus (CS). Subsequent fear learning can be assessed using 
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the fear-potentiated startle paradigm, a highly translational assay that relies upon the 

mammalian acoustic startle reflex (Davis, Walker, Miles, and Grillon, 2010). Following 

conditioning, this reflexive startle response to a noise burst is potentiated when presented 

concurrently with the CS, and fear learning can be quantified by comparing the 

magnitude of the startle response to CS-paired and unpaired noise bursts.  

 A large body of work has revealed that the lateral/basolateral amygdalar complex, 

jointly termed basolateral amygdala, or BLA, is a crucial neural locus of fear memory 

formation. The BLA is well situated to modulate fear learning, as it receives direct 

sensory information from the thalamus (via the medial geniculate nucleus) and sensory 

association cortex (via the external capsule), and sends excitatory afferent projections to 

structures responsible for coordinating the behavioral and neuroendocrine responses to 

stress (McDonald and Mascagni, 1996; Shi and Cassell, 1997; van Vulpen and Verwer, 

1989). As such, increased excitability of BLA afferents is associated with increased 

acquisition and expression of fear learning (Aroniadou-Anderjaska, Pidoplichko, 

Figueiredo, Almeida-Suhett, Prager, and Braga, 2012; Gale, Anagnostaras, Godsil, 

Mitchell, Nozawa, Sage, Wiltgen, and Fanselow, 2004; Sajdyk and Shekhar, 1997; 

Wang, Wang, Liu, Zhang, Wang, and Lin, 2011). Under basal conditions, BLA 

pyramidal neuron excitability is tightly regulated by two distinct populations of 

GABAergic interneurons. Local interneurons are the better characterized population; 

these interneurons are distributed throughout the BLA, make perisomatic synapses on 

pyramidal cells, and provide predominantly feed-back inhibition (Woodruff and Sah, 

2007). A lesser studied population of interneurons, termed lateral paracapsular cells 

(LPCs), are found clustered along the external capsule border. These interneurons, which 
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synapse on pyramidal cell distal dendrites, are activated by cortical projections and thus 

provide feed-forward inhibition (Marowsky, Yanagawa, Obata, and Vogt, 2005; Quirk 

and Gehlert, 2003). Although these inhibitory interneurons normally constrain pyramidal 

cell firing, and BLA output by extension, evidence suggests that GABAergic signaling 

may be decreased during fear conditioning (Ehrlich, Humeau, Grenier, Ciocchi, Herry, 

and Luthi, 2009; Lee, Kim, Kwon, Lee, and Kim, 2013; Rea, Lang, and Finn, 2009; 

Stork, Ji, and Obata, 2002).  

Given that fear memory formation is sensitive to neuromodulators and inhibitory 

interneurons are a major target of neuromodulators within the amygdala, it follows that 

neuromodulation of GABAergic during fear conditioning may contribute to fear memory 

formation (Ehrlich et al., 2009). For example, noradrenaline acts as a powerful 

neuromodulator within the BLA, and has both excitatory and inhibitory effects on 

synaptic transmission in this region (Buffalari and Grace, 2007; Miyajima, Ozaki, Wada, 

and Sekiguchi, 2010). Importantly, chronic stress can uncouple noradrenaline/GABA 

interactions in the BLA (Braga, Aroniadou-Anderjaska, Manion, Hough, and Li, 2004; 

Buffalari and Grace, 2009), suggesting that stress exposure might shift the balanced 

excitatory and inhibitory effects of BLA noradrenaline on pyramidal cell excitability. 

Importantly, decreasing inhibition has been shown to promote LTP of BLA afferents 

(Blair, Schafe, Bauer, Rodrigues, and LeDoux, 2001; Manzanares, Isoardi, Carrer, and 

Molina, 2005), and pharmacological potentiation of noradrenergic signaling enhances 

BLA responses to fear signals in healthy humans (Onur, Walter, Schlaepfer, Rehme, 

Schmidt, Keysers, Maier, and Hurlemann, 2009). If a similar disinhibition occurs 
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following fear conditioning, this may provide a means of increasing BLA output and 

promoting fear memory formation. 

For example, noradrenaline may promote fear conditioning by disinhibiting BLA 

projection neurons. The BLA receives dense noradrenergic projections from brainstem 

nuclei (Asan, 1998; Miyashita and Williams, 2003), and noradrenaline is released in the 

BLA in response to stress (Aston-Jones, Rajkowski, Kubiak, Valentino, and Shipley, 

1996; Galvez, Mesches, and McGaugh, 1996; Tanaka, Yoshida, Emoto, and Ishii, 2000). 

Noradrenergic signaling modulates excitatory transmission in the BLA via activation of 

post-synaptic β1/2-adrenoreceptors (β1/2-ARs), which potentiate glutamatergic 

neurotransmission onto pyramidal projection neurons (Buffalari and Grace, 2007; Ferry, 

Magistretti, and Pralong, 1997; Gean, Huang, Lin, and Tsai, 1992; Huang, Hsu, and 

Gean, 1996; Liu, Cao, and Li, 2005). However, noradrenaline also promotes GABAergic 

signaling in the BLA; for example, local inhibitory interneurons express α1-ARs, and 

activation of these receptors increases GABA release onto projection neurons (Braga et 

al., 2004). Similarly, our group has recently demonstrated that activation of post-synaptic 

β3-ARs selectively potentiates LPC inhibition onto BLA pyramidal neurons (Silberman, 

Ariwodola, Chappell, Yorgason, and Weiner, 2010) without effecting local GABAergic 

inhibition. Interestingly, while in vivo electrophysiological recordings in anesthetized 

animals have revealed that noradrenaline has a predominately inhibitory effect on BLA 

pyramidal cell firing under basal conditions (Buffalari and Grace, 2007), chronic stress 

exposure appears to increase the excitatory effects of noradrenaline in the BLA (Buffalari 

and Grace, 2009). As such, exposure to stressors may alter the balanced excitatory and 

inhibitory effects of noradrenaline release, promoting BLA afferent activation. 
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In light of these results, we hypothesized that the equilibrated effects of 

noradrenergic signaling in the BLA may likewise be disrupted by Pavlovian fear 

conditioning. Specifically, we predicted that basal GABAergic signaling at both local and 

LPC synapses is decreased after fear conditioning. We further conjectured that the 

inhibitory effects α1- and β3-AR activation at local and LPC synapses may be 

compromised following fear memory formation, while β1/2-AR facilitation of excitatory 

neurotransmission onto BLA projection neurons is preserved or even sensitized. Such a 

shift in the balance of noradrenaline’s neuromodulatory effects could result in increased 

BLA output and subsequent hyperactivation of downstream structures. To directly assess 

these hypotheses, we combined Pavlovian fear conditioning and the fear-potentiated 

startle paradigm to induce and assess fear memory formation, and ex vivo whole cell 

patch clamp electrophysiology to compare noradrenergic facilitation of excitatory and 

inhibitory post-synaptic potentials in BLA pyramidal projection neurons in fear 

conditioned animals versus controls. 

 

Methods 

Subjects 

Seventy-nine adult male Long-Evans rats (Harlan Laboratories, Indianapolis, IN, 

USA) were used in these studies. Animals arrived weighing approximately 250g and 

were allowed to acclimate to the housing environment for one week before experiments 

began. Rats were singly housed throughout and maintained on a 12-h light/dark cycle 

(lights on 7:00 A.M. to 7:00 P.M.) with ad libitum access to food and water. All 

experiments were performed in accordance with the National Institutes of Health Guide 
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for the Care and Use of Laboratory Animals and the Wake Forest University School of 

Medicine Animal Care and Use Committee. 

 

Pavlovian Fear Conditioning Procedure 

During fear conditioning, animals were placed in individual plexiglass tubes (10" 

(L) x 5" (ID)) containing a grid floor equipped to convey footshocks and enclosed in 

sound-attenuated startle chambers (San Diego Instruments, San Diego, CA, USA). 

Following a five minute acclimation, a light conditioned stimulus (CS) was presented 

(duration 2 sec) with a 0.5 mA co-terminating foot shock (duration 0.5 sec). This 

combination was repeated 10 times, with each pairing separated by a two-minute inter-

stimulus interval. A control group received 10 presentations each of the same footshock 

and light stimuli used for fear conditioning; however, these stimuli were presented in an 

unpaired, pseudorandom order, with an average 1.5 min minute inter-trial interval (1-2 

minute range). Following training, animals were returned to their home cages. 

 

Fear-Potentiated Startle Paradigm 

Both fear conditioned animals and unpaired controls were tested for fear learning 

24 hours later using the fear-potentiated startle paradigm. Animals were returned to the 

testing chambers described above. Following a five-minute acclimation period, ten 

startle-inducing noise bursts (95 db) were presented alone to habituate the animals to the 

startle response. Following this, noise bursts were presented either alone (10 

presentations) or paired with the light CS (10 presentations) in a pseudo-random order. 

Fear-potentiated startle was assessed by comparing the magnitude of accelerometer 
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displacement in response to the noise alone versus the noise presented in the presence of 

the CS. Startle amplitude was defined as peak displacement within 200 ms after the onset 

of the startle stimulus. At the conclusion of testing, animals were returned to their home 

cages and subsequently sacrificed for electrophysiological analysis one hour later. 

 

Slice Preparation 

One hour after testing fear learning, fear conditioned and unpaired shock/light rats 

were anesthetized with halothane and rapidly decapitated; behaviorally naïve rats were 

simply removed from their homecage prior to anesthetization and decapitation. Brains 

were rapidly removed and isolated in ice cold artificial cerebral spinal fluid (aCSF) 

composed of (in mM): 124 NaCl, 3.3 KCl, 2.4 MgCl, 2.5 CaCl2, 1.2 KH2PO4, 10 d-

glucose, and 25 NaHCO3, saturated with 95% O2 and 5% CO2. Transverse amygdala 

slices (400 μm) were prepared using a Leica VT1000S vibratome (Leica Microsystems 

Inc., Buffalo Grove, IL), and maintained at ambient temperature in oxygenated aCSF for 

at least one hour before recordings began.  

 

Electrophysiological Recordings 

Slices were transferred to a recording chamber and superfused with aerated aCSF 

at 2 ml/min using a calibrated flowmeter (Gilmont Instruments, Racine, WI). For whole-

cell patch-clamp recordings of evoked GABAA inhibitory post-synaptic currents 

(eIPSCs) and AMPA excitatory post-synaptic currents (eEPSCs), we used an internal 

recording solution containing 130 mM K-gluconate, 10 mM KCl, 1 mM EGTA, 100 μM 

CaCl2, 2 mM Mg-ATP, 200 μM Tris-guanosine 5′-triphosphate, and 10 mM HEPES, pH 
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adjusted with KOH, 275–280 mOsm. Miniature IPSCs (mIPSCs), spontaneous IPSCs 

(sIPSCs), and unitary IPSCs (uIPSCs) were recorded using a similar filling solution, 

exchanging equimolar CsCl for K-gluconate and KCl. In all experiments, 5 mM N-(2,6-

dimethyl-phenylcarbamoylmethyl)-triethylammonium chloride (QX-314) was included in 

the internal solution to block voltage-gated sodium currents and GABAB IPSCs. 

Recording electrodes were prepared from filamented borosilicate glass capillary tubes 

(inner diameter, 0.86 mm) using a horizontal micropipette puller (P-97; Sutter 

Instruments, Novato, CA). Whole-cell patch-clamp recordings were conducted from BLA 

pyramidal neurons voltage-clamped at −30 to −40 mV for eIPSCs and at −60 to −70 mV 

for eEPSCs, sIPSCs, mIPSCs, and uIPSCs (not corrected for junction potential). One to 

two cells were recorded from each animal, and all cells included in these analyses 

maintained a stable access resistance of 5–20 MΩ. Whole-cell currents were acquired 

using an Axoclamp 2B amplifier, digitized (Digidata1200, Axon Instruments, Union 

City, CA), and analyzed online and offline using an IBM-compatible personal computer 

and pClamp 9.0 software (Axon Instruments). 

 

Pharmacological Isolation of Synaptic Currents 

Drugs were prepared as 100-fold concentrates and bath applied to the slices via 

calibrated syringe pumps (Razel Scientific Instruments, Stamford, CT). GABAA IPSCs 

were pharmacologically isolated using a mixture of 50 μM APV and 20 μM DNQX to 

block NMDA and AMPA/kainate receptors, and AMPA EPSCs were pharmacologically 

isolated using a mixture of 50 μM APV and 20 μM bicuculline to block NMDA and 

GABAA receptors. Synaptic currents were evoked every 20 s by electrical stimulation 
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(0.2 ms duration) using a concentric bipolar stimulating electrode (FHC, Bowdoinham, 

ME), placed along the external capsule to target LPC interneurons (Silberman et al, 2008, 

2009) or the medial input to generate EPSCs. uIPSCs were evoked by electrical 

stimulation (0.2 ms duration) with a glass stimulating electrode (septum theta tubing: 1.5 

mm outer diameter, 1.2 mm inner diameter, 0.2 mm thick septum; World Precision 

Instruments, Sarasota, FL) placed along the external capsule to target LPCs. Minimal 

stimulation was applied at 0.1 Hz and adjusted to threshold levels to produce both 

synaptic responses and response failures. Failures were identified by visual inspection 

methods similar to those reported by others (Braga et al, 2003; Kobayashi et al, 2008; 

Stevens and Wang, 1994). Increasing the stimulation intensity above the threshold 

required to generate a post-synaptic response did not change uIPSC amplitude, indicating 

stimulation of a single presynaptic site. No stimulation was used to record sIPSCs or 

mIPSCs; these responses were digitized at 5–10 kHz in continuous 3 min epochs.  

mIPSCs were recorded in the presence of 500 nm tetrodotoxin, to suppress action 

potential-dependent synaptic activity. The β3-AR agonist BRL37344, the α1-AR agonist 

A61603, and the β1/2-AR agonist isoproterenol were acquired from Tocris (Ellisville, 

MO); all other drugs used were purchased from Sigma (St Louis, MO).  

 

Statistics 

Unpaired t-tests were used to analyze differences in the frequency and amplitude 

of mIPSCs at local GABAergic synapses and uIPSCs at LPC synapses. Paired t-tests 

were used to assess fear-potentiated startle and to analyze the effect A61603 on sIPSCs 

frequency and amplitude in each treatment condition, while the percent change in 
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responses across conditions was compared using a one-way ANOVA with Newman-

Keuls post-hoc tests. Similarly, changes in eIPSC amplitude following application of 

BRL37344 were analyzed using paired t-tests, while a one-way ANOVA and Newman-

Keuls post-hoc analyses were used to determine whether the average percent change from 

baseline differed between conditions. Finally, isoproterenol-induced facilitation of 

eIPSCs were analyzed using paired t-tests, and between group differences in the percent 

change in amplitude were analyzed using an unpaired t-test.   

 

Results 

Fear conditioning decreases GABAergic signaling at local and LPC synapses 

We first aimed to replicate earlier findings that GABAergic inhibition mediated 

by local interneurons is decreased following fear conditioning (Lin, Mao, and Gean, 

2009; Lin, Tseng, Mao, Chen, and Gean, 2011; Tully, Li, Tsvetkov, and Bolshakov, 

2007). As anatomical and pharmacological evidence suggest that LPCs synapse on 

pyramidal cell distal dendrites (Diaz, Christian, Anderson, and McCool, 2011; Marowsky 

et al., 2005; Silberman et al., 2010; Silberman, Shi, Brunso-Bechtold, and Weiner, 2008), 

spontaneous fusion events occurring at these synapses are not detectible at the soma; as 

such, synaptic strength must be approximated using uIPSCs. In contrast, miniature and 

spontaneous IPSCs can be used to measure the activity of local inhibitory interneurons, 

which make perisomatic synapses onto local interneurons (Muller, Mascagni, and 

McDonald, 2006). As expected, fear-conditioned animals, on average, exhibited a 

potentiated startle response to a CS-paired noise burst (Figure 1a; t(7) = 5.615, p < 

0.001). We found that the frequency of action potential-independent miniature inhibitory 
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post-synaptic currents (mIPSCs) is significantly reduced at local interneuron synapses 

after fear conditioning (Figure 1b; n = 10 cells/8 rats), as compared to behaviorally naïve 

controls (n = 11 cells/10 rats; t(19) = 5.959, p < 0.001). In contrast to earlier reports, we 

did not see a difference in mIPSC amplitude between groups (Figure 1b; t(19) = 0.210, p 

= 0.836).  
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Figure 1. Fear conditioning decreases GABAergic signaling at 
local inhibitory synapses. Fear-conditioned animals (n = 8) 
acquired exhibited a potentiated startle response to a CS-paired 
startle-inducing noise burst (a, p < 0.001). We found that the 
frequency of action potential-independent miniature inhibitory 
post-synaptic currents (mIPSCs) is significantly reduced at local 
interneuron synapses after fear conditioning (b; n = 10 cells/8 
rats), as compared to behaviorally naïve controls (n = 11 cells/10 
rats, p < 0.001). In contrast to earlier reports, we did not see a 
difference in mIPSC amplitude between groups (b, p > 0.05). 
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We next used uIPSCs to examine the strength of inhibitory signaling at LPC 

synapses after fear conditioning. These animals acquired fear learning, as evidenced by 

exhibiting a more robust startle response to a CS-paired noise burst, as compared to the 

noise burst alone (Figure 2a; t(4) = 4.201, p = 0.014). Subsequent electrophysiological 

analysis revealed that uIPSC amplitude is decreased in slices obtained from fear 

conditioned animals (Figure 2b; n = 5 cells/5 rats) as compared to naïve conspecifics (n = 

5 cells/5 rats; t(8) = 3.339, p = 0.049). Taken together, these results indicate that fear 

conditioning is associated with a significant decrease in both local and LPC GABAergic 

inhibition of BLA pyramidal neurons.  
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Figure 2. Fear conditioning decreases GABAergic 
signaling at LPC inhibitory synapses. Fear conditioned 
animals acquired fear learning, as assessed via 
measuring their fear-potentiated startle reflex (Figure 2a, 
p < 0.05). Analysis of uIPSC amplitude in fear 
conditioned animals (b; n = 5 cells/5 rats) is decreased 
relative to naïve conspecifics (n = 5 cells/5 rats, p < 
0.05).  
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Fear conditioning, but not unpaired shock/light presentations, promotes fear learning 

Slices from fear conditioned- and unpaired control animals were used to examine 

the effects of both A61603 and BRL37344 on local and LPC-mediated facilitation of 

IPSCs; as such, fear-potentiated startle in both groups were combined and analyzed 

together. Fear-conditioned animals (n = 11) exhibited a potentiated startle response to the 

CS-paired tone (Figure 3a, 4a; FC: t(11) = 6.069, p < 0.001) while animals that received 

footshocks and light presentations in a pseudorandom, unpaired manner did not acquire 

fear learning (UP: n = 10; t(11) = 0.604 , p = 0.560). Accordingly, the percent increase in 

startle responding in the presence of the light CS was greater among fear conditioned 

animals than unpaired controls (t(21) = 2.887 , p = 0.009).  
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Figure 3. Fear conditioning decreases α1-AR facilitation of local GABAergic sIPSCs. Fear conditioned 
animals demonstrated a fear-potentiated startle response to CS presentation (a; n = 11, p < 0.001), 
while animals receiving unpaired shock/light presentations do not (n = 10; p > 0.05). The α1-AR agonist, 
A61603 (1µM), facilitate presynaptic GABA release from local GABAergic synapses in BLA slices taken 
from naïve (b, n = 8 cells/7 animals, p < 0.05, and unpaired (UP, n = 8 cells/8 animals, p < 0.01), but not 
fear conditioned animals (FC, n = 8 cells/8 animals, p > 0.05). A one-way ANOVA comparing the 
percent change in the frequency (Hz) of sIPSCs across conditions revealed that application of A61603 
significantly facilitated sIPSC frequency in naïve animals, as compared to FC (c; p < 0.05). There was 
no change in the amplitude of sIPSCs upon application of the agonist in any condition (c; p > 0.05). 
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Fear conditioning decreases α1-AR facilitation of sIPSCs 

 We next examined the ability of an α1-AR agonist, A61603 (1µM), to facilitate 

presynaptic GABA release from local GABAergic synapses in BLA slices taken from 

fear conditioned animals (FC), as compared to naïve animals and controls that were 

exposed to ten unpaired presentations of the shock and light (UP). We found that 

application of this agonist significantly increased the frequency of spontaneous IPSCs 

(sIPSCs) in naïve animals (Figure 3b; n = 8 cells/7 animals; t(7) = 3.946, p = 0.006) and 

UP controls (n = 8 cells/8 animals; t(7) = 4.459, p = 0.003), but this potentiation was not 

observed in BLA slices taken from FC animals (n = 8 cells/8 animals; t(7) = 1.274, p = 

0.243). A one-way ANOVA comparing the percent change in the frequency (Hz) of 

sIPSCs in response to application of A61603 was significant (Figure 3c; F(2, 21) = 3.618, 

p = 0.045), and post-hoc analyses revealed that the agonist-induced increase in sIPSC 

frequency was significantly greater in naïve animals as compared to FC animals (q = 

3.777, p = 0.037). No difference was detected when comparing the percent increase in 

sIPSC frequency between naïve vs UP (q = 1.492, p = 0.303) or FC vs UP (q = 2.284, p = 

0.121) conditions. There was no change in the amplitude of sIPSCs upon application of 

the agonist in any condition (Figure 3c; naïve, t(7) = 1.490, p = 0.180; FC, t(7) = 1.252, p 

= 0.251; UP, t(7) = 1.490, p = 0.180), and a one-way ANOVA comparing the percent 

change in amplitude across groups did not prove significant (F(2, 21) = 0.218, p = 0.806).   
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Figure 4. Fear conditioning decreases β3-AR facilitation of eIPSCs. Fear 
conditioning decreases α1-AR facilitation of local GABAergic sIPSCs. Fear 
conditioned animals demonstrated a fear-potentiated startle response to CS 
presentation (a; n = 11, p < 0.001), while animals receiving unpaired 
shock/light presentations do not (n = 10; p > 0.05). Application of the β3-AR 
agonist, BRL37344 (10µM), facilitated LPC eIPSCs in slices from naïve (b, ; n 
= 6 cells/animals, p < 0.01) and UP animals (n = 6 cells/animals, p < 0.05), 
but this facilitation was abolished by fear conditioning (n = 6 cells/animals, p > 
0.05). A one-way ANOVA comparing the percent change in eIPSC amplitude 
in the presence of BRL37344 revealed that BRL37344-induced potentiation of 
eIPSCs was greater in naïve and UP slices, as compared to FC (c; p < 0.05).  
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Fear conditioning decreases β3-AR facilitation of eIPSCs 

Similarly, we examined the ability of a β3-AR agonist (BRL37344, 10µM) to 

facilitate inhibitory signaling at LPC synapses. We found that application of BRL37344 

significantly potentiated evoked IPSCs (eISPCs) in slices from naive (Figure 4b; n = 6 

cells/animals, t(5) = 4.098, p = 0.009) and UP (n = 6 cells/animals, t(5) = 2.653, p = 

0.045) animals, and that this facilitation was attenuated after fear conditioning (n = 6 

cells/animals, t(5) = 1.417, p = 0.216). A one-way ANOVA comparing the percent 

change in eIPSC amplitude in the presence of BRL37344 vs baseline across conditions 

was significant (Figure 4c; F(2,15) = 4.895, p = 0.023), and post-hoc analysis revealed 

that the agonist-induced potentiation was significantly greater in naïve slices when 

compared to FC (q = 3.671, p = 0.020). Similarly, eIPSC amplitude was significantly 

potentiated in UP slices as compared to those taken from FC animals (q = 3.975, p = 

0.033). There was no significant difference in UP and naïve conditions (q = 0.304, p = 

0.833).  

 

Fear conditioning does not alter β1/2-AR potentiation of eEPSCs 

Finally, to assess whether the excitatory effects of β1/2-AR activation are 

disrupted by fear conditioning, we next measured isoproterenol-induced (1 µM) 

potentiation of evoked excitatory post-synaptic current (eEPSC) amplitude (data not 

shown). We found that application of isoproterenol potentiated eEPSCs in slices from 

behaviorally naïve animals (n = 7 cells/5 animals; t(6) =2.018, p = 0.090) as well as FC 

animals (n = 7 cells/5 animals; t(6) = 2.780, p = 0.032). A t-test comparing the percent 
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change in eEPSC amplitude following isoproterenol application was non-significant 

(t(12) = 0.38, p = 0.711).  

 

Discussion  

The main findings of these studies are as follows: (i) inhibitory signaling is 

reduced at both local and LPC GABAergic synapses after fear conditioning; (ii) fear 

conditioning decreases α1-AR mediated potentiation of GABA release from local 

inhibitory interneurons; (iii) β3-AR facilitation of inhibitory signaling at post-synaptic 

GABAA receptors is likewise attenuated after fear conditioning; (iv) facilitation of 

excitatory neurotransmission by β1/2-ARs does not appear to be significantly altered by 

fear learning. Taken together, the results of these experiments support our hypothesis that 

Pavlovian fear conditioning selectively alter noradrenergic facilitation of inhibitory 

signaling in the BLA, and may have important implications for fear memory formation. 

Consistent with previous work (Lin et al., 2009; Lin et al., 2011; Tully et al., 

2007), we found the frequency of action potential-independent mIPSCs to be decreased 

in BLA slices obtained from animals that had undergone fear conditioning. The 

frequency with which mIPSCs occur is generally thought to represent presynaptic GABA 

release probability, whereas alterations in the amplitude of these events may reflect 

changes in GABAA receptor number or function. Thus, our results suggest that GABA 

release from local inhibitory interneurons onto post-synaptic pyramidal projection cells is 

significantly decreased as a result of fear memory formation. Similarly, our finding that 

the amplitude of LPC uIPSCs is decreased after fear conditioning suggests that post-

synaptic modulation of inhibitory transmission at this synapse is reduced by fear learning. 
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Although the contribution of these inputs to fear memory formation has been relatively 

understudied, both receive highly processed sensory information from BLA efferents 

(Ehrlich et al., 2009), and are potentiated by noradrenaline (Braga et al., 2004; Silberman 

et al., 2010), albeit by distinct pre- and postsynaptic mechanisms. As such, we 

hypothesized that the inhibitory effects of adrenoreceptor activation at these synapses 

might likewise be disrupted by Pavlovian fear conditioning.  

Noradrenergic afferents to the BLA fire in response to stress (Valentino, Foote, 

and Aston-Jones, 1983), and the predominate response of BLA neurons to this stress-

induced noradrenaline release is inhibitory (Miyashita and Williams, 2003). However, 

our results suggest that the inhibitory effects of BLA noradrenaline are selectively 

disrupted by fear conditioning. Specifically, we have shown that noradrenergic 

facilitation of pre-synaptic inhibition is decreased in BLA slices taken from fear 

conditioned animals. Importantly, this disruption was not observed in behaviorally naïve 

controls, or following multiple unpaired exposures of the same shock and light stimuli 

used to train fear conditioning. Similarly, we have recently demonstrated that activation 

of post-synaptic β3-ARs at BLA LPC synapses selectively potentiates GABAA IPSCs, 

without affecting local GABAergic synapses or excitatory glutamatergic transmission 

onto BLA pyramidal neurons (Silberman et al., 2010). However, we again found that this 

adrenoreceptor-mediated facilitation of LPC inhibition is selectively disrupted by fear 

conditioning, and this disruption is not observed in recordings from naïve and unpaired 

control rats. Taken together, these results suggest that it is fear memory formation 

specifically, and not acute stress exposure in general, that disrupts the inhibitory effects 

of noradrenaline in the BLA. Thus, the paired temporal presentation of conditioned and 
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unconditioned stimuli during fear conditioning appears to selectively disrupt 

noradrenergic facilitation of inhibitory signaling in the BLA.   

These data are significant, as they demonstrate that acute stress in the form of 

non-contingent footshock delivery does not significantly disrupt the inhibitory effects of 

noradrenergic signaling in the BLA. Interestingly, Braga and colleagues (2004) elegantly 

demonstrated that BLA α1-AR activation potentiates GABA release from local inhibitory 

interneurons, but that chronic restraint stress uncouples this inhibitory mechanism. 

Similarly, Buffalari and Grace (2009) demonstrated that chronic, but not acute, cold 

stress shifts the balanced effects of BLA noradrenaline toward excitation. These results 

are compelling, as they suggest that chronic stress induces alterations in adrenergic 

modulation of BLA inhibitory transmission that mimic the changes induced by fear 

conditioning. Interestingly, chronic stress has been shown to promote fear learning and 

disrupt acquisition of extinction memories (Cordero, Venero, Kruyt, and Sandi, 2003; 

Manzanares et al., 2005; Miracle, Brace, Huyck, Singler, and Wellman, 2006); our results 

suggest that stress-induced alterations to BLA noradrenergic receptors may partly explain 

these stress-related learning deficiencies. 

During fear conditioning, inputs encoding the paired CS/US presentation 

converge on BLA pyramidal projection neurons and promote long-term potentiation 

(LTP) of CS synapses. This plasticity is considered by many to be a neural correlate of 

fear memory formation (Lin, Yeh, Lu, and Gean, 2003; Maren, 2005b; McKernan and 

Shinnick-Gallagher, 1997; Rogan, Staubli, and LeDoux, 1997; Tsvetkov, Carlezon, 

Benes, Kandel, and Bolshakov, 2002; Walker and Davis, 2002). Under basal conditions, 

inhibition of BLA projection neurons by local and LPC inhibitory interneurons is thought 
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to occlude spurious synaptic plasticity and fear memory formation (Dityatev and 

Bolshakov, 2005; Ehrlich et al., 2009; Sah and Lopez De Armentia, 2003). In support of 

this, pharmacological activation of BLA GABAA receptors reduces the acquisition of 

Pavlovian fear conditioning (Manzanares et al., 2005; Muller, Corodimas, Fridel, and 

LeDoux, 1997), and electrically-induced LTP of BLA projection neurons is significantly 

diminished when delivered in the absence of antagonists of GABAA receptors (Dityatev 

and Bolshakov, 2005). However, under appropriate conditions, this inhibitory brake may 

be lifted, thereby promoting excitatory neuroplasticity and fear memory formation. 

Consistent with this hypothesis, fear conditioning leads to reduced BLA 

GABAergic transmission in vivo (Rea et al., 2009; Stork et al., 2002), and GABAergic 

disinhibition in the BLA has been shown to trigger hyperexcitability and enhanced 

neuroplasticity of projection neurons ex vivo (Bauer and LeDoux, 2004; Bergado-Acosta, 

Sangha, Narayanan, Obata, Pape, and Stork, 2008; Bissiere, Humeau, and Luthi, 2003; 

Ehrlich et al., 2009; Isoardi, Martijena, Carrer, and Molina, 2004; Manzanares et al., 

2005; Shaban, Humeau, Herry, Cassasus, Shigemoto, Ciocchi, Barbieri, van der Putten, 

Kaupmann, Bettler, and Luthi, 2006; Shumyatsky, Tsvetkov, Malleret, Vronskaya, 

Hatton, Hampton, Battey, Dulac, Kandel, and Bolshakov, 2002; Szinyei, Narayanan, and 

Pape, 2007; Tully et al., 2007). Furthermore, decreased inhibition from GABAergic 

inputs has been shown to enhance fear conditioning (Shaban et al., 2006; Shumyatsky et 

al., 2002; Szinyei et al., 2007). Disrupted noradrenergic facilitation of inhibitory 

signaling may be one mechanism whereby GABA transmission in the BLA is decreased 

following fear conditioning. For instance, BLA noradrenergic signaling enhances fear 

memory formation (Ferry et al., 1997; Huff, Wright-Hardesty, Higgins, Matus-Amat, and 
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Rudy, 2005; LaLumiere, Buen, and McGaugh, 2003; Tully et al., 2007), and 

noradrenaline release during fear learning has been shown to promote the induction of 

LTP by suppressing GABAergic neurotransmission at local inhibitory synapses (Tully et 

al., 2007). Additionally, α1-AR-mediated enhancement of GABA release from local 

inhibitory interneurons is abolished after chronic stress exposure (Braga et al., 2004), and 

blockade of these receptors has been shown to promote fear conditioning and the 

induction of excitatory synaptic plasticity in this region (Lazzaro, Hou, Cunha, LeDoux, 

and Cain, 2010). Furthermore, we have recently demonstrated that pharmacologically 

enhancing LPC inhibitory currents using a β3-AR agonist blocks the acquisition of fear 

learning in vivo, and the induction of BLA excitatory synaptic plasticity ex vivo (Skelly et 

al., 2015).  

Finally, we demonstrate that β1/2-AR mediated facilitation of EPSCs is not 

affected by fear conditioning, suggesting that subsequent stress-induced noradrenaline 

release may promote BLA output by selectively enhancing excitatory signaling. In 

support of this, activation of BLA β1/2-ARs enhances fear learning (Ferry and McGaugh, 

1999; Ferry, Roozendaal, and McGaugh, 1999) and excitatory synaptic plasticity (Faber, 

Delaney, and Sah, 2005; Huang et al., 1996; Huang, Martin, and Kandel, 2000; Wang, 

Cheng, and Gean, 1999), while blockade of these receptors blocks fear memory 

consolidation (Bush, Caparosa, Gekker, and Ledoux, 2010; Huang et al., 2000; 

LaLumiere, Nguyen, and McGaugh, 2004; Qu, Guo, and Li, 2008; Quirarte, Roozendaal, 

and McGaugh, 1997; Roozendaal, Quirarte, and McGaugh, 2002). Taken together, our 

findings support the hypothesis that fear conditioning promotes LTP of BLA outputs by 
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attenuating the inhibitory effects of noradrenaline acting at α1- and β3-ARs in this region, 

without effecting excitatory signaling at β1/2-ARs.   

A limitation of this study is that we have not identified the mechanisms whereby 

noradrenergic facilitation of inhibitory synaptic transmission is decreased by fear 

conditioning. Acute stress exposure has been shown to increase phosphorylation of 

adrenoreceptors in various brain regions, inducing receptor desensitization (Glavin, 

1985). Future studies should address whether the observed impairments result from 

receptor downregulation, internalization, or desensitization, or by disruption of 

intracellular signaling cascades mediating their effects. Additionally, while other groups 

have observed a down-regulation of post-synaptic GABAA receptors at local interneuron 

synapses after fear conditioning (Lin et al., 2009; Lin et al., 2011), we did not replicate 

these findings, as no alterations of post-synaptic mIPSC frequency were observed 

following fear learning in these studies. This divergence may be explained by the specific 

subnuclei being targeted; Lin and colleagues recorded primarily from neurons in the 

lateral amygdala, while we aimed to record from neurons in the basal nucleus. While 

these nuclei are often lumped together, the distribution of GABAA receptor subtypes 

actually varies significantly between these two regions (Marowsky, Rudolph, Fritschy, 

and Arand, 2012; Marowsky and Vogt, 2014), and these differences may explain our 

contradictory results. Future studies should directly assess GABAA receptor expression 

and function in the BLA after fear conditioning.     

Central noradrenergic signaling has been implicated in both healthy and 

pathological fear and anxiety (McGaugh, 2004; Southwick, Bremner, Rasmusson, 

Morgan, Arnsten, and Charney, 1999; Southwick, Davis, Horner, Cahill, Morgan, Gold, 
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Bremner, and Charney, 2002). For example, increased noradrenergic signaling in the 

basolateral amygdala promotes the encoding of memories related to trauma, which is an 

appropriate and adaptive response. However, stress-induced sensitization of 

noradrenaline release is thought to contribute to the development of PTSD following 

trauma exposure (Geracioti, Baker, Ekhator, West, Hill, Bruce, Schmidt, Rounds-Kugler, 

Yehuda, Keck, and Kasckow, 2001; Strawn and Geracioti, 2008). As such, the results of 

these studies, which are among the first to directly assess the contribution of BLA 

noradrenaline to non-pathological fear memory formation, may further the identification 

and treatment of the deleterious adaptations to this system that underlie pathological 

conditions. Specifically, although pharmacotherapeutic interventions presumed to 

decrease the excitatory effects of central noradrenaline have been somewhat efficacious 

in reducing the symptoms of stress-related anxiety disorders, substance abuse disorders, 

and PTSD (Fox, Anderson, Tuit, Hansen, Kimmerling, Siedlarz, Morgan, and Sinha, 

2012; Raskind, Peskind, Kanter, Petrie, Radant, Thompson, Dobie, Hoff, Rein, Straits-

Troster, Thomas, and McFall, 2003; Simpson, Saxon, Meredith, Malte, McBride, 

Ferguson, Gross, Hart, and Raskind, 2009), identifying the specific noradrenergic 

receptor subtypes and locations that are impacted in individuals suffering from these 

conditions could lead to the development of improved pharmacological interventions. 

Thus, future studies should be conducted to investigate the role of BLA noradrenergic 

signaling in animal models of human psychopathology.   
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Introduction 

There is overwhelming evidence that anxiety disorders, alcohol addiction, and 

PTSD are functionally related and mutually perpetuating. In fact, some clinicians have 

argued that the most effective approach to treating these conditions is to address their 

symptoms concurrently (Bradizza et al., 2006; Ford et al., 2007; McGovern et al., 2009; 

Robinson et al., 2009; Smith and Book, 2010; van Dam et al., 2012). Although there has 

been some recent progress toward managing these illnesses when they co-occur, existing 

interventions are only moderately effective (Hassan and Ali, 2011; Smith and Randall, 

2012; van Dam et al., 2012). As such, identifying the overlapping neural substrates that 

promote and maintain these disorders may accelerate the development of 

pharmacological and behavioral interventions that target their comorbid symptomatology. 

The studies contained in this dissertation have attempted to address this problem using a 

variety of behavioral and electrophysiological approaches, with a particular focus on the 

role of noradrenergic signaling in normal and pathological stress-related behaviors.  

 

Adolescent Stress and Vulnerability to Anxiety, Alcohol Use Disorders, and PTSD 

A central hypothesis of the studies referenced herein is that prolonged exposure to 

stressors increases vulnerability to anxiety disorders and PTSD, and that individuals 

suffering from these conditions consume alcohol to self-medicate their symptoms (Bolton 

et al., 2006; Lazareck et al., 2012; Leeies et al., 2010; Robinson et al., 2009; Robinson et 

al., 2011). Unfortunately, while acute alcohol relieves anxiety and transiently alleviates 

the symptoms of PTSD (Davis et al., 2013; Leeies et al., 2010; Robinson et al., 2011), 

alcohol withdrawal enhances anxiety and exacerbates PTSD symptomatology, thereby 
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promoting further intake (Becker, 2012; Driessen et al., 2001; Koob and Le Moal, 2005; 

Robinson et al., 2011). As alcohol dependence is characterized by cycles of intoxication 

and withdrawal, anxiety-related drinking has been implicated in advancing the 

progression of alcoholism (Breese et al., 2011; Koob, 2013). Historically, however, 

efforts to model the relationship between stress and excessive alcohol intake in animals 

have produced inconsistent results (Becker et al., 2011; Noori et al., 2014). Likewise, 

although putative animal models of PTSD sometimes result in increased ethanol self-

administration, this relationship is not always observed (Whitaker et al., 2014). Thus, 

improved and more reliable animals models are needed to explore this association. 

As reviewed in the introduction to this dissertation, adolescence appears to be a 

critical period of increased stress sensitivity, and prolonged stress exposure during this 

time may substantially alter both the function of the stress response system and the 

development of brain regions crucial in regulating the stress response (Casey et al., 2010; 

Danese et al., 2009; Romeo et al., 2006; Spear, 2000, 2009; Teicher et al., 2003). These 

alterations might, in turn, predispose psychopathologies in later life; for example, 

exposure to chronic stress in adolescence increases anxiety and disrupts extinction 

learning (Beesdo et al., 2009; Carr et al., 2013; Cohen et al., 2013; Kessler et al., 2007; 

Lupien et al., 2009), and increases the risk of later-life alcohol addiction (Gibbons et al., 

2007; King and Chassin, 2008; McCormick et al., 2010). Although many preclinical 

studies have reported that stress in adolescence results in enduringly increased anxiety-

like behavior, the relationship between adolescent stress and PTSD-like symptoms has 

received minimal attention (Koseki et al., 2009; Lukkes et al., 2009; Toledo-Rodriguez 

and Sandi, 2007). Likewise, apart from a few recent investigations by our group and 
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others, the relationship between early life stress and excessive ethanol intake has been 

relatively understudied in preclinical research (Butler et al., 2014b; Chappell et al., 2013; 

Chappell et al., 2012; Chester et al., 2008).  

Thus, we have recently begun studying rodent adolescent social isolation in an 

attempt to develop an animal model that mimics the effects of developmental stress on 

behaviors evocative of PTSD and anxiety disorders. We have previously shown that this 

protocol reliably increases both anxiety-like behaviors and ethanol self-administration in 

adulthood (Chappell et al., 2013; Yorgason et al., 2013). In Chapter II, we replicated and 

extended this model by demonstrating that extinction of conditioned fear is likewise 

disrupted by adolescent isolation rearing, a phenotype that resembles PTSD-like 

deficiencies in extinction of conditioned fear responding. Thus, we propose that social 

isolation may be a valid preclinical model of increased vulnerability to stress-related 

disorders, and as such may advance our knowledge of the neurobiological disruptions 

that increase susceptibility to anxiety disorders, PTSD, and alcohol addiction. 

 

Stress-Induced Disruptions of PFC/Amygdala Connectivity  

Although the studies described herein did not directly examine the 

neurobiological adaptations resulting from early life stress, our group has recently 

demonstrated that adolescent social isolation increases the intrinsic excitability of BLA 

pyramidal projection neurons; specifically Andrew Rau has demonstrated that pyramidal 

cells in slices obtained from socially isolated animals fire action potentials at a greater 

rate in response to depolarizing current injections, relative to group housed conspecifics. 

Additionally, he has shown that this increased afferent excitability is driven by a 
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reduction in functional activity of small-conductance potassium (SK) channels. 

Importantly, this increased action potential frequency is reversed by application of an SK 

channel positive modulator, which restores action potential firing to a frequency similar 

to that observed in group housed controls. As BLA pyramidal neurons project to many 

downstream regions responsible for driving fear and anxiety-like behavior, one obvious 

future direction would be to examine the circuit implications of this increased BLA 

afferent excitability.  

For example, adolescent social isolation may disrupt connectivity and synaptic 

plasticity between the amygdala and brain regions that regulate the stress response, such 

as the mPFC. Connectivity between the amygdala and mPFC matures during adolescence 

(Cunningham et al., 2008; Perlman and Pelphrey, 2011) and is important for the 

regulation of fear and anxiety (Holmes, 2013; Sotres-Bayon and Quirk, 2010). Several 

lines of evidence suggest that top-down inhibitory control of amygdala excitability is 

orchestrated by the mPFC, and that the level of mPFC activation determines the 

magnitude of behavioral and neuroendocrine responses to stress (Arnsten and 

Goldmanrakic, 1984; Aston-Jones and Cohen, 2005a, b; Berridge and Waterhouse, 2003; 

Jodo et al., 1998). In support of this finding, several recent clinical investigations have 

observed decreased connectivity between the amygdala and PFC in adolescents with 

generalized anxiety disorder, suggesting that reduced amygdalar inhibition by mPFC 

afferents may drive anxiety during adolescence (Roy et al., 2013; Strawn et al., 2012; 

Strawn et al., 2013). Because anxiety increases later-life vulnerability to PTSD (Perez 

Benitez et al., 2013) and alcohol use disorders (Kushner et al., 2000; Robinson et al., 

2009), it seems possible that chronic stress-related disruptions in amygdala/mPFC 
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connectivity explains in part the co-occurrence of these conditions. In fact, decreased 

functional connectivity between the amygdala and mPFC has been observed among 

adults suffering from PTSD (Jovanovic and Norrholm, 2011), social anxiety disorder 

(Dodhia et al., 2014), alcohol use disorder (Beck et al., 2012), and generalized anxiety 

disorder (Tromp et al., 2012). Thus, as mPFC/amygdala connectivity is particularly 

malleable in adolescence, chronic stress exposure during this period could have long-

lasting neurobiological and behavioral consequences. 

Preclinical findings suggest that chronic stress and chronic alcohol exposure 

similarly disrupt neurotransmission in these brain regions. For example, in adult rodents, 

both stress and alcohol consumption result in decreased mPFC excitability (Gourley et 

al., 2009; Holmes et al., 2012; Izquierdo et al., 2006; Wilber et al., 2011) and 

hyperexcitability of BLA pyramidal projection neurons (Lack et al., 2009; Lack et al., 

2007; Rodriguez Manzanares et al., 2005; Vyas et al., 2003). Furthermore, both chronic 

stress and chronic alcohol exposure have been reported to impair recall of fear extinction 

in rodents, a hallmark symptom of PTSD (Baran et al., 2009; Bertotto et al., 2006; 

Holmes et al., 2012; Miracle et al., 2006). Recently, Edwards et al. (2013) found that 

increased stress reactivity following trauma exposure is linked to increased alcohol self-

administration and decreased amygdala/mPFC connectivity in rats. However, the impact 

of stress in adolescence on the development of these behaviors and related functional 

connectivity has yet to be well characterized. The behavioral results reported in Chapter 

II suggest that our preclinical model of early life stress in the form of adolescent social 

isolation may prove useful in examining this relationship.  
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Noradrenergic Dysregulation in Comorbid PTSD, Anxiety, and Alcohol Use Disorders 

As reviewed in Chapters II and III, extant clinical and preclinical research 

suggests that disruptions of the noradrenergic system may be one common underpinning 

contributing to the etiology of stress-related psychopathologies. Locus coeroleus 

noradrenergic neurons fire in response to stress, and via their diffuse projections play an 

important role in coordinating the behavioral stress response (Aston-Jones et al., 2000). 

This adaptive response is disrupted by chronic stress exposure, however, which reduces 

basal firing of LC projections but increases their sensitivity to an acute stressor (Adell et 

al., 1988; Gresch et al., 1994; Irwin et al., 1986; Nisenbaum et al., 1991). Given that 

stress-related brain regions continue to develop throughout adolescence, chronic stress-

induced disruptions in locus coeroleus afferent activity during this period might have 

particularly adverse implications for neurodevelopment. In fact, chronic stress exposure 

in adolescence has been shown to shift the discharge rate of LC neurons toward increased 

activation, and this potentiation persists into adulthood (Bingham et al., 2011). 

Furthermore, a recent investigation by Karkhanis et al. (2014) revealed that in rats 

socially isolated during adolescence, an acute ethanol injection prompted noradrenaline 

release in the BLA; this noradrenergic efflux was not observed in group housed controls.  

Relatedly, repeated alcohol exposure has been reported to induce sensitization of 

noradrenergic neurons in rodents (Leussis and Andersen, 2008), and increased central 

noradrenaline promotes the reinstatement of alcohol seeking behaviors in rodents (Le et 

al., 2011). A similar reinstatement response is observed following acute stress (Le et al., 

2005; Le et al., 1998), and both stress- and norepinephrine-induced reinstatement are 

blocked by pre-treatment with an α1-AR antagonist (Le et al., 2011). Taken together, 
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these studies suggest that chronic stress and alcohol exposure might similarly sensitize 

acute LC afferent activity. Our findings in Chapters II and III that acute or chronic 

treatment with putative inhibitors of noradrenergic signaling decrease anxiety-like 

behaviors and ethanol self-administration in adult male rats are consistent with the theory 

that over-activation of this system promotes these aberrant behaviors. The animal models 

described in these studies may, therefore, prove useful in identifying the mechanisms 

whereby these treatments exert their therapeutic effects in clinical populations.  

 

Noradrenergic Treatment of Comorbid PTSD, Anxiety, and Alcohol Use Disorders 

A valid animal model of the effectiveness of any pharmacotherapeutic in clinical 

populations should mimic as closely as possible the timecourse and route of 

administration used to treat humans. However, most animal models of stress-related 

behavioral disruptions limit their examinations of therapeutic efficacy to acute, bolus 

drug delivery. For example, in Chapter II we report that acute injection of increasing 

doses of duloxetine, propranolol and prazosin dose-dependently decrease ethanol self-

administration among animals socially isolated during adolescence. Although promising, 

these results are difficult to extrapolate to human populations, where 

pharmacotherapeutic interventions such as SNRIs are administered daily and typically 

released into the bloodstream over the course of many hours. 

Thus, the studies in Chapter III were designed to assess the ability of these acutely 

impactful pharmacological interventions to decrease anxiety-like behavior and ethanol 

self-administration following chronic administration. Although the rats used in Chapter 

III were not exposed to a stress protocol prior to ethanol access, previous results from our 
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lab have shown that animals obtained from a commercial supplier in adulthood display 

anxiety-like behaviors and ethanol self-administration behaviors that are more similar to 

adolescent socially isolated animals than group housed controls (Chappell et al., 2013). 

We further report that long-term administration of noradrenergic pharmacotherapeutics 

via subcutaneous osmotic minipumps effectively reduces concurrent anxiety-like 

behavior and alcohol self-administration in these animals. Interestingly, we found that 

four-week treatment with the α1-AR antagonist prazosin and the SNRI duloxetine, but 

not the β1/2-AR antagonist propranolol, decreased ethanol self-administration and 

anxiety-like behavior in adult male Long-Evans rats. This finding may significantly 

advance our understanding of the mechanisms underlying comorbid anxiety and alcohol 

use disorders. For instance, while several preclinical studies, including the data presented 

in Chapter II, have demonstrated that β1/2-AR antagonists decrease anxiety-like behavior 

and ethanol intake (Fu et al., 2008; Gilpin and Koob, 2010; Rasmussen et al., 2014), our 

results suggest that these acute effects are not observed following chronic administration 

and as such may bely an underlying disruption of β-AR signaling following protracted 

stress or ethanol exposure. In support of this, both chronic stress (Takita et al., 1993; 

Takita and Muramatsu, 1995) and chronic ethanol exposure (Gurguis et al., 1998; 

Gurguis et al., 1999) have been shown to reduce the density of β-ARs. Thus, 

interventions which restore central β-AR functioning may reverse some of the symptoms 

of stress-related anxiety and alcohol intake in clinical populations. 

Although we did not assess the effects of adrenoreceptor activation on PTSD-like 

deficiencies in fear or extinction learning in these studies, there is some evidence for the 

efficacy of noradrenergic therapeutics in treating this disorder. For example, SNRIs and 
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α1-AR antagonists have been shown to decrease the symptoms of PTSD, including sleep 

disturbances, anxiety, and excessive ethanol intake (Boehnlein and Kinzie, 2007; 

Dell'Osso et al., 2010; Fox et al., 2012; Peskind et al., 2003; Raskind et al., 2003; Strawn 

and Geracioti, 2008; Taylor and Raskind, 2002; Taylor et al., 2006). Preclincally, β-AR 

activation has been shown to attenuate fear conditioning (Davis et al., 1979; Rodriguez-

Romaguera et al., 2009), impair cue-induced reinstatement of conditioned fear 

responding (Morris et al., 2005), and block fear memory reconsolidation (Debiec and 

Ledoux, 2004). However, the efficacy of propranolol in treating PTSD among clinical 

populations has been mixed, with some studies demonstrating that administration of this 

β-AR antagonist immediately following a trauma reduced PTSD symptoms (Pitman et 

al., 2002; Vaiva et al., 2003), but others showing no effect β-adrenergic agents on the 

incidence of PTSD following trauma (McGhee et al., 2009; Sharp et al., 2010; Stein et 

al., 2007). As mentioned previously, the density and sensitivity (Takita et al., 1993; 

Takita and Muramatsu, 1995)Dimsdale et al., 1994) of β-ARs is decreased following 

chronic stress, and among individuals with anxiety disorders (Brown et al., 1988). As 

individuals with a history of chronic stress exposure are more likely to develop PTSD 

following trauma (Heim and Nemeroff, 2001), perhaps a stress-induced downregulation 

or desensitization of β1/2-ARs may explain the conflicting results summarized above.  

Interestingly, a recent report suggests that propranolol may be useful in the 

treatment of PTSD symptomatology among individuals with comorbid alcohol use 

disorders, as Saladin (2014) found that propranolol administration following activation of 

a traumatic memory altered memory reconsolidation among individuals with comorbid 

diagnosis. Similarly, combined chronic administration of α1- and β1/2-AR antagonists 
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has been reported to reduce PTSD symptoms, anxiety, and alcohol intake among veterans 

with PTSD and alcohol use disorders (Raskind, 2013), and these drugs in combination 

acutely decrease drinking to a greater extent that either drug alone in a rat model of 

anxiety-related alcohol addiction (Rasmussen et al., 2014). Thus, further examination of 

the means by which concomitant α1- and β1/2-AR blockade reduces the symptoms of 

stress-related alcohol intake, anxiety, and PTSD symptomology in comorbid clinical 

populations is worth pursuing. Furthermore, these studies highlight the importance of 

considering comorbidities when studying and treating PTSD and other stress-related 

disorders. 

 

Noradrenergic Therapeutics: Possible Mechanisms of Action 

An important finding of Chapter III is that the timecourse of the effectiveness of 

the SNRI duloxetine was not immediate, but rather developed over the course of several 

weeks. This finding supports our argument that preclinical models can be used to identify 

the neuroadaptations underlying stress-induced anxiety and alcohol use, as SNRIs take 

several weeks to improve anxiety disorder symptoms in humans with generalized anxiety 

disorder (Hartford et al., 2007; Koponen et al., 2006; Rynn et al., 2008). Furthermore, a 

recent analysis revealed that the rapidity with which an individual responds to SNRI 

administration predicts recovery rate and remission success (Pollack et al., 2008), 

underscoring the importance of this neuromodulatory system in driving anxiety. As the 

mechanisms whereby chronic delivery of SNRIs decreases stress-related mental 

disruptions in clinical populations are not fully understood, animal models of long-term 

pharmacotherapeutic treatment may assist in elucidating the alterations underlying their 
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effectiveness. For instance, a recent preclinical investigation revealed that chronic, but 

not acute, low-dose treatment with a selective norepinephrine reuptake inhibitor 

attenuates stress-induced cortical noradrenaline release (Dazzi et al., 2003). The delayed 

onset of this alteration, combined with our observation of the timecourse of duloxetine’s 

therapeutic effects, suggests that SNRIs may be exerting their effects via long-term 

molecular adaptations in the brain. 

In support of this, several studies have demonstrated that upregulation of the 

cyclic adenosine monophosphate (cAMP)-dependent signal transduction pathway may be 

involved in SNRI-dependent synaptic plasticity and related treatment outcomes 

(Krishnan and Nestler, 2008). For example, chronic SNRI treatment has been shown to 

increase amygdala phosphorylation of the cAMP response element binding protein 

(CREB), which mediates the effects of cAMP on gene expression (Thome et al., 2000). 

Interestingly, CREB phosphorylation is decreased in the amygdala following chronic 

ethanol exposure, and this decrease is correlated with increased withdrawal-related 

anxiety-like behavior (Pandey et al., 2003). Furthermore, increasing CREB function in 

the amygdala of rats with a genetic predisposition to anxiety and alcoholism decreases 

anxiety-like behaviors and ethanol self-administration (Pandey et al., 2005). 

Significantly, activation of β1/2-ARs increases CREB expression in BLA pyramidal 

neurons in non-stressed rats (Roozendaal et al., 2006). Thus, one possibility is that β1/2-

ARs are downregulated in stressed rats, and that chronic SNRI administration decreases 

the expression of amygdala-dependent maladaptive behaviors by restoring CREB 

expression in amygdalar pyramidal neurons lacking β-ARs. Future studies should be 

designed to directly examine this hypothesis.  
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The delayed effects of prazosin administration on ethanol intake observed in 

Chapter III replicates an earlier report that chronic low-dose prazosin takes several weeks 

to decrease ethanol intake in rats (Froehlich et al., 2013). Although the mechanisms 

underlying this delayed emergence of therapeutic efficacy are unknown, chronic 

treatment with prazosin has been shown to increase the density of α1-ARs over time 

(Swann et al., 1981), and the effect of chronic prazosin on α1-AR density is greater 

among stressed rats than non-stressed controls (Takita et al., 1997). The implications of 

these early reports to the current findings are not clear, as we and others have shown that 

antagonism of α1-ARs blocks anxiety and alcohol intake (Chapters II and III) (Fox et al., 

2012; Rasmussen et al., 2009; Rasmussen et al., 2014; Simpson et al., 2009; Verplaetse et 

al., 2012). More research is needed to determine whether prazosin administration has a 

similarly delayed course of action in humans with comorbid anxiety disorders, alcohol 

use disorders, and PTSD.  

Regardless, an important unanswered question is where in the brain prazosin is 

exerting its therapeutic effects. Based on our findings in Chapter V and reports by others 

that α1-AR activation in the BLA promotes inhibitory neurotransmission (Braga et al., 

2004; Lazzaro et al., 2010), it seems unlikely that the decreases in anxiety-like behavior 

and ethanol self-administration observed in response to systemic prazosin administration 

in Chapters II and III are mediated by activation of BLA α1-ARs. Other authors have 

suggested that prazosin might decrease ethanol intake via inhibition of noradrenergic 

transmission in other nuclei relevant to the stress response system, such as the BNST 

(Cecchi et al., 2002a; Walker et al., 2008). Alternatively, prazosin may promote 

anxiolysis and decrease ethanol self-administration by acting at post-synaptic BLA α1-
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ARs. There is some evidence that α1-ARs are located on BLA pyramidal neurons, where 

they act to increase excitability of these afferents, as one group has demonstrated that 

these receptors interact with post-synaptic β1/2-ARs to promote fear memory formation 

(Ferry et al., 1999a, b). These authors conclude that noradrenaline release in the BLA 

promotes cAMP production directly via activation of β-ARs, while simultaneous 

activation of post-synaptic α1-ARs potentiates the response to β-AR activation. Although 

we did not assess the excitatory effects of α1-ARs in these studies, the findings of Ferry 

and colleagues point to a mechanism whereby chronic prazosin, acting in the BLA, may 

decrease pyramidal cell excitability and related behaviors.  

Finally, although noradrenergic signaling is increased following chronic stress, 

stress-related behavioral maladaptations are likely not caused by a simple elevation of 

central noradrenaline, but rather by potentiated stress-induced release (Bondi et al., 2007; 

Cecchi et al., 2002a; Cecchi et al., 2002b; Pardon et al., 2002). In support of this, our 

group has found that although BLA noradrenaline levels are not significantly different in 

adult rats exposed to chronic stress in adolescence in comparison with their group housed 

counterparts, acute ethanol-induced noradrenaline release is significantly potentiated in 

animals exposed to this chronic developmental stress (Karkhanis et al., 2014). As such, 

treatment with noradrenergic therapeutics may somehow regulate the noradrenergic stress 

response, whether by decreasing the release of this neuromodulator or by altering binding 

sites. More work is needed to determine the mechanisms whereby these treatments are 

having their effects, and the results of Chapters II and III suggest that chronic early life 

stress in the form of social isolation might prove useful in elucidating these effects. 
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Role of BLA noradrenergic signaling in non-pathological fear and extinction learning 

In order to identify the maladaptive neural responses that result from severe 

stress, researchers must first understand the non-pathological functioning of the stress 

response system. Toward this goal, chapters IV and V were designed to evaluate the role 

of BLA noradrenaline in Pavlovian fear and extinction leanring. As stress-induced 

noradrenaline release in the BLA is thought to be the critical link between activation of 

the stress response system and the induction of fear memory formation (Galvez et al., 

1996; McIntyre et al., 2002; Quirarte et al., 1998), these studies investigated the 

interaction between GABAergic and noradrenergic systems within the BLA in fear and 

extinction memory formation. 

As reviewed in Chapters IV and V, noradrenaline has both excitatory and 

inhibitory effects in the BLA, and extreme stress may tip this balance toward excitation 

(Braga et al., 2004; Buffalari and Grace, 2007, 2009). Although the role of noradrenergic 

signaling in the modulation of memory formation and anxiety-like behaviors is well 

established (Davis et al., 1979; Gray and McNaughton, 1996), and there is some 

preclinical evidence that post-training noradrenergic agonists and antagonists enhance 

and impair, respectively, the consolidation of fear-based memory when infused into the 

BLA (Ferry et al., 1999a, b; LaLumiere et al., 2003; Power et al., 2002), the specific 

mechanisms underlying these effects have yet to be revealed. In Chapter V we 

demonstrate, for the first time, that noradrenergic modulation of inhibitory signaling in 

the BLA at local and LPC synapses is decreased after fear conditioning, while β1/2-AR 

facilitation of excitatory transmission remains intact. Consistent with this finding, a 

recent study in healthy humans found that increasing central noradrenaline transmission 
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amplified BLA responding toward fear signals (Onur et al., 2009), while propranolol 

diminished BLA activity and emotional reactivity in humans (Hurlemann et al., 2010). 

Taken together, these results suggest that over-activation of noradrenergic receptors in 

the BLA, whether in response to exogenous pharmacological manipulations or 

endogenous fear-related release from LC projection neurons, increases the excitability of 

BLA afferents via β1/2-AR activation. 

Furthermore, in Chapter IV we have demonstrated a role for the inhibitory LPC 

input in modulating fear and extinction learning and BLA synaptic plasticity. Recently, 

Lazzaro and colleagues reported that α1-AR-mediated inhibitory modulation of local 

interneurons plays a similar role in plasticity and fear learning (Lazzaro et al., 2010). 

However, these authors dismissed the contribution of LPCs and their modulation by 

noradrenaline to fear memory formation, as α1-AR activation did not modulate plasticity 

at these synapses. As our lab has previously shown that inhibitory neurotransmission at 

the LPC input is selectively enhanced by β3-AR activation, we investigated the role of 

this input in fear learning and synaptic plasticity using a β3-AR agonist. Our results 

suggest that increasing LPC-mediated inhibition is sufficient to disrupt fear memory 

formation and synaptic plasticity. Furthermore, our finding that inhibitory plasticity at 

LPC synapses is occluded following fear condititioning suggest that GABAergic 

signaling at this input is downregulated by fear conditioning.  

Although we have not identified the mechanism behind this inhibitory plasticity, 

stress-associated noradrenaline release has been shown to enhance the induction of 

synaptic plasticity in several brain regions (Maguire, 2014). For example, a considerable 

body of research demonstrates that β-AR activaton promotes LTP at excitatory 
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glutamatergic synapses in the hippocampus (Huang et al., 2000; Tenorio et al., 2010; 

Thomas et al., 1996). Relevant to these studies, noradrenealine was recently discovered to 

facilitate GABAergic synaptic plasticity in the PVN (Inoue et al., 2013). These authors 

found that activation of β-ARs during stress resulted in the upregulation of metabotropic 

glutamate receptors, which promoted subsequent electrically-induced long-term 

potentiation of GABAergic transmission. However, these authors found an increase in 

post-synaptic GABAA receptor expression after stress plus ex vivo stimulation, which is 

consistent with inhibitory LTP, not LTD. Future studies will be required to determine 

whether β3-AR activation promotes the induction of inhibitory LTD at LPC synapses, 

and the specific post-synaptic alterations driving this depotentiation.  

 

Potential Role of Noradrenergic Signaling in BLA-Related Pathologies 

Taken together, the results of Chapters IV and V suggest that fear learning 

reduces the inhibitory effects of BLA noradrenaline while sparing its excitatory effects on 

glutamatergic synaptic transmission. Given that fear and anxiety are increased by chronic 

alcohol or stress, these insults might similarly disrupt the balanced effects of BLA 

noradrenaline, resulting in increased BLA excitability. In support of this, clinical research 

has suggested that noradrenergic dysregulation in the BLA promotes PTSD and related 

pathologies (Onur et al., 2009; Soeter and Kindt, 2011), leading to increased fear memory 

formation (Hurlemann et al., 2005; Rauch et al., 2006). Onur et al. (2009) postulate that 

stress-induced increases in BLA noradrenaline release selectively augment the signal-to-

noise ratio for fear-related stimuli, resulting in exaggerated BLA output and fear 

generalization. Interestingly, excessive noradrenalnie release during fear memory 
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formation has been shown to not only generate an increased fear response, but also delay 

extinction learning in humans (Soeter and Kindt, 2011). Furthermore, disrupted 

inhibitory signaling in the BLA is one neurobiological consequence of chronic 

intermittent ethanol exposure. Specifically, ethanol enhances GABAergic transmission at 

local and LPC synapses (Silberman et al., 2010a; Silberman et al., 2009, 2010b; 

Silberman and Weiner, 2008), and inhibitory input from both local and LPC inputs is 

disrupted following chronic ethanol exposure in rats (Diaz et al., 2011), promoting 

increased BLA excitability (Lack et al., 2009; Lack et al., 2007). Future research should 

examine whether chronic stress or prolonged ethanol exposure disrupt noradrenergic 

modulation of inhibitory signaling in the BLA. 

Stress-related increases in glucocorticoid signaling may likewise contribute to the 

disrupted effects of BLA noradrenergic signaling proposed to contribute to anxiety, 

PTSD, and alcohol dependence. For instance, both glucocorticoids and noradrenaline are 

increased in individuals with anxiety disorders and PTSD (Abelson and Curtis, 1996; van 

West et al., 2008), and evidence from human and preclinical studies suggest that the BLA 

is the critical locus of noradrenergic and glucocorticoid interactions (Quirarte et al., 1997; 

Roozendaal et al., 2006; van Stegeren et al., 2008). Relevant to this dissertation, the 

memory-modulating effects of glucocorticoids during stress require concurrent 

noradrenergic signaling in the BLA (Kukolja et al., 2008; Quirarte et al., 1997; 

Roozendaal et al., 2006; van Stegeren et al., 2008; van Stegeren et al., 2007). 

Additionally, Quirarte et al. (1997) demonstrated that systemic injection of a 

glucocorticoid receptor agonist enhances fear memory formation, but that this effect is 

blocked by intra-BLA infusion of a β1/2-AR antagonist. As our group has shown that 
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glucocorticoid levels following adolescent social isolation are positively correlated with 

both anxiety-like behavior and ethanol self-administration (Butler et al., 2014a), future 

studies should examine the combined effects of glucocorticoid and adrenoreceptor 

activation on BLA neurotransmission, synaptic plasticity, and behavioral endpoints 

following adolescent social isolation.  

 

Limitations and Future Directions 

Although we have shown that β3-AR activation occludes fear learning, extinction, 

and the induction of synaptic plasticity at LPC synapses, a stronger argument for the 

contribution of this input to fear memory formation would be demonstrated by showing 

that a β3-AR antagonist potentiates the acquisition of conditioned fear. We were unable 

to do this in these experiments, because the fear-potentiated startle procedure does not 

allow for quantification of the rate of conditioned fear acquisition. As such, future studies 

should observe conditioned freezing responses following intra-BLA microinjection of β3-

AR antagonists, to assess whether depotentiating LPC synapses promotes the acquisition 

of fear and extinction learning.  

Similarly, it would be interesting to determine whether ex vivo application of β3-

AR antagonists promotes electrically-induced LTP of BLA pyramidal projection neurons. 

Fear conditioning has long been though to induce LTP of BLA output (Maren, 1999), and 

application of α1-AR antagonists, which block noradrenergic facilitation of GABA 

release from local interneurons, has recently been shown to encourage electrically-

induced LTP of BLA afferents (Lazzaro et al., 2010). As such, future studies should 

examine the role of β3-AR antagonists in ex vivo BLA synaptic plasticity. Additionally, it 
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would be interesting to examine whether chronic social isolation disrupts the ability to 

electrically induce neuroplasticity in the BLA, as stress exposure facilitates fear memory 

formation and the induction of BLA synaptic plasticity, and decreased GABAergic 

inhibition has been suggested to contribute to these effects (Manzanares et al., 2005).  

A limitation of the studies reported herein is that although α2-ARs have been 

implicated in medating stress-related behaviors (Boehnlein and Kinzie, 2007; Le et al., 

2005), we have not assessed their role fear conditioning, extinction, anxiety-like 

behaviors or ethanol self-administration. Furthermore, activation of BLA α2-ARs has 

been demonstrated to promote inhibitory singaling (Ferry et al., 1997), and disrupt the 

induction of synptic plasticity (DeBock et al., 2003). Future studies should examine 

whether fear conditioning and extinction alter α2-AR mediated inhibition of 

noradrenaline release in the BLA, and whether the functioning of these receptors is 

disrupted by adolescent social isolation. 

 Another unanswered question of these studies is whether the disrupted 

noradrenergic facilitation of BLA inhibitory signaling seen after fear conditoning is 

reversed following extinciton learning. There is extensive evidence that the BLA is 

involved in extinction; for example, intra-BLA microinjection of pharmacological 

compounds that block excitatory signaling occlude the extinction of fear-potentiated 

startle (Lu et al., 2001), while injection of noradrenaline or a GABAergic antagonist 

enhances extinction learning (Berlau and McGaugh, 2006). Others have shown that 

GABAA receptor expression in the BLA decreases after fear conditioning but increases 

subsequent to extinction learning (Lin et al., 2009; Lin et al., 2011). Thus, future studies 
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should investigate the effects of α1- β3- and β1/2-AR activation on excitatory and 

inhibitory neurotransmission in BLA pyramidal neurons after extinction training.  

 

Further Characterization of Social Isolation as a Preclinical Model of PTSD 

 One suprising finding from these experiments is that socially isolated animals did 

not exhibit increased acoustic startle responses relative to group housed controls, as 

greater baseline startle magnitudes have been reported in PTSD populations (Grillon and 

Morgan, 1999; Morgan et al., 1995; Pole et al., 2003), and among highly anxious 

individuals (Poli, 2015). However, this increased startle response has not been seen in all 

clinical studies (Jovanovic et al., 2010; Jovanovic et al., 2009). The context in which the 

acoustic startle response is measured may explain these divergent findings, as startle 

responding is increased in contexts when threat cues are also present, but not in the 

absence of a contextual threat (Pole et al., 2009). Thus, as baseline startle respoding was 

measured in the absence of any threat-predicting cues in Chapter II, this neutral context 

may explain why the acoustic startle response was not elevated in socially isolated 

animals.  

 Interestingly, some researchers have proposed that startle responsivity to 

contextual threat may predict vulnerability to PTSD. For example, hypersensitivity to 

threatening contexts has been linked to more rapid acquisition of fear memory formation 

but slower extinction learning (Orr et al., 2000). Furthermore, pre-trauma startle 

responsivity under contextual threat conditions have been shown to predict PTSD 

symptom severity following trauma (Guthrie and Bryant, 2005; Pole et al., 2009). 

Consistent with these findings, rats with exagerated startle responses are more likely to 
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develop PTSD-like symptoms following acute stress exposure (Rasmussen et al., 2008). 

Future studies in our lab should compare the startle reponsivity of socially isolated and 

group housed rats following fear conditioning, to determine whether chronic adolescent 

stress similarly increases contextual acoustic startle responsivity. 

Similarly, we hypothesized that the acquisition of fear memory formation would 

be greater in socially isolated rats, as chronic stress exposure has been reported to 

increase fear conditioning in rodents (Atchley et al., 2012; Conrad et al., 1999). However, 

this hypothesis was not supported by our data. Interstingly, although some studies have 

demonstrated that PTSD results in increased fear learning (Davis et al., 2013; Jovanovic 

et al., 2013), this is not always reported (Grillon and Morgan, 1999; Grillon et al., 1998; 

Grillon et al., 1996; Shalev et al., 1992). Similarly, genetic strains of rodents bred to 

exhibit high anxiety-like behavior exhibit impaired extinction of learned fear, but do not 

show increased fear acquisition (Hefner et al., 2008; Muigg et al., 2008). Further 

complicating this relationship, a recent study in humans observed increased acquisition of 

fear potentiated startle in participants with PTSD but without a comorbid substance use 

disorder, while this increased acquisition was not seen among individuals with both 

disorders (Davis et al., 2013). Future studies should examine individual differences in 

fear acquisition, to determine whether rodents that display increased fear learning are 

more or less likely self-administer ethanol. 

  Finally, fear generalization is a well-established symptom of PTSD, and many 

clinical studies have used fear-potentiated startle to investigate this relationship. One such 

study found that although PTSD and control groups exhibited equivalently potentiated 

startle responses to a threat-related cue (CS+), PTSD subjects also demonstrated a 
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potentiated response to a safety cue (CS-) (Grillon and Morgan, 1999). Another study 

demonstrated that among individuals with PTSD, those with greater symptom severity 

were similary imparied in their ability to inhibit fear responding to the CS- (Jovanovic et 

al., 2009). Similarly, fear inhibition is imparied among individuals living in an urban 

environment and exposed to high levels of trauma (Jovanovic et al., 2010); this result is 

telling, as a growing literature demonstrates that low income individuals living in urban 

environments are at increased risk of both exposure to traumtic events and PTSD 

(Breslau et al., 2004; Schwartz et al., 2005; Switzer et al., 1999). Neuroimaging studies 

have provided some insight into this inappropriate fear responding, indicating that 

amygdala-induced fear responses may be so robust in that inhibition of these responses 

by PFC afferents is not sufficient to suppress conditioned fear responding (Bremner et al., 

2005; Lanius et al., 2004; Liberzon et al., 1999; Rauch et al., 1996; Rauch et al., 2000; 

Schnurr and Friedman, 1998; Shin et al., 2005). Thus, future studies should investigate 

the ability of socially isolated rodents to inhibit fear responding to a safety signal in a 

trauma-related context, which may provide further insight into PTSD vulnerability. 

 

Mechanisms Contributing to Stress Resiliency 

 An interesting question raised by these studies is whether group housing during 

adolescence more closely resembles “normal” development or environmental enrichment. 

Some studies have demonstrated that social isolation is a potent stressor in adulthood, and 

this housing condition has even been suggested to be a model of PTSD (Anacker and 

Ryabinin, 2010; Pibiri et al., 2008). However, among rats reared in groups, isolation in 

adulthood had no observable inpact on anxiety-like behaviors, extinction of conditioned 
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fear, or ethanol self-administration. Future studies should investigate the protective 

mechanisms promoting the resilience to stress-related behaviors observed in this 

population. Relatedly, my discussion of the animals exposed to chronic stress in 

adolescence has assumed that these animals are all similarly succeptible to later-life 

anxiety-like behavior, ethanol self-administration, and extinction deficiencies. In fact, 

although exposure to stress in early life significantly increases the likelihood of 

developing anxiety disorders, PTSD, and alcohol dependence in later life, many 

individuals exposed to chronic stress do not develop these disorders (Sherin and 

Nemeroff, 2011). Although we have not demonstrated dynamic behavioral range among 

the socially isolated rodents used in these studies, future studies should determine 

whether there are individual differences among socially isolated animals related to 

increased vulnerability to stress-related psychopathologies, as has been seen with other 

stress paradigms (Krystal and Neumeister, 2009; Russo et al., 2012).  

 Overall, the data presented in this dissertation advance our understanding of 

stress-related psychopathologies in two important ways. First, in Chapters II and III, I 

have provided evidence that adolescent social isolation produces behavioral disruptions 

reminiscent of comorbid anxiety, alcohol use, and PTSD, and that these disruptions are at 

least partly reversed by treatment with putative inhibitors of noradrenergic signaling that 

are similarly efficacious in human clinical populations. Secondly, in Chapter II, I have 

demonstrated that both anxiety-like behavior and ethanol self-administration can be 

reduced in the same animals by treatment with certain noradrenergic drugs, and that the 

mechanisms underlying the therapeutic effects observed across protracted drug delivery 

likely diverge from those seen following acute administration. Together, these findings 
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suggest that animal models which more closely resemble the clustered symptomatology 

and treatment outcomes observed in human populations might provide insight into 

treating these disruptions.  

 Additionally, in Chapter IV I have demonstrated that a novel inhibitory pathway 

in the BLA, the LPC input, modulates fear and extinction learning and experience-

dependent synaptic plasticity. This relatively understudied input could provide new 

insight into the mechanisms underlying normal fear learning. Furthermore, the LPC input 

may disrupted by chronic stress, resulting in the pathological fear and extinction 

responses observed in humans with PTSD, anxiety, and substance abuse disorders. 

Furthermore, the studies in Chapter V reveal that noradrenergic signaling, which is 

known to be crucially important to both the regulation of fear memory formation and its 

disruption in clinical populations suffering from stress-related psychopathologies, 

differentially regulates BLA output in animals that have undergone fear conditioning. 

Taken together, these data advance our understanding of the neuroadaptations pertinent to 

fear memory formation, and offer new routes suitable for the investigation of stress-

related neurobiological disurptions.  
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